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Abstract 

SiC fibre reinforced SiC composites must be >90% dense in order to offer a superior 

structural material alternative to current systems used in aerospace engines. To 

achieve this the use of microwave energy enhanced chemical vapour infiltration 

(MCVI) has been investigated as a possible faster and more energy efficient 

manufacturing route. Key processing parameters were identified and their effects on 

the rate of deposition of SiC and the composite’s microstructure were assessed using 

a suite of characterisation techniques. The rate of SiC deposition had an Arrhenius 

relationship with the temperature and the use of microwaves is thought to have also 

lowered the activation energy of the decomposition reaction. The fundamental 

benefit of this advanced processing method was the inverse thermal gradient 

produced by using microwave energy. This was studied both experimentally and via 

finite-difference time-domain modelling (FDTD). The latter showed a direct 

correlation between susceptor size and microwave absorption. A SiC slurry 

calendaring impregnation route was also developed to fill macro porosity in the SiC 

fibre preform. A number of slurries were characterised to find a suitable slurry 

composition that reduced the total volume of porosity in the preform to further 

reduce CVI processing time. 
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Deposition A precursor gas reacts/decomposes yielding to a solid material on 

a substrate. 
Fabric Woven fibres. 
Fibre Collection of twisted together tows. 
Impregnation Process of embedding a substance inside another. 
Infiltration Deposition of material inside a porous preform using a chemical 

vapour to densify. 
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1. Introduction 

Numerous structural materials used at high temperature (1260-1482°C) are more 

susceptible to crack propagation leading to premature failure [1]. Ceramic materials 

are polycrystalline materials that are composed of primarily covalent and some ionic 

bonding so lack slip systems that can deform the material and absorb external 

energy. During manufacture flaws are introduced which concentrates the applied 

stress and initiates crack. This cracks then can propagate in an uncontrolled manner 

due to the lack of energy dissipation mechanisms, see figure 1.1. This has caused 

the intensive development of continuous fibre reinforced ceramic matrix composites 

(CMCs) for high temperature structural applications. CMCs offer multiple attractive 

features, including improved fracture toughness, low density, high-temperature 

strength and modulus, excellent thermo-mechanical properties and stability in 

oxidative, irradiating, and corrosive environments [2, 3]. 

 
Figure 1.1. A graph indicating the dependence of fracture toughness of ceramic materials on 
the increasing length/diameter ratio of potential reinforcing phases, adapted from [4], 
showing continuous fibre reinforced CMCs to have the most superior fracture toughness. 
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Silicon carbide fibre reinforced silicon carbide matrix composites (SiCf/SiC) have been 

identified as a candidate material for these applications, see figure 1.2(a). The 

application of SiCf/SiC in the aerospace industry is increasing; replacing Ni-Ti super-

alloy components and thus giving engines the capability to operate at higher 

temperatures, leading to reduced active cooling requirement and enhanced thermal 

efficiency [5]. Excellent high-temperature specific strength properties mean that the 

size and mass of the engines can be reduced, which is expected to reduce specific 

fuel consumptioni by up to 25% [6] by improving the propulsive, thermal and 

transfer efficiencies.  

 

The SiC fibre reinforcement provides pseudo-plastic behaviour, permitting these 

composites to be used as structural components at high temperature where 

monolithic ceramics could not. The introduction of a secondary phase allows the 

matrix to transfer the load to the stronger fibres when stressed. The fibres then 

dissipate energy through a number of mechanisms: fibre matrix debonding, crack 

deflection, fibre bridging and pullout [7, 8]. Consequently, when processed correctly 

to create a dense matrix SiCf/SiC also has improved the resistance to crack 

propagation to a level similar to that of light aeronautical alloys,  

K1C = 30-50 MPa m-1/2 [9].  

                                        
i Specific fuel consumption is the mass of fuel burned each hour per Newton of thrust generated. 
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 Material Family Examples 

 Technical ceramics Alumina, graphite, zirconia 

 Oxide composites Alumino-silicate fibre alumina matrix 

 Carbon composites Carbon fibre carbon matrix 

 Silicon carbide composite Silicon carbide fibre silicon carbide matrix 

 Metal matrix composites Aluminium, magnesium and titanium matrix 

 Ferrous metals Alloy steels, carbon steels and stainless steels 

 Non-ferrous metals Titanium, cobalt and nickel 

 Refractory metals Molybdenum, niobium and tantalum 

 
                        Trent 700 (1990)                           Ultra-fan (2025) 

Figure 1.2. (a) The high-temperature specific strength of CMCs compared to other aerospace 
materials and the respective key [10] and (b) the evolution of civilian turbofan engines 
shape showing an increased by-pass ratio that decreases specific fuel consumption when 
CMC components are added [6, 11]. 
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Chemical vapour deposition (CVD) is an established method for the application of a 

thin coating to a substrate material; a variation can be used to infiltrate porous 

bodies as well. The latter is called chemical vapour infiltration (CVI) which involves 

the decomposition of a thermally activated gaseous mixture to deposit a solid matrix 

[12], in this case, SiC, which fills the porosity in a heated porous fibre preform by 

gradually increasing the effective diameter of the fibres. CVI is performed at 

relatively low temperatures to enhance infiltration, thus reducing the risk of 

mechanical stresses or chemical attack causing damage to the fibres. It is also 

possible to near or net-shape manufacture complex-shaped components, as well as 

control the extremely refined microstructure through control of key processing 

variables. Another benefit of CVI processing is that it offers a tailorable fibre matrix 

interface via the control of the reactive gas species enabling the deposition of 

interfaces with a different chemical composition. This allows control of the failure 

mechanism by controlling the interfacial strength. However, there are two main 

disadvantages, the first being that, fundamentally, CVI is very slow, taking up to 

1000 hours to produce a single component to ~90% density [13]. The other is the 

preferential deposition of material at the surface of the sample, which causes the 

premature filling of surface channels. This leads to large volumes of residual porosity 

in the centre of the composite, which severely degrades the CMCs mechanical 

properties. 

 

For both of the reasons mentioned earlier, to reduce processing times and increase 

product density is the subject of much industrial interest. Microwave enhanced 

chemical vapour infiltration has been identified as a potential method to achieve this 
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[14, 15]. The use of microwave energy can lead to a controllable inverse 

temperature gradient, which is created by the volumetric heating of the fibres 

coupled with surface heat losses [13]. This means that when gaseous reactants are 

introduced, densification initiates at the centre of the composite first and proceeds 

the fastest. In doing so premature pore closure at the component’s surface is 

theoretically avoided, thus avoiding porosity formation [16]. 

 

This thesis reports the experimental and modelling efforts on the use of the 

microwave energy enhanced chemical vapour infiltration (MCVI) process 

investigating the deposition mechanism of a SiC matrix in a SiC fabric preform. The 

primary aims of this research were to: 

 Understand the relationship between processing conditions and resultant 

microstructures, crystal structures and compositions. 

 Produce relevant models to both verify and predict future experimental outcomes 

 Develop a complimentary slurry impregnation route for further reducing 

processing times. 

 

This thesis consists of five chapters. Chapter two reviews the key existing literature 

related to the research, ranging from CMCs constituents to manufacturing methods 

to the principals of microwaves. Chapter three presents the experimental works, 

which in turn is divided into five sections: MCVI equipment, the materials used, the 

production procedure, the characterisation of these materials and the modelling 

efforts. The results and discussion are reported in chapter four; this chapter presents 

and discusses the MCVI aspects of the research. The second subsection reviews the 
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results of the experimental and modelling efforts related to the formation of an 

inverse temperature profile in the SiC preform. The final section of the results details 

the impregnation work and the optimisation of the slurry impregnation parameters. 

Conclusions and future work are in chapter five. 
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2. Literature Review 

2.1. Ceramic matrix composites 

Ceramics are often defined as non-metallic inorganic solid compounds. They are 

shaped at low temperature and consolidated at very high temperatures. Typically 

ceramics generally exhibit good thermal properties, hardness, corrosion resistance, 

and strength under compression when compared to metals and polymers; however, 

they are limited mechanically as they are inherently brittle [17]. This is because they 

are a mixture of strong covalent and ionic bonding, which means there are limited 

slip systems dislocations can move along. This, in turn, means that ceramics do not 

undergo plastic deformationii and therefore their fracture toughness, and resistance 

to crack propagation is low, making them susceptible to catastrophic failure. 

Theoretically, ceramics should exhibit excellent mechanical strength but their brittle 

nature means they are susceptible to the effects of Griffith’s flaws, i.e. small defects 

act as stress concentrators. This means that in reality ceramics exhibit significantly 

reduced fracture stresses [18].  

 

The brittle behaviour of monolithic ceramics that has led to the development of 

ceramic matrix composites. The addition of a secondary phase, which can be either 

particles, whiskers, platelets, laminae, continuous fibres or any combination of them. 

These acts to increase the fracture toughness and creep resistance of the matrix 

phase [19]. This gives the composite the potential to be able to operate in more 

                                        
ii Except under rare conditions, such as grain boundary sliding in very fine-grained materials at T>0.4 
of melting temperature [16]. 
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mechanically demanding environments. Figure 2.1. illustrates the typical stress-strain 

behaviour of a fibre reinforced CMC versus a monolithic ceramic. 

 
Figure 2.1. Annotated stress-strain curve showing the fracture of a FRCMC compared to a 
monolithic ceramic [12]. 
 

2.2. Fibre-reinforced ceramic matrix composites (FRCMCs) 

2.2.1. Properties 

Fibre-reinforced CMCs, often known as FRCMCs, offer greatly improved fracture 

toughness values that can exceed an order of magnitude higher than the equivalent 

pure matrix phase monolith. Critically, this means that failure is not catastrophic but 

gradual, thus overcoming the primary issue associated with monolithic ceramics. To 

achieve this, the load from the weaker matrix must be transferred to the stronger 

fibres, which is controlled by a number of parameters; matrix-fibre moduli mismatch, 

fibre volume, fibre morphology and interfacial shear strength [20, 21].  

These are the principal advantages of FRCMCs: 

 Increased fracture toughness. 

 Extreme thermal shock resistance. 
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 Improved dynamic loading resistance. 

 Elongation to rupture up to 1%. 

 Anisotropic properties with fibre orientation. 

 Reduced mass components compared to some metallic alternatives. 

 Chemical inertness. 

Currently, the most commercially available continuous FRCMCs are as follows; carbon 

fibre/carbon (Cf/C), carbon fibre/silicon carbide (Cf/SiC), silicon carbide fibre/silicon 

carbide and refractory oxide fibres, alumina, mullite and zirconia, with a variety of 

matrices. Silicon nitride and boron nitride fibres are also available but their 

commercialisation has been very limited to date [22, 23].  

 

Properties of carbon fibre reinforced composites  

First developed in 1958 by a subsidiary of the Dow Chemical Company, carbon fibre 

was first successfully utilised in polymer-based composites before transitioning into 

the emerging CMC market in the early 1960s. Cf/C composites were first produced 

for use on aerospace nose cones and other leading edges such as the space shuttles 

due to their superb thermo-mechanical properties [24]. More recently Cf/C has been 

used as brake discs in numerous applications including motorsport, high-end 

supercars and commercial aircraft, the most notable being Concord’s braking 

apparatus [25]. When compared to traditional steel brakes, Cf/C composites offered 

a 40% mass reduction attributed to their large heat capacity (2.5 times greater than 

steel) and high strength at high temperatures (2 times greater than steel) [1]. Cf 

based composites do offer higher mechanical stiffness at 483 GPa compared to the 

SiC fibre at 281 GPa and are significantly cheaper £50 kg-1 to ~£4000 kg-1. However, 
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poor oxidation resistance in oxygen-containing atmospheres has majorly limited their 

application lifespan at high temperature [1]. Despite their sublimation temperature 

being ~3700°C, carbon fibres experience a decrease in strength and modulus as well 

as mass loss above ~450°C. This is due to the increased growth rate of surface flaws 

caused by the fibres’ active oxidation. However, if non-oxidising conditions can be 

maintained, carbon fibre reinforced ceramic composites can be functional beyond 

2800°C. For now, that remains a problem to be solved by the scientific community 

and hence more recent their reassignment to less critical aerospace vehicle 

components [26, 27].  

 

The exchange of the carbon matrix for a SiC ceramic matrix has helped to combat 

this issue due to SiC having higher oxidation resistance than carbon. It’s for this 

reason that the Cf/SiC system has been widely explored for use in space optics, 

brake discs, and recently, turbine blades [28-30]. As well as improved oxidation 

resistance up to 600°C [26], SiC offers improved thermal conductivity compared to 

the carbon matrix, 105 W m-1 K-1 versus 65 W m-1 K-1, respectively. This property of 

Cf/SiC has been exploited as next-generation braking discs. This is because they are 

more oxidation resistant, much lighter than their metal predecessors, so have a 

reduced angular momentum and have an increased coefficient of friction with 

operating temperature [31, 32]. Despite their successful utilisation, in part, due to 

the chemical affinity between the fibres and the SiC matrix, the addition of SiC does 

have its disadvantages. The mismatch in the coefficients of thermal expansion (CTE) 

between the two materials, 3.9x10-6 °C-1 for SiCiii compared to 2.0-2.9x10-5 °C-1 for 

                                        
iii This value is polymorph specific. 
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pyrolytic carbon [33], cause the SiC matrix surrounding the carbon fibres to crack 

during preparation. The addition of SiC still does improve the oxidation resistance of 

the fibres [34] where it is in contact, but where it is not it exposes the carbon fibres’ 

surfaces to air, the result is a lower than expected oxidation resistance improvement. 

Furthermore, this protection is lowered further still if the temperature or load is 

cycled as this prevents a protective silica (SiO2) film-forming [35].  

 

Properties of silicon carbide fibre reinforced composites 

The low oxidation resistance of carbon fibres prompted the development of SiC fibres 

to replace Cf as the reinforcing phase. Since their development, the properties of 

silicon carbide fibres have improved exponentially due to the developing production 

methods, see section 2.3.3. The silicon carbide fibres offer better oxidation 

resistance and higher strength, 2.82 GPa, compared to carbon fibre’s 2.39 GPa. This 

property means fibres have been used in both carbon and silicon carbide matrices. 

SiCf/C composites do not need the interfacial layer, unlike SiCf/SiC, which requires an 

interface to facilitate fibre pull-out [36].  

 

Properties of oxide fibre reinforced composites 

Oxide fibres, glass, mullite, zirconia and alumina have had limited utilisation to date 

but do offer a number of enhanced properties compared to the aforementioned 

carbon-based fibres. Primary qualities of these fibres are their inherent oxidation 

resistance and low thermal conductivity, which make them serious candidate 

materials for insulating application such as heatshields for reusable spacecraft [37]. 

They are also lower cost compared to SiCf as the production process and raw 
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material is less complicated and cheaper, respectively [38]. The fibres typically have 

a higher density, lower modulus and lower strength than non-oxide fibres [39, 40]. 

Currently, it is the fibres mechanical properties that are limiting load-bearing 

applications becoming more prevalent, should the processing route improve these 

the fibres will see a more widespread utilisation [41].  

 

The fabrication of dense CMC structures are based on the same principle, the 

densification of a porous, fibrous body, varying from 10-80% of theoretical density 

(TD), known as ‘preforms’. Fibre architectures are typically constructed by weaving. 

These can be 2D, a simple fabric mat or unidirectional fibre or 2.5D where the same 

mats are linked by the needle punching using another continuous fibre or complex 

3D weaves that can be tailored to offer anisotropic properties, see section 2.3.3.3. 

for more details. 

 

2.2.2. Fracture mechanics theory and toughening mechanisms 

The primary role of the reinforcing phase is to reduce the energy that is supplied to 

the crack tip; this reduces, diverts or stops a cracks’ propagation through the brittle 

ceramic matrix phase, which, in turn, increases the material’s fracture toughness. 

There are a number of energy dissipating mechanisms available in CMCs, which are 

outlined below. Continuous fibre reinforcement is the most common form of 

toughening mechanism and it is this type of reinforcement that will later be focused 

on [42]. 
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 Micro-cracking  

This is where smaller cracks propagate ahead of the main crack front when the 

material is in a stress state, figure 2.2. The micro-cracks dissipate energy, reducing 

the potential for the primary crack to grow to a critical length, thus increasing the 

material's toughness [43]. Note, however, that this mechanism will result in an 

overall lower strength. 

 
Figure 2.2. Schematic of the micro-cracking process, adapted from [44]. 
 

 Particle, whisker or discontinuous short fibre toughening 

This is the addition of a reinforcing phase to the matrix and produces a number of 

sub-mechanisms. These include crack deflection, crack bowing and crack bridging, all 

of which increase toughness. Crack deflection occurs when a crack propagates into a 

higher strength reinforcing phase, which forces the crack tip to change direction and 

proceed in a more tortuous manner thus losing energy, table 2.1.(a) [45]. Crack 

bowing occurs when a crack front intersects multiple obstacles. The discrepancy in 

strength between the matrix materials and toughening phase cause the crack to 

bend as its entirety cannot propagate at the same velocity, resulting in a secondary 
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crack front forming again dissipating energy, table 2.1.(b) [46]. Crack bridging 

occurs behind the crack tip and is a result of the matrix failure where only ligaments 

remain across the crack width. This creates compressive stress on the crack resisting 

it from opening further, table 2.1.(c) [47]. In all cases, the energy release rate is 

decreased, and hence, the critical stress intensity factor is increased slowing 

propagation [46, 48].  
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Table 2.1. Three different toughening mechanisms available in secondary phase reinforced 
ceramics, (a) crack deflection, (b) crack bowing, (c) crack bridging, (d) crack pinning and (e) 
particle yielding, adapted from [49-54]. 

 Method Schematic Micrograph 

(a) 
Crack 

deflection 
 

  

(b) 
Crack 

bowing 

 

 

(c) 
Crack 

bridging 

 
 

(d) 
Crack 

pinning 

 
 

(e) 
Particle 
yielding 
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 Transformation toughening 

This is a subdivision of particle toughening where the inherent material property of a 

compound is used to resist crack growth. One example of this is yttria-stabilised 

zirconia (YSZ); zirconia exhibits three different crystallographic forms, monoclinic at 

room temperature, tetragonal (~1200℃) and cubic (~2400℃) structures at higher 

temperatures. This tetragonal phase is metastable at room temperature when doped 

with Y2O3 when cooled. Full stabilisation requires 8 mol.% of Y2O3 and partial 

stabilisation which requires the addition of 4 mol.%. This stabilisation is achieved by 

the substitution of Zr4+ ions for Y3+ ions, which have a larger ionic radius that 

prevents the lattice from contracting when cooled. If the quantity of metastable 

tetragonal zirconia is sufficiently high, i.e. >90%, it is able to provide a toughening 

mechanism. This means, when stressed due to the presence of a crack, the 

tetragonal phase transforms back to the more stable monoclinic structure, see figure 

2.3. This dissipates the cracks energy and induces a volumetric expansion of 4-5% of 

the crystal structure due to the monoclinic phase having a larger unit cell than 

tetragonal. This volume change inside the composite creates a compressive back 

stress on the crack, causing it to be retarded or close altogether [55]. 



2. Literature Review 
 

17 
 

 
Figure 2.3. The transformation toughening mechanism in partially stabilised YSZ, adapted 
from [56]. 

 

 Continuous fibre reinforcement 

The fibres are the primary energy-absorbing component of the composite, which 

produce a number of secondary fracture mechanisms, all of which provide routes for 

dissipating a crack’s energy. The primary mechanism is fibre pullout. This, together 

with crack bridging, is the toughening mechanism that is most relevant to the 

research conducted during this project (though there can also be elements of crack 

deflection and crack bowing). Fibre pullout enhances the toughness of the matrix 

phases via the frictional resistance to crack opening as the fibres are pulled out of 

their sockets in the matrix, figure 2.5. To achieve this necessitates having an 

appropriate interface between the fibre and matrix. To achieve crack deflection, the 

interface toughness must be at least one-quarter of the fibre or matrix toughness 

and the Dundur’s parameteriv greater than zero to achieve crack deflection, figure 

2.4. [57, 58]. A positive value for the Dundur’s parameter (αD) means that the fibre 

is stiffer than the matrix and is governed by the following equations; 

                                        
iv Dundur’s parameter is the elastic mismatch between the fibre and matrix 
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Equation 2-1    =  ̅ − ̅�+ � 

Equation 2-2    ̅� = � − ��  

Where E is the modulus, subscript f is fibre and m is matrix and vx is Poisson’s ratio 

[20]. 

 
Figure 2.4. A graphical contour separating two regions of crack deflection and penetration 
based on toughness against the Dundur’s parameter that describes the elastic mismatch 
between components, adapted from [20, 59]. 
 

For SiCf/SiC, an intermediate strength interfacial bond is required, either between the 

matrix-interface or the interface-fibre to facilitate fibre pullout [60, 61] where 

interfaces are typically <0.5 µm thick. Compressive pre-stressing of the matrix can 

also enhance toughening; placing the fibres in tension prior to incorporation in the 

matrix will place the latter in a compressive state, making it harder for cracks to 

initiate but this can be very difficult to achieve in practice [19].  
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Figure 2.5. A micrograph showing the fibre pull-out mechanism in a CMC and subsequent 
fracture of the reinforcing fibres [62]. 

 

2.2.3. Applications of FRCMCs 

Table 2.2. A table summarising the typical applications for FRCMCs in the aerospace industry 
[40, 63-68]. 

Fibre type 
Fibre 

Reinforcement 
Matrix Typical application(s) 

Organic C 
C Braking systems in 

aerospace and 
re-entry nozzles SiC 

Non-oxide 
SiC 

C 
Combustion section of a 

subsonic jet turbine 
engine 

SiC 

Si3N4 SiO2 

 
Oxide 

Al2O3 
Al2O3 

Exhaust nozzles in 
subsonic jet turbine 

engines 

Aluminosilicate 

Mullite Mullite 

Yttrium aluminium 
garnet (YAG) 

Al2O3 

Aluminosilicate Al2O3 
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2.3. Silicon carbide fibre reinforced silicon carbide matrix 

composites (SiCf/SiC) 

2.3.1. Properties 

The main properties that make SiCf/SiC attractive to industry are listed below, and 

numerical values for the statements can be seen in table 2.3. [69]: 

 Low density relative to in-service Ni-Ti superalloys. 

 Good chemical resistance. 

 Excellent thermo-mechanical properties up to 1300℃. 

 Good thermal shock resistance. 

 Relatively high toughness compared to monoliths. 

 Good oxidation resistance (compared to carbon fibre-based SiC composites). 

 High neutron irradiation tolerance. 

 Good wear resistance. 

To achieve these properties the material must have a specific microstructure and 

processing to achieve this as seen below: 

 
Figure 2.6. Microstructural goals for achieving property goals of SiCf/SiC composites. mc = 
matrix crack stress, u is the ultimate tensile strength and u is tensile failure strain, adapted 
from [70]. 
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Table 2.3. General properties of SiCf/SiC composites. Note that these properties are based on 
a fibre volume fraction of 35-45% [10, 71]. 

Property Value Unit 

Price 2180-3860 GBP kg -1 

Density 2300-2900 kg m-3 

Young’s modulus 129-270 GPa 

Yield strength 225-363 MPa 

Tensile strength 220-363 MPa 

Elongation at fracture 8-28 % 

Compressive strength 577 MPa 

Flexural strength 292-472 MPa 

Shear strength 0.03-0.06 GPa 

Poisson’s ratio 0.12-0.26 - 

Hardness – Vickers 1900-3500 Hv 

Fracture toughness 26-30 MPa m-0.5 

Maximum service temperature in air 1100-1673 °C 

Thermal conductivity 7-20 W m-1 K -1 

Coefficient of thermal expansion 4-4.6 10-6 °C 

Embodied energy, primary production 2410-2670 MJ kg-1 

Open porosity 3-15 vol.% 

 

2.3.2.  Silicon carbide 

Silicon carbide is of considerable interest to industry because of its inherent 

oxidation, corrosion and creep resistance at elevated temperatures. As well as this, it 

has very high hardness, high neutron tolerance and the combination of high thermal 

conductivity and low thermal expansion, as well as high-temperature strength, 

making it highly resistant to thermal shock [72, 73].  
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Commercial grade SiC is produced by the carbothermal reduction of silicon dioxide 

and petroleum coke at 2540°C ± 40 in a graphite electric arc furnace called the 

Acheson process [74, 75]. The process has not changed significantly since it was first 

developed in the late 1800s when a mixture of clay and carbon was heated to 

>1600°C in a furnace. The resulting product is either a fine powder or a reaction 

bonded mass that subsequently requires milling to produce a powder form [76]. 

Further processing using an acid treatment over a period of days can remove any 

remaining metallic impurities [77]. The properties of monolithic SiC can be found in 

table 2.4. SiC can also form at temperatures below the melting point of silicon at 

0.75 at.% of carbon; SiC also has a peritectic point at 2540°C at 27 at.% carbon 

[78]. The phase diagram is quite complex as two polymorphs exist at room 

temperatures; hence why the below diagram ranges from 1000℃ to 3000℃, figure 

2.7. 

 
Figure 2.7. An example of part of the SiC phase diagram [79]. 
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Silicon carbide is inert up to 800°C, beyond this point it forms a protective solid 

silicon dioxide coating up to ~1400°C in air. The protective SiO2 coating slows the 

diffusion of oxygen to the SiC surface and therefore decreases the oxidation rate. 

The passivation layer is, however, susceptible to contamination, which can lower the 

viscosity of the film and promote oxygen diffusion. The SiC will remain stable with no 

loss of strength up to 1600°C because of strong covalent bonding in the crystal 

lattice [80]. Above 1600°C, the oxidation changes from passive to active as the SiO2 

starts to interact with the SiC surface producing gaseous products (SiO(g)) that 

disrupt the passive film, further, encouraging oxygen diffusion. SiC will not melt 

under normal atmospheric conditions but will sublimate at temperatures exceeding 

2730°C [81]. 

Table 2.4. Properties of monolithic hot pressed commercial purity SiC [10]. 

Structure and properties Value Unit 

Price 10.2-14.6 GBP kg-1 

Density 3.21 g cm-3 

Young’s modulus 437-459 GPa 

Yield strength 130-340 MPa 

Tensile strength 130-340 MPa 

Elongation at fracture 0.03-0.08 % 

Compressive strength 1300-3400 MPa 

Flexural strength 550-608 MPa 

Poisson’s ratio 0.16-0.18 - 

Hardness – Vickers 2570-2840 Hv 

Fracture toughness 3-3.7 MPa m0.5 

Maximum service temperature in air 1910-2000 °C 

Thermal conductivity 3.43-3.57 W m-1 K-1 

Embodied energy, primary production 2410-2670 MJ kg-1 
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SiC is composed of primarily of strong covalent bonding and around 8-12% 

contribution of ionic bonding in its crystal lattice due to the small electronegativity 

discrepancy [82] and exists as two polymorphs, alpha and beta. All structures of SiC 

can be represented by a tetrahedral unit cell that comprises of one silicon atom 

bonded to four carbon atoms and vice versa, as shown in figure 2.8. -SiC has a 

hexagonal/rhombohedral crystal structure, often called wurtzite and -SiC has the 

cubic structure of the zinc blende and is the thermodynamically stable phase up to 

1700°C. Between 1700-2000°C a phase transformation occurs turning the (3C) -

phase into (6H) -SiC, which is subsequently more stable, though both are stable at 

ambient temperature [77]. There are over 200 different polytypes of SiC [83] that 

differ in the stacking sequence of the bi-atomic layers 180° about the z-axis, which 

has a significant effect on the material’s electrical properties [84, 85]. The most 

prevalent of these polytypes in the bulk materials are -6H and -3C [86], but it also 

commonly occurs as 2H, 2R, 4H, 8H, 10H and 15R. With reference to the 

nomenclature of the polytypes, the number denotes the sequence and the letter the 

structure; 6H would be composed of 0°, 0°, 0° tetrahedral followed by 180°, 180°, 

Table 2.4 continued 

Melting temperature Sublimate at 2726 °C 

Thermal conductivity 75-81 W m-1 K -1 

Coefficient of thermal expansion 3.43-3.57 10-6 °C 

Lattice 
Hexagonal (α polytype) 
Zinc blend (  polytype)  

Lattice constant 
0.308; 1.51 (α polytype) 

0.436 (  polytype) nm 

Electron mobility 900 cm2 V-1 s-1 

Bandgap 
3.05 (α polytype) 
2.36 (  polytype)  
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180°, with this pattern continuing toward the higher-order polytypes. The rationale 

behind this large quantity of polytypism is the ‘endless permutations of stacking 

sequences’ as stated by Jeeps [87], which is what makes processing in terms of 

nucleation and crystallisation of SiC notoriously difficult. 

 
Figure 2.8. (a) Zinc blend cubic structure of -SiC and (b) the Wurtzite hexagonal structure 
of -SiC. Adapted from [88]. 
 

2.3.3. Silicon carbide fibres 

Work began in the 1970s looking at the development of a fibre that offered better 

oxidation resistance than carbon fibre which was found to be SiC fibres [26]. There 

are currently two established commercial methods of production; chemical vapour 

deposition and polymer-derived ceramic fibres [89], often called preceramic polymer 

fibres, figure 2.9. A number of emerging techniques are also covered in this review. 
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Figure 2.9. (a) Cross sectional images showing the mesostructure of a fibre produced using 
the preceramic polymer technique and (b) using CVD, note the different scales [89]. 
 

 Chemical vapour deposition 

In this process, a monofilament, often carbon, is used as a substrate onto which SiC 

is deposited using CVD, see figure 2.10. Filaments are passed through a furnace in a 

reductive atmosphere first before the precursor gases are introduced. The latter 

includes methyltrichlorosilane (MTS), which decomposes to deposit solid SiC onto the 

carbon fibre [38]. The main disadvantage with this route is that the final SiC fibre 

diameter is typically >100 µm so they have a high stiffness relative to the preceramic 

fibres and subsequently cannot be woven into a fabric. There are two industrial 

producers of CVD-SiC fibres, SCS-6 and Tisics Sigma, and although they are not used 

in ceramic composites due to their large diameters, they are used in titanium and 

aluminium metal matrix composites as unidirectional reinforcement providing 

enhanced creep resistance and strength [90].  
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Figure 2.10. Schematic representation of the cross-sections of the two commercially available 
CVD SiC fibres adapted from [89]. 
 

 Preceramic polymer 

The process initially involves the creation of high molecular weight 

poly(organo)silanes that have an intermediate viscoelasticity and are thermally stable 

[91]. The polymer blend is then spun into filament using the melt spinning process at 

approximately 300°C [92] to create very fine fibres with diameters as fine as 6 µm 

[91]. The polymer fibres are then converted to ceramic in a two-step process. The 

first step is to cure the fibres, this can be done thermally, chemically, by electron 

beam radiation or via infrared laser [93-97]. The green fibre is then pyrolysed at 

between 1200-1800°C to convert the preceramic polymer into SiC [98]. The 

processing conditions of this step directly affect the microstructure and properties of 

the fibres so conditions are strictly controlled; this is summarised in table 2.5. 



2. Literature Review 
 

28 
 

Table 2.5. Detailing the processing parameters, compositional, physical properties and 
respective costs [4, 63, 89, 99, 100]. 
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To date, there have been three generations of commercially available SiC fibres 

produced by a very small number of companies that use this method [89].  

Fibre manufacturers: 

 Nicalon fibres – NGS Advanced Fibres Co. Ltd. (General Electric, Nippon Carbon 

and Safran). 

 Tyranno – UBE Industries, Japan. 

 Sylramic – COI Ceramic and Dow Corning/NASA, USA. 

 

First-generation SiC fibres 

The first-generation had a fine microstructure but were impaired, both thermally and 

mechanically as they are thermally cured in air. This created an amorphous silicon 

oxycarbide glassy matrix with oxygen rich regions that are up to 20 wt.% in some 

areas [101]. This meant that when the material was above 1200℃, the glassy phase 

would decompose, causing a catastrophic decrease in strength. Alongside this, the 

fibre has a low modulus and thermal conductivity due to the intergranular glassy 

phase and small SiC crystallites [100, 102, 103], see figure 2.11. These flaws 

prompted the development of a second-generation fibre.  

 

Second-generation SiC fibres 

The second generation utilised ultra-violet light or an electron beam to cure the 

polymer precursor, thus lowering the oxygen content to less than 10 wt.% [100, 

103, 104]. These fibres were also processed at higher temperatures and are often 

described as semi-crystalline fibres. The higher temperature form larger SiC grains, 
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see figure 2.11., in the microstructure, which reduced the creep rate [104] and 

meant the maximum operating temperature of these fibres also increased [89].  

 

Third-generation SiC fibres 

The more recent third-generation fibres have been produced with a near 

stoichiometric and a fully crystalline microstructure, see figure 2.11. [89]. This is 

attributed to processing temperatures in excess of 1700°C; consequently, this lowers 

the creep rate as larger grains reduce grain boundary sliding, particularly in stage II 

creep [89, 105]. These fibres were the first to utilise sintering aids, aluminium and 

boron, to increase their density [104]. A more detailed property comparison can be 

found in table 2.6. 
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Figure 2.11. Schematic cross-sectional representations of the microstructure of three 
generations of commercially available SiC fibres, adapted from [89, 104]. 
 

Fourth-generation fibres 

There are still significant issues with the commercially available fibres today. With the 

primary concerns being variable composition, creep resistance, grain size and 

residual phases. There are a number of new developing fibre manufacturing 

techniques that may resolve the aforementioned issues; however, they are still very 

much in their infancy, and scale-up feasibility is yet to be realised. One of these 

methods is the Cef-NITE process [106, 107]. Nano-infiltration and transient eutectic-

phase (NITE) [3] is a liquid phase sintering process that can be used to produce both 
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SiC fibres and a SiC matrix [108, 109]. The fibre process is based on the Tyranno SA 

method with the difference being how the thermal treatment of the fibre is carried 

out. In the CEF-NITE process, the fibres pass through a horizontal furnace rather 

than a vertical set up with a complex temperature distribution [99]. It is claimed that 

this method yields a larger grain size and improved grain size uniformity compared to 

third-generation fibres and near stoichiometric composition with low quantities of 

residual amorphous phases [110]. However, the fibres surface roughness increases 

which will affect interfacial properties affecting the pullout mechanism. 

 

Another developing an additive manufacturing technique called laser-driven CVD 

from Free Form Fibres (Saratoga Springs, New York) used a laser to deposit solid 

material from a gas phase to form free-standing fibres [97]. This involves the use of 

a gas chamber with fibre ends that acts like seeds mounted at the top of the 

chamber. The laser beam then breaks down the gas at the gas-fibre tip interface as 

the fibre is heated by the laser. The CVD process occurs when the temperature is 

sufficiently high causing the growth of the SiC down the length of the fibre at rates 

of 0.1 mm s-1, at which point the fibre is extracted from the cavity in a continuous 

process [97]. This method has been demonstrated successfully pulling 90 filaments 

at a time. The fibres have a reduced grain size and near stoichiometric composition. 

Another benefit of the additive manufacturing technique [111] is the ability to 

introduce coatings and variable compositions by merely controlling the precursor 

gases in the chamber [112]. Having said that, there are a few drawbacks to this 

technique; one is the fibre diameter is ~25 µm [63], and excess silicon is often found 

on the periphery of the fibre, a common consequence of the CVD process [113]. 
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 Fibre preform properties and architectures 

A continuous fibre preform can be classified into three subsects in terms of scale. 

The smallest being a fibre filament that is approximately ~10 µm in diameter and 

forms a larger structure called a tow, which is typically comprised of 800 filaments as 

seen in figure 2.12. These tows are then used to form a preform in which the matrix 

is then added to make up a CMC. The design of the preform can be tailored to 

provide specific properties such as ease of manufacture, thermal properties or 

mechanical properties. 

 
Figure 2.12. Scanning electron microscope image of a single silicon carbide filament coated 
in a carbon interface, (b) schematic representation of a fibre tow comprised of 800 filaments 
[114] and (c) a photograph of a basket/matt weave SiC fabric. 
 

This forming is carried out via a number of techniques such as weaving, knitting, 

braiding, etc. that all originated in the textiles industry. This is very important as to 

how the preforms are constructed controls the morphology of the porosity network. 

This determines the tortuosity, and consequently, the permeability of the preform to 

matrix-forming materials be that solids, liquids or gases. Fibre preforms are classified 

into four categories, typically by their orientation in space; discrete (chopped), 

continuous (unidirectional), planar interlaced (two-dimensional) and fully integrated 
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(three-dimensional), see figure 2.13. [115]. The critical criteria for selecting a fibre 

architecture for structural ceramic composites are: 

 The capability for in-plane multiaxial reinforcement.  

 Through-thickness reinforcement between ply.  

 The capability to be formed and/or net-shaped for manufacturing.  

Depending on the processing of the fibres and the ultimate end-use requirements, 

some or all of these features may be required.  

 
Figure 2.13. Classification of fibre architectures [115]. 
 

2D preforms typically refer to fibres that have been interlocked in some fashion and 

without layup have bi-directional strength. These fibres are then typically stacked in 

a (0°, 90°, 0°, 90°) or (0°, +45°, 90°, 0°, -45°, 90°) arrangement thus giving bi-

directional strength and quasi-isotropic properties, see figure 2.14. Weaving 

interlaces the fibre tows (0°, 90°); in knitting, fibres are pulled by loops of fibre over 

other loops (0°, 90°); and in braiding is the twisting of fibres together. Below are 
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four schematic weave patterns commonly used when weaving SiC preceramic fibres 

and table 2.7. outlines their benefits and drawbacks. Neither knitting nor braiding 

has yet been widely utilised commercially for making preforms with ceramic fibre.  

 
Figure 2.14. Schematic illustrations showing the different orientation of lamellae in the 
different orientations, adapted from [116]. 
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Table 2.7. Schematics of the weave patterns used in four of the most common weaves, with 
reference to their advantages and disadvantages [117]. 

Plain weave Matt or Basket weave 

 
Advantages 
 Symmetry 
 Balance 
 Stability 
Disadvantages 
 Drape 
 Smoothness 
 Crimp 

 
Advantages 
 Balance 
 Symmetry 
 Drape 
Disadvantages 
 Smoothness 
 Crimp 
 Low density 

Satin weave Twill weave 

 
Advantages 
 High density 
 Smoothness 
 Low crimp 
Disadvantages 
 Stability 
 Symmetry 
 Balance 

 
Advantages 
 High density 
 Balance 
 Drape 
Disadvantages 
 Smoothness 
 Stability 
 Symmetry 
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Though shaping is flexible in 2D preform design, it is limited mechanically because 

there are no connective fibres in the Z-axis, so composites are prone to delamination 

as the strength in the Z-axis is almost entirely governed by the matrix/interface 

bonding. To overcome this 2.5D, 3D, 4D and 5D reinforced structures have been 

developed both computationally and using robotic manufacturing methods to give 

the composite materials in-plane support, figure 2.15.  

 
Figure 2.15. Cross-sectional diagrams of the types of weaves, from unidirectional to 5D 
isotropic, adapted from [118, 119]. 
 
Fibre volume fraction also has a significant role in determining the mechanical 

performance of the composite. The fraction is commonly described as a percentage 

and has a very wide range but typical values fall between 10-30 vol.%, though this is 

material, processing and application-specific. It has been shown that high volume 

fractions of fibre can often lead to a reduction in the maximum principal stress the 

composite can withstand [120]. Volume fraction also has a significant role in the 

fracture mechanics, as it, along with the interface, governs the fibre-matrix load 

transfer. If the volume fraction is too high, tensile stresses are more significant at 

the fibre matrix interface of the component causing failure, whilst if then too low the 

tensile stresses are focused at the component surface [121]. Lee et al. [120] 

observed this transition through the finite element analysis (FEA), which found the 

maximum stress experienced switched from the surface to the interface above 20 

vol.%. This is also shown by Xu et al. [122] in showing the experimental load-
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displacement curves for three SiCf/Si3N4 composites with different fibre fractions, see 

figure 2.16.; this nicely illustrates the observations made by Lee et al. using FEA 

[120]. 

 
Figure 2.16. Three load-displacement curves as a function of volume fraction (Vf), 
reproduced from [122]. 
 
 
2.3.4. Applications of SiCf/SiC 

SiCf/SiC composites are desirable materials for a number of applications that operate 

in demanding conditions that require a components minimum life span to be several 

tens of thousands of hours [123]: 

Aerospace industry (figure 2.17.) 

 Aerofoil blades and vanes  

 Nozzle flaps 

 Shrouds and blade tracks of the seal segments (figure 2.18.) 

 Combustor liners 

 Aircraft brakes 
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Figure 2.17. Cross-section of the next generation large three-shaft civilian turbofan engine 
the GE9x from General Electric [124]. 
 

 
Figure 2.18. A SiCf/SiC shroud component produced by Rolls Royce PLC [6]. 
 

Other applications include: 

The energy industry 

 Land-based gas turbines. 

 Components in nuclear fusion reactors. 

 Nuclear fuel cladding tubes and channel boxes. 

 In-core components of 5th gen. reactors. 

 Heat exchangers. 
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The automotive industry 

 Brake discs in high-end sports cars. 

 

2.4. Fabrication of SiCf/SiC FRCMCs  

There are three steps in the typical production of an FRCMC:  

1. Preform production – The weaving, laying up and/or shaping of, in this case, the 

SiC fabric to form a 2D, 2.5D or 3D fibrous structure.  

2. Matrix formation – The porosity inside the fibre preform is filled with a ceramic 

matrix. Note that as discussed earlier in section 2.2., interfacial layers are usually 

added to weaken the interfacial bond between matrix and fibre. 

3. Matrix consolidation – This typically involves high temperatures and modified 

pressures to densify the matrix once it has been added. This might be pyrolysis 

or sintering or hot isostatic pressing, for example. 

4. Finishing –  The addition of any coating that might be required for the 

application, e.g. an environmental barrier coating (EBC) or thermal protection 

system (TPS). 

The majority of the variations in the production of these composites, therefore, 

occurs at the second matrix formation stage. There are numerous techniques that 

can be used, however, each has its advantages and disadvantages [19]. There are a 

number matrix formation/consolidation techniques that are readily available, three of 

which are considered advanced manufacturing methods that are currently of great 

interest to industry and hence subject to intensive research, viz: 

Conventional methods 

 Powder processing. 
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Advanced methods 

 Reactive melt infiltration. 

 Polymer impregnation and pyrolysis. 

 Chemical vapour infiltration. 

 Hybrid techniques and developing techniques. 

Conventional processing routes will be briefly reviewed, whereas advanced 

techniques discussed more thoroughly. 

 

2.4.1. Powder processing routes 

Typically used for the traditional processing of monolithic ceramics, powder-based 

infiltration routes are often utilised to form a ceramic matrix in a fibrous preform. 

The slurry is commonly prepared using powder, binder, a dispersant and a suitable 

solvent and then combined with the reinforcement. For more complex fibre 

architectures a vacuum is often used to assist slurry infiltration [125]. The composite 

is then dried before the consolidation occurs. 

 

Powder routes are generally used for, though not limited to, smaller-scale 

reinforcements such particulates and chopped fibres [40, 126]. Homogenous 

distribution of the reinforcements through the matrix can prove challenging, 

particularly if the properties of the slurry, such a pH, dispersion, rheological 

properties, zeta potential and wettability are not carefully controlled [127]. Issues 

also arise when it comes to processing continuous fibres due to the matrix formation 

and consolidation step of CMC production, which often leads to fibre damage when 

the harder powder is forced inside fabric tows [128]. 
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2.4.2. Reactive melt infiltration 

Often referred to as liquid silicon infiltration this is the technique was pioneered by 

General Electric (GE) [129] for the mass production of SiCf/SiC CMCs in their CFM 

LEAP engine range, which was launched in 2016 [130, 131]. SiCf/SiC composites 

produced via reactive melt infiltration (RMI) route are the first CMCs to be used in 

the civil aviation industry. They have also been used in GE’s adaptive cycle engine in 

military aircraft, setting new records for the hottest operating temperatures ever 

recorded in aviation. Their use in the hottest sections of the turbo fan and turbo jet 

engines means that higher temperature are achieved without additional cooling 

system and at one third the mass of an engine using superalloy components. This 

enhances engine performance, durability and fuel economy of the engine by up to 

25% [132].  

 

The process involves the preparation of a SiC fibre preform structure into which a 

porous carbon matrix is introduced. This is not an iterative process; hence, there the 

ceramic yield must be high with the correct spatial and molar balance of pre-matrix 

material. To achieve this, carbon deposited via CVI or slurry route must be added 

beforehand [133] as shown in figure 2.19. Liquid silicon is subsequently introduced 

at >1400°C and using an atmosphere of <100 kPa; the latter helps prevent the 

entrapment of residual air in the composite and reduces the oxidation of the carbon 

that occurs at this temperature. The molten silicon travels along the channels in the 

porous carbon matrix, reacting with it to form a dense silicon carbide matrix [31, 

134].  
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The reactive metal infiltration process has several advantages [5]:  

 A near fully dense ceramic matrix is produced. 

 Processing time is much shorter relative to other advanced CMC fabrication 

techniques and is therefore relatively inexpensive in comparison. 

 Oxidation resistant coatings are often not required due to the closed porosity at 

the surface.  

 The ceramic matrix formed is reaction bonded.  

 

This process has four major disadvantages. For fibre composites, the high 

temperatures used in reactive metal infiltration exposes the SiC fibres to incredibly 

aggressive molten silicon, often above 1400℃ [135]. The reaction between the 

constituents is exothermic, which further increase the temperature locally, causing 

more fibre damage [135]. Silicon in this form is very reactive, and if infiltration 

processing conditions are not tightly controlled significant degradation of the silicon 

carbide fibre preform [133, 136-138] will occur [5]. Often an interface material is 

needed to protect the fibres, this can be a CVI deposited coating or slurry matrix but 

sometimes this is not sufficient to shield the fibres entirely [136, 139] and such 

methods have met with limited success to date.  

 

Although the quantity of silicon required can be precisely calculated, due to the 

inability to obtain complete mixing not all of it will react with the carbon leaving 

residual pure silicon and carbon phases as well as intermediates and non-

stoichiometric phases [134, 140, 141]. Composites produced via this method have 

approximately 5-10 vol.% residual silicon phases [135], as shown in figure 2.19., 
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which have low oxidation resistance and a significantly lower melting point than the 

SiC matrix present. Subsequently, this residual silicon lowers the operating 

temperature of the composite to around 1400℃. Despite this, the operational 

temperature is still >100°C hotter than the highest in service operating superalloy 

today [142]. The metallic silicon phase also effects mechanical properties leading to 

an enhanced creep rate, increased crack propagation and resulting in further attack 

when operating at high temperature [143, 144]. These issues are further 

exacerbated by the mismatch in the coefficient of thermal expansion between the 

phases, which also introduce residual stresses into the material [145]. The final issue 

is due to the molten silicon reacting with carbon to form the SiC in situ. The rate of 

reaction is limited by four primary factors: available surface area per unit volume, the 

molar volume of the SiC produced during the reaction, the thickness of the reaction 

barrier and the rate the fibre preforms become saturated [146]. One of the 

fundamental characteristics of the RMI process is the wettability of the silicon melt 

on the substrate [147, 148], fortunately for molten silicon on a silicon carbide 

substrate this is nearly 0 ̊, i.e. wetting occurs readily [149]. 
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Figure 2.19. The reactive melt infiltration process adapted from [150] and SEM image from 
the literature showing residual silicon phase between fibres [151].  
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2.4.3. Polymer infiltration and pyrolysis 

The polymer infiltration and pyrolysis (PIP) process draws its origins from the wet 

lay-up process used to make polymer matrix composites. In this case, the SiC fibre is 

coated in a liquid precursor polymer that is then pyrolysed at temperatures up to 

850-900℃ [152]. Thereafter, atomic rearrangement occurs to form amorphous SiC 

before the onset of crystallisation beyond 1200℃ [153-155]. This pyrolysis produces 

the solid corresponding ceramic material specific to the precursor used, see figure 

2.20. In the case of SiCf/SiC composites polycarbosilanes, a preceramic polymer, are 

typically used [156]. This method of production provides reasonable control of matrix 

composition, is relatively easy to execute and can produce near net shape products. 

 

The preceramic polymer is firstly infiltrated into the fibre’s preform before being 

cured to introduce crosslinking between the hydrocarbon chains. This happens via 

both hydrosilation and dehydro-coupling before the transition to pyrolysation at 

approximately 400℃, though this is dependent on precursor [152]. At approximately 

900℃ mass losses can be seen beyond this amorphous SiC forms as a result of the 

higher temperatures, which produces more crystalline material [157]. 

 

However, there are a number of drawbacks, primarily due to the evolution of 

gaseous species during the pyrolysis step, which produces an undesirable 

microstructure. The evaporation of constituents of the precursor means there is also 

a volume shrinkage and approximately 20% mass loss, which leads to a pre-cracked 

matrix, porosity and residual stress [158]. This makes the process iterative, and 

multiple impregnations of the fibre are needed (up to 12) to achieve near full density 
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as ceramic yield per cycle is typically lower than 30% [159]. Another drawback of the 

pyrolysis step is that high temperatures up to 1800℃ can often damage the fibres 

[160-162]. This can have the knock-on effect of changing the interfacial properties 

and reducing the toughening effect of the secondary phase. Therefore to optimise 

this process, a high ceramic yield is the most critical factor in terms of both creating 

a dense composite and reducing the number of energy-intensive pyrolysis treatments 

required [150]. This can be achieved to a point through the use of high molecular 

weight polymers over a narrow molecular weight distribution which prevents smaller 

more volatile oligomer evolution during heat treatment, thus improving yield [163].  

 
Figure 2.20. (a) A liquid preceramic precursor is impregnated into the fabric; (b) curing and 
pyrolysis begins, resulting in shrinkage through the evolution of gaseous by-products as the 
polymer is converted to ceramic; (c) a porous network is formed in the preform, with micro-
cracks and pores shown in the matrix phases [150]; (d) SEM micrographs of the 
aforementioned micro-cracks [164] and (e) bubbles created by inadequate process control 
[165]. 
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2.4.4. Chemical vapour infiltration  

The CVI process was initially developed in the 1960s and evolved from CVD. The 

only difference is that it is used for depositing a matrix inside a porous body rather 

than depositing a coating on the body’s surface. Now a well-established process, it 

uses gaseous precursors to deposit solid matrices. These build up gradually closing 

porosity to form a dense CMC, see figure 2.21.  

 

Figure 2.21. An illustration of the development of SiC deposit on the cross-section of the SiC 
fibres over time, adapted from [150]. 
 

Methyltrichlorosilane is typically used between 800-1400°C to deposit solid SiC [12]. 

The process is performed at low pressures between 10-200 mbar in an attempt to 

ensure penetration of the gas throughout the composite’s porosity network. The MTS 

is carried by H2(g) into the reaction chamber which serves as a catalyst for the 

decomposition of MTS [166, 167]. Figure 2.22. shows a conventional processing set 

up. There are a number of advantages of CVI, primarily the low temperatures 

relative to other advanced techniques so fibre degradation is lessened, there is no 

shrinkage of the matrix and net shape manufacture can be achieved. Nevertheless, 

processing is very slow, as a distribution of isothermal temperature must be 

maintained over the preform to prevent premature pore closure at the surface of the 
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composites. Even then the process has to be paused periodically for machining to 

reopen the surface porosity that closed prematurely. This is to prevent residual 

porosity forming within the final composite [156].  

 
Figure 2.22. Schematic of generic CVI equipment [168]. 
 

These decomposition reactions are usually accompanied by the production of HF and 

HCl that are removed from the chamber along with any unreacted precursor gases. 

CVI is very flexible in comparison to the other advanced processing methods, since a 

wide variety of ceramic compositions can be deposited, see table 2.8. The resultant 

deposit is dense, has a fine grained microstructure (from a few to hundreds of 

nanometres) and theoretically is free of impurities if processing parameters have 

been controlled correctly [169, 170]. CVI is most appropriate for the deposition of 

borides and carbides ceramics, which otherwise require processing at much higher 

temperatures using powder sintering techniques. Multiple materials systems can also 

be infiltrated into the preform by alternating the gaseous precursors introduced into 

the reaction chamber [171-175]. This means mesostructures can be tailored and 

tuned by the process parameters including chamber pressure, temperature, and the 
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feed rate of the precursor. The CVI process is complex because it requires a 

comprehensive understanding of the deposition reaction chemistry and associated 

kinetics, the temperature distribution seen in the preform, the effects of processing 

pressure, sample geometry and the porosity network [9, 176]. The final 

microstructure is dependent on all these variables and thus so are the thermo-

mechanical properties. Subsequently, a range of CVI processes have been developed 

which are categorised by i) temperature, ii) pressure and iii) heating method [177, 

178]. One example is the infiltration can be carried out in both cold-wall and hot-wall 

reactors, at pressures as low as 1 mbar or at a positive pressure, with or without 

carrier gases, and at temperatures ranging from 200-1600°C. In addition, there are a 

number of enhanced CVI methods that utilise various energy sources. These include 

lasers, plasmas, combustion reactions and hot filaments to lower deposition 

temperatures and increase densification rates. 

 

The main advantages of CVI are [14, 168, 179-181]:  

 The deposited material is typically very pure.  

 A relatively low-temperature process meaning fibre degradation does not occur. 

 It is an adaptable process. Numerous binary systems can be deposited, see table 

2.8. Multi-coatings and functionally graded materials can also be achieved 

without interrupting the process.  

 The microstructure of the coating can be customised to have specific properties 

by altering temperature, pressure and precursor gas feed rate.  

 It is highly repeatable. 
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The limitations of CVI are [182-184]: 

 Currently, processing times of industrial-scale CVI are very long, taking in the 

region of 2-3 months. This is because isothermal heating rates must be used to 

prevent a thermal gradient forming which results in surface porosity prematurely 

closing, which causes the process to be paused for surface machining.  

 Large overall energy input is required due to the lengthy process times. 

 Highly corrosive by-products require enhanced safety precautions, the equipment 

is expensive and subsequently, maintenance costs are high which further 

increases the cost of the process.  

 It is very difficult to obtain near fully dense composites that are more than 2 mm 

thick; theoretical densities of <90% of are therefore considered as acceptable. 

Table 2.8. The specific precursor gases and the processing parameters needed for the 
deposition of a number of non-oxide ceramic materials [170]. 

Matrix deposited Reactant gases Temperature / °C 

C CH4-H2 900-1200 

HfC HfCl4-(CH4 or C3H6-H2-Ar) 900-1600 

ZrC ZrCl4-(CH4 or C3H6-H2-Ar) 900-1600 

TaC TaCl5-(CH4 or C3H6-H2-Ar) 900-1500 

SiC CH3SiCl3-H2 900-1400 

Si3N4 SiCl-NH3-H2 1000-1400 

TiB2 
TiCl4- BCl3-H2 
TiCl4- B2H6-H2 

800-1200 
600-1100 

ZrB2 
ZrCl4-BCl3 -H2-Ar 
ZrCl4- B2H6-H2 

900-1200 
600-1100 

HfB2 
HfCl4-BCl3 -H2-Ar 
ZrCl4- B2H6-H2 

Hf(BH4)4 

900-1200 
600-1100 
≤300℃ 
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 Chemical vapour infiltration variants 

2.4.4.1.1. Isothermal/Isobaric CVI 

Isothermal CVI (ICVI), figure 2.23., is the most frequently used variant used in 

industry but although the benefits are plentiful, ICVI suffers from a critical drawback. 

The deposition of the ceramic material occurs preferentially close to the outer 

surface where the reactant concentration and temperature are highest [170]. As a 

result, ‘crusting’ occurs due to the increased deposition rates, which fills the porosity 

at the surface of the body trapping porosity inside. This means the CVI process has 

to be paused, the samples removed from the furnace and the preform’s surface 

machined to reopen this closed porosity.  

 

To reduce premature closure, the options are to: i) decrease the processing 

temperature, which decreases the SiC deposition rate at the pore entrance by 

promoting diffusion of reactants down the pore channels, or ii) work at a low 

pressure again improving diffusion into the centre of the composite. Nevertheless, 

the production time can be upward of 1000 h due to the crusting, and the parts are 

expensive [178, 185, 186]. 

 
Figure 2.23. Schematic showing the key components of the conventional process and the 
respective temperature profile [150]. 
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2.4.4.1.2. Isobaric thermal gradient CVI 

A thermal gradient is applied to the preform, as shown in figure 2.24., and this can 

be radiantly or inductively [178, 187]. In the hottest region, this temperature 

gradient causes the deposition to be quickest. The densification then continues from 

the hotter area to the composite's colder side. The hot zone is thought to expand 

because of the increased thermal conductivity of the product due to the increased 

density and the closure of porosity creating increased concentrations of reactants in 

the surrounding open porosity.  

 
Figure 2.24. Schematic showing the key components of the thermal gradient process and the 
respective temperature profile [150]. 
 

2.4.4.1.3. Isothermal forced flow CVI 

In isothermal forced flow (IFCVI) [188-190], the temperature is kept constant but a 

pressure gradient is exerted over the preform driving the reactants through the 

pores. Typically, the sample is sealed around its edges so the free path for the gas is 

through the composite. By controlling the transport of reactants through the 

preform, the depletion of the precursor’s gases is decreased and therefore favourable 

conditions for increased deposition rates can be used. This method must be careful 

to control variations in pressure across the sample as different regions can densify 

quicker resulting in negative effects on the matrix infiltration homogeneity [191].  



2. Literature Review 
 

55 
 

 
Figure 2.25. Schematic showing the key components of the isothermal forced flow process 
and the respective temperature profile [150]. 
 

2.4.4.1.4. Thermal gradient forced flow CVI 

The most explored variant of CVI is thermal-gradient forced-flow CVI (TFCVI) [192-

199], which combines the benefits of thermal gradient and pressure gradient CVI.  

When the pressure gradient is too large, the cycle is concluded: this means that the 

flow passages are closed and the porosity is mostly filled. The result is a 

homogeneous matrix with a density of >90% [192] and a deposition rate of up to 1 

mm h-1 in a relatively short processing time of 10-40 h [200]. However, the controls 

on gas flow and temperature are extremely complex , particularly when processing 

multiple and/or complex components and the thermal conductivity of the fibres is 

high [178]. One version of this technique that has been researched for over 40 years 

is MCVI; this will be reviewed in more details in section 2.7. as it is the major theme 

of this research. 

 
2.4.4.1.5. Pulsed pressure CVI 

In pulsed pressure CVI (PPCVI) the gas flow is pulsed within the chamber, see figure 

2.25. A pump evacuates the chamber and then adds the reactants; this process is 

repeated several times producing a ‘breathing’ effect. The effect is the cyclical flow of 

reactants into and out of the preform [178, 201, 202]. This ensures a fresh supply of 



2. Literature Review 
 

56 
 

precursor gas is fed into the fibrous composite in the chamber and removes any by-

products of the reactions that become trapped in the pores. Furthermore, if the 

preform is periodically fed with different compositions of reactants multi-layered 

ceramic systems can be prepared in-situ [203]. Another variation is to combine 

PPCVI, figure 2.26., with thermal-gradient CVI to create pulsed, thermal gradient 

CVI, (PPTGCVI). This has been shown to be able to generate an inverse density 

gradient therefore overcoming the aforementioned crust [196]. Despite this though 

theoretically attractive, the extreme cost of the equipment reduces its appeal 

drastically. 

 
Figure 2.26 Schematic showing the key components of the pulsed pressure system and the 
respective temperature profile [150]. 
 

2.4.4.1.6. Developing CVI technique 

Laser chemical vapour deposition (LCVI) uses a focused laser beam to locally heat an 

infra-red-absorbing preform to provide the required thermal energy to activate the 

thermal decomposition of the reactants [204, 205]. Both mono-chromaticity of the 

laser and its directionality can be utilised to enhance the deposition process. 

Dimensional control is afforded by the use of a laser and allows accurate deposition 

on very small substrates if required. The chromaticity determines the materials’ 

interaction with the laser, whether it absorbs or is transparent to the laser. These 
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factors combine to allow very specific modulation of input energies permitting lower 

temperatures of deposition [206]. A typical thermal gradient profile for laser CVI is 

shown in figure 2.27.  

 
Figure 2.27. Schematic showing the key components of the laser-assisted process and the 
respective temperature profile [150]. 
 
 
2.4.5. Hybrid techniques 

There are multiple combinations of techniques that can be used to densify CMCs, 

these are collectively referred to as hybrid techniques, see figure 2.28. Within the 

combinations, there is also an ordering variable as well, i.e. CVI before PIP or PIP 

before CVI etc. This is because it has not been conclusively established in the 

literature what best practice is when it comes to the order of filling intra-tow, inter-

tow or inter-ply porosity with the ceramic matrix. For the purpose of this review, only 

advanced methods with the addition of slurry impregnation will be evaluated. The 

concept behind using hybrid techniques is the same as why composite materials 

were developed, the idea being that the advantages could be maintained and 

disadvantages compensated by using the benefits of another technique [207], see 

table 2.9. 
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Table 2.9. Summarising the primary advantages and disadvantages of advanced fabrication 
methods [63, 208, 209]. 

 RMI PIP CVI 

Fabrication time ✔ - X 

Shaping - ✔ ✔ 

Cost ✔ - X 

Technical maturity ✔ - - 

Filling large porosity ✔ X X 

Filling small porosity  X - ✔ 

Microstructure quality  X - ✔ 

Fibre degradation X X ✔ 

Operating temperature X ✔ ✔ 

Residual stress X ✔ - 

Creep resistance X X ✔ 

Thermal conductivity ✔ - ✔ 
 

 
Figure 2.28. Schematic representation of the combinations of matrix formation techniques 
after an interface material is applied and before an EBC or TPS. 
 

From the literature, it appears the most explored technique combination is CVI and 

PIP. Ortana et al. [210] used first CVI to deposit a pyro-C interface of approximately 

0.1 µm and then a SiC matrix. The amount of time the CVI SiC matrix was applied for 

was varied from 20-60 h. This resulted in a decrease in residual porosity from 

approximately 68% to 59.8% for 20 h and 54.7% for 60 h respectively. These 
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specimens were then impregnated with preceramic polymer and pyrolysed. It was 

found that samples that had had a longer CVI time could not be densified to the 

same degree using PIP as samples that had been infiltrated for a shorter period. 

Samples infiltrated for only 20 h were densified to have 28% residual porosity 

whereas 60 h CVI samples only reached 39.3% residual porosity. Ortana goes on to 

explain this is because of the volume of closed porosity created during the longer CVI 

times. In similar work by Nannetti et al. [211], SiCf/SiC composites were prepared 

again with a 0.1 µm C interface and then all subjected to 30 h of SiC CVI and then 

seven iterations of the PIP process. The greatest reduction of porosity seen was to 

13.3% in a 3D Hi Nicalon S preform. This was hypothesised to be because of the 

reduced fibre fraction in the Z-direction compared to the other samples, which 

increased the permeability of the composite to the liquid polymer. Work by Park et 

al., also explored this route but the CVI process was carried out at a higher 

temperature for shorter times than the previous two reports. However, they also 

found similar results in that samples that gained less mass from the CVI stage 

showed an increased degree of densification during the PIP stage and ultimately a 

higher final density [212].  

 

The next most prevalent technique combination is CVI with RMI. This approach has 

widely been used by NASA to produce composites that have low residual porosity 

with good mechanical properties, the first property is afforded by RMI and the 

second by CVI [63, 213]. As illustrated in figure 2.28. the processes can often be 

combined with a slurry infiltration step as well [214]. This is the case in the NASA 

production route and the one used by Li et al. [215]. Both use a slurry infiltration 
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step prior to the RMI stage to both protect the fibres and create a porous body with 

high capillarity that aids the wicking of the molten silicon into the composite. In both 

cases the fibre preforms are infiltrated using CVI until 30-40% porosity is left before 

the slurry and then RMI routes are used, ultimately resulting in a composite with 

~15% porosity left. Xu et al. also used the same method but without the slurry 

infiltration stage [149]. Though it is not stated, the volume of porosity can be 

estimated to be approximately 20% as the density of the samples was 2.1 g cm-3. 

 

The theme of using slurry is continued in PIP related research as well. Ivekovic et al. 

[216] prepared SiCf/SiC composites using electrophoretic deposition (EPD) to 

introduce a submicron SiC powder to the fibre ply. Following this, the samples were 

vacuum infiltrated with a warmed SMP-10 preceramic polymer that had a viscosity of 

0.025 Pa s before being pyrolysed at 1600℃ in a vacuum. The resulting composite 

after six PIP cycles was 86.5% of TD, which is typically achieved using 10+ cycles of 

just PIP indicating a reduction in processing time. Zhu et al. [217], also looked at this 

method of densification but were less successful in closing porosity. This is possibly 

because they used a vacuum infiltration route to introduce the powder rather than 

EPD or because the pyrolysis temperatures used were noticeably lower. The authors 

also do not state how many cycles of PIP were used, it is suspected <5 as the 

residual porosity after pyrolysis was still >20%.  

The least explored combination of techniques appears to be RMI and PIP. This is 

potentially because neither is particularly good at filling small porosity particularly 

which is pivotal to the mechanical performance of these composites, thus rendering 

it a dubious route to investigate.  
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2.5. Chemical vapour infiltration of SiCf/SiC composites 

2.5.1. Reactants and SiC formation 

There are a number of precursors that can be used to synthesise SiC in the CVI 

process. These are outlined by Vignoles [184], the precursor most commonly used in 

the literature is MTS, though ethyltricholosilane (ETS) and dimethyldichlorosilane 

(DDS) can also be used. It was previously thought that MTS was a superior precursor 

material due to its equal Si:C ratio as is intended in the deposit, more recent 

literature has shown that this is not the case [184]. As the decomposition of MTS 

happens, first into constituent elements, a series of heterogeneous reactions of Si 

and C-containing intermediates then occur at the deposition site of the cubic -SiC 

[14]. This deposition occurs in the presence of a carrier gas, typically hydrogen or 

argon. Hydrogen is preferred as it is hypothesised that its presence can reduce the 

Si-Cl bond during the intermediate phase of the process and increase the SiC 

formation rate by lowering the activation energy (Ea) [218, 219]. The overall reaction 

is shown below, but the theoretical route of decomposition is significantly more 

complex. It involves a possible 114-stage reaction mechanism [220, 221] and is 

affected by the processing variables that will be discussed in more depth in the next 

section.  

Methyltrichlorosilane + Hydrogen    Silicon carbide + Hydrogen chloride + Hydrogen 

CH3SiCl3(l) + (n) H2(g) → SiC(s) + 3HCl(g) + (n) H2(g) 
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Due to the complex interplay between processing conditions and the reaction 

mechanism, the formation of secondary phases, such as carbon or silicon, are very 

common and reduces the yield of SiC [14]. Codepostion of secondary phases has 

been linked to carrier gas composition with argon producing C-codeposition and 

hydrogen producing Si-codepositon. Several routes have been proposed in the 

literature to describe the decomposition of MTS, using thermodynamic and kinetic 

modelling, ab initio calculation, mass spectrometry and experimentation but findings 

often vary due to the different conditions used. In the literature, there is a general 

consensus that the Si-C bond in the MTS molecule has the lowest dissociation 

enthalpy and therefore will initiate the decomposition reaction into radicals of SiCl3 

and CH3 [14, 183, 222]. The literature suggests that these Si-containing and C-

containing radical species then proceed along different and separate pathways and 

do not recombine until they are adsorbed to the substrate site, whereupon there is 

an ejection of HCl. The aforementioned radicals are subject to change and, 

consequently, so is the route of decomposition when the temperature is higher. 

Roman [223] carried out an extensive literature survey in 1994 on this mechanism 

and proposed a simplified and most probable mechanistic route. The route posed by 

Roman is in good agreement with a number of more recent publications [224-226] 

detailing the most probable intermediate steps with respect to depositing 

stoichiometric SiC and was based on bond dissociation enthalpies, which is shown 

below. A few additional reactions have been included below, full reaction series can 

be found at [220, 221]: 
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Initation of reaction/ decomposition of MTS (* denotes a free radical) 

CH3SiCl3 + H2  *SiCl3 + *CH3 + H2 

*SiCl3 + H2  HSiCl3 + *H 

*SiCl3 + *H  SiCl2 + HCl 

*CH3 + H2  CH4 + *H 

*CH3 + *CH3  C2H4 + H2 

*CH3 + *H  CH4 

Reactions at the substrate surface/ chain propagation/ adsorption ((•) denoted free 

bonding site on the substrate surface) 

SiCl2 + (•)  SiCl2(•) 

H2 + (•)  2H(•) 

HCl + 2(•)  H(•) + Cl(•) 

*CH3 + (•)  CH3(•) 

Reaction termination/ surface reaction/ desorption 

SiCl2(•) + (•)  Si* + 2Cl(•) + (•) 

CH3(•) + 3(•)  C* + 3H(•) + (•) 

CH3* + 3H*  C* +3H2 

SiCl3* + 4H*  3C* + 4H2 

SiCl3* + 3H*  Si* 

H(•) + Cl(•)  HCl 

2H(•)  H2 + 2(•) 

Si* + C*  SiC 
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Figure 2.29. Schematic representation of the adsorption and deposition of SiC constituents to 
the fibre surface, adapted from [225]. 
 

It must be noted that MTS has to be stored and handled carefully because it reacts 

violently with water to produce heat and toxic HCl fumes of that are very hazardous 

to users’ health and detrimental to metallic equipment [227].  

 

2.5.2. Mechanism of deposition 

As mentioned, understanding and controlling the reaction chemistry and kinetics of 

the CVI process is far from trivial. The complex heterogeneous reactions that are 

taking place inside the fibre preform to deposit the ceramic material are governed by 

five mechanisms, first described by Naslain [176]: 

1. Diffusion of gaseous reactants through the hydrodynamic boundary layer on the 

fibre preform’s surface. 

2. Diffusion of the gaseous reactants along the pore channel until reactants are 

adsorbed on the channel’s inner surface, i.e. a SiC fibre. 
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3. A series of reactions take place yielding a solid ceramic deposit and an adsorbed 

gaseous by-product. 

4. Desorption of gaseous by-products, which then travel along the pore channel 

toward the pore entrance.  

5. Diffusions of the by-products through the boundary layer on the pore surface. 

 
Figure 2.30. Schematic showing the different steps in the iso-thermal CVI process, adapted 
from [9, 14]. 
 

The filling of porosity involves two competing mechanisms; the mass transport and 

subsequent diffusion of species into pore channels and, secondly, the surface or 

kinetic limited reaction at the preform surface and pore entrance. The slower of the 

two determines the rate of deposition. Temperature, pressure and gas flow rate 

determine which of these two mechanisms is controlling the deposition. The diffusion 

of the reactants is also affected by the pore size, for larger pores, Fickian diffusionv is 

the governing mechanism but for smaller pores, Knudsen diffusionvi must also be 

accounted for [228]. When surface reactions are slower, the deposition of the 

                                        
v Molecule-molecule collisions dominate due to large pore channel. 
vi Molecule-channel wall collisions are most frequent due to small diameter pore channel. 
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ceramic occurs in the pore channels at a faster rate; however, when mass transport 

is the rate-limiting step, this results in the premature closure of these channels. This 

is why isothermal heating profiles and low pressures are specifically used in order to 

promote the mass transport of precursors into and along the pore channels, thus 

keeping the surface reaction the limiting step [228]. These competing mechanisms, 

mass transport and surface kinetics, are described and can be assessed by a 

dimensionless parameter called the Thiele or the second Damkohler numbervii (Φ) [9, 

229]. This number is applicable when describing the heterogeneous reaction 

resulting in deposit forming on or in the fibre preform at the entrance of a cylindrical 

pore at a uniform temperature: 

Equation 2-3    ϕ =  √  L  

Where: s = First order reaction rate of the surface reaction 

D = Diffusivity of the precursor gases / m2 s-1 

R = Radius of pore channel / m 

L = Length of pore channel / m  

An effectiveness factor ( ) that describes the ratio of pore channel deposition against 

pore surface deposition can be coupled with the Thiele modulus to become an 

accurate descriptor of the relationship between mass transport and surface kinetics 

[14]. 

                                        
vii Relates the reaction rate timescale to the transport phenomena rate timescale 
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Equation 2-4    = a ∅∅  

Therefore, keeping the effectiveness factor as close to one as possible promotes in-

pore deposition, again ensuring the surface reaction is rate-limiting. Fitzer [218] 

verified this relationship experimentally, showing that the maximum length of the 

cylindrical pore channel (Lmax) was equal or less than the parameter shown below: 

Equation 2-5    �  ≤ .  √[    ]  
Where: De = Diffusion coefficient 

R = Pore radius / mm 

In further work by Rossignol et al. [228], they modelled the closure of porosity using 

experimentally derived kinetics data and concluded a number of important 

statements. The model showed that when the temperature (800℃) and pressure 

(20-200 mbar) were sufficiently low, the thickness of the deposit was homogenous in 

large porosity (∅ = 100 µm), which is typical of a low Damkohler number. They also 

found raising the temperature and pressure favoured deposition at the pore 

entrance, an effect that was exaggerated for smaller porosity (1 µm). In an attempt 

to improve this, Rossignol lowered the temperature, which had minimal effect before 

lowering the pressure, which had no effect. This is thought to be because the mass 

transfer is already limited by Knudsen diffusion below 200 mbar. 

 

2.5.3. CVI process variables with respect to SiC deposition 

Silicon carbide composition, morphology, crystal structure and deposition rate are 

governed by a number of critical processing parameters that determine 

decomposition route of precursor materials. The literature shows there is substantial 
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interplay between each of the processing parameters; temperature, pressure, gas-

phase composition and flow rate have been identified as the most critical of these 

parameters. Each variable has a specific effect on SiC formation when it is changed 

and in turn, alters the effect other parameters have.  

 

Temperature is the most influential parameter on the properties of the SiC deposit. 

The consensus of the vast majority by the literature is that lower temperatures 

<1000℃, favour the co-deposition of silicon with silicon carbide [225, 230-238] and 

higher temperatures, >1200℃, favour carbon co-deposition [230, 231, 239]. A 

number of authors have proposed that silicon co-deposition at low temperatures is a 

consequence of the low reactivity of the primary carbon-bearing species in this 

temperature range, methane, and the highly reactive chlorosilanes, SiCl2 [226, 231, 

237, 240]. Conversely at higher temperatures >1200℃, CH4 is substituted for the 

more reactive C2H4 and the SiCl2 for more stable SiCl4 [241, 242]. Subsequently, this 

favours carbon co-deposition and thus indicates there is an optimum temperature 

between 1000-1200℃ to produce stoichiometric SiC. However, this is also heavily 

dependent on other processing conditions. As to be expected, the rate of deposition 

of SiC obeys an Arrhenius relationship but this can also change depending on the 

precursors used. The temperature also affects the location of the deposition, as high 

temperatures favour a surface reaction as opposed to diffusion that is favoured at 

lower temperatures, see figure 2.30. Precursors with a lower activation energy, such 

as MTS, due to their higher electronegativity at the C-Si bond will deposit material at 

a faster rate than more stable precursors like dichloromethylsilane and 

dimethyldichlorosilane. Increasing temperature also has an effect on the morphology 
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and crystal structure of the deposit, with the SiC grains become more elongated and 

faceted and the surface topography rougher [232, 234, 237, 243, 244]. 

Deposition pressure has a less significant impact on the infiltration process though it 

does still effect SiC composition and physical appearance. It was first reported by 

Langlais in 1989 [236] who observed that Si codeposition was favoured at pressures 

closer to atmospheric. This is considered very high relative to conventional CVI 

processing, which is usually carried out at the lowest possible pressure. This was also 

reported later on in a number of other publications in agreement with Langlais’ 

findings [235, 238, 239, 245, 246]. There is, though, conflicting reports on the effect 

pressure has on deposition rate, with some literature citing it has no effect, especially 

at higher temperatures [247, 248]. Whilst others state that as pressure increases 

growth rate of the deposit increases due to increased residence times [233, 234, 

239]. In terms of the effect of pressure on morphology and crystal structure, Cheng 

et al. [249] and Jacobson [250] found that at high pressure the SiC that was 

deposited had a more angular appearance. Similar results were found by Sibieude 

and Benezech [251], who went on to show, using X-ray diffraction (XRD), that 

smaller crystallite SiC was deposited at lower pressures. This was further clarified by 

Chin et al. [252] and Lespiaux et al. [232], who explained that the surface 

topography was related to the supersaturation of the gas at the gas-solid interface. 

As the pressure increased, this supersaturation decreased, resulting in a more 

angular, larger and more facetted morphology, whereas the opposite was seen at 

lower pressure due to high supersaturation.  
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Second only to temperature, the gas composition has the most significant impact on 

the composition and growth rate of the silicon carbide deposit. The gas composition 

is described as the alpha ratio, which is a molar ratio of the carrier to precursor, as 

seen below.  

Equation 2-6  ℎ  � �� =  � �  �� �  =  �
  

The literature comprehensively reports that a high α ratio results in silicon co-

deposition as this favours chlorosilane production [9, 231, 237, 239]. Naslain in the 

1980s [9] produced a phase diagram that shows how an increasing ratio affects 

thermodynamic yields and the composition of the SiC. It showed high dilutions 

favoured silicon production, an effect that is exacerbated at low temperatures. 

Conversely lower-alpha ratios and high-temperature favour carbon deposition. 

σaislain’s paper reports again an optimal alpha ratio range between alpha 100-10000 

at a pressure of 100 mbar and at a temperature range of 1000-1400 K, figure 2.31. 

Typically, this would be considered a very dilute ratio, which is consistent with other 

literature in terms of the trend, i.e. increased dilution leads to co-deposition of 

silicon. However, the dilution is multiple orders of magnitude too high and in 

disagreement with all other literature on the topic. It is currently thought by the 

present author that the log scale is incorrectly plotted, figure 2.31.  



2. Literature Review 
 

71 
 

 
Figure 2.31. Thermodynamic yields for the solid deposition of silicon carbide and its co-
deposits as a function of alpha ratio, adapted from [9]. 
 
Van der Putte goes further to explain that lower alpha ratios have decreased silicon 

content because of the etching effect of the more concentrated hydrogen chloride 

by-product [253]. This effect is useful to understand how the reaction can be used to 

control the composition, but a number of authors have also found the concentration 

of HCl in the system has an inverse relationship with deposition rate [222, 231, 233, 

235, 246, 247, 254]. Chiu et al. [241], looked at the effect the molar ratio of 

reactants had on morphology and showed that decreasing the alpha ratio increased 

the surface roughness. This is the same as effectively decreasing the degree of 

supersaturation, as explained previously by Lespiaux et al. [232] and Chin et al. 

[252]. It has also been observed that higher dilutions decrease the deposition rate, 

which is to be expected [231, 237, 248].  

 

The literature also reports that higher flow rates increase the rate of deposition by 

providing a faster supply of precursors to the substrate deposition sites; however, 

this does have an inflection point where the delivery will exceed the rate of reaction 
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and available site of deposition. This has been demonstrated by Zhang [238, 240] 

who shows the ratio of substrate surface area to volume ratio affected the rate of 

deposition. They also found that silicon co-deposition was favoured by a low ratio, 

but they did not postulate a theory for this. Another key observation that has been 

reported is the effect of the carrier gas used on the SiC composition; Caligstro, Kim 

and Yu [230, 244, 255] all found that use of hydrogen favoured Si-SiC and use of 

argon C-SiC. Kim also saw a change in the rate of deposition with both gases. At 

lower temperatures, the rate of deposition was higher with hydrogen up to 1150℃, 

but beyond this, the rate of deposition using argon was higher.  

 

The most comprehensive paper detailing the effect of processing conditions on the 

CVI process was produced by Loumagne in the earlier 1990s [235]. They produced 

the figure 2.32., shown below, a phase diagram summarising the effect of three of 

the four previously mentioned parameters. Most significantly, they suggested that 

stoichiometric SiC is possible at lower temperatures if the alpha ratio and pressure 

are suitably low enough. 
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Figure 2.32. A temperature-pressure-alpha phase diagram showing the trends in the 
physicochemical properties of the resulting SiC deposit.  
 

2.6. Microwave processing of materials 

2.6.1. Microwave-material interaction 

Microwaves are a type of electromagnetic radiation with wavelengths and 

frequencies ranging from 0.001 m to 1 m and 0.3 GHz to 300 GHz, respectively. In 

contrast with visible waves, apart from lasers, microwaves are both coherent and 

polarized [256]. This makes them suitable for a number of applications which have 

varying frequencies; communications, navigation, radar, astronomy, spectroscopy 

and heating. These frequencies are divided into a number of bands that span the 

whole range, with microwave ovens being categorised as S-band with a frequency 
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range of 2-4 GHz. Table 2.10. lists a number of advantages and disadvantages of 

using microwave energy as a means of heating materials. 

Table 2.10. Showing some of the fundamental advantages and disadvantages associated 
with microwave processing [257]. 

Advantages Disadvantages 

Direct coupling creating volumetric 
heating, potentially lowering 

temperatures 
Heating can be complicated 

Dielectric losses accelerate heating 
High input of engineering experience for 

successful application 
Selective heating capabilities Thermal runaway 
Reversed thermal gradients Non-uniform heating 

Internal stress reduction 
Temperature measurement can be 

difficult 

Rapid processing 
Dielectric properties can change with 

temperature unpredictably 
Reduced processing costs  
New material synthesis  

 
The way microwaves interact with materials is highly variable, especially with 

changing temperature and frequency. When the microwaves are incident on a 

material they can be reflected, absorbed (lost) or transmitted or any combinations of 

the three, see figure 2.33 [258]. An electromagnetic wave has two components, an 

electric and magnetic field, both of which strongly influence how a material will 

interact with a microwave. These interaction mechanisms can be generalised as 

dielectric losses, conductive losses and magnetic losses though there are many more 

[259]. The primary effect of these microwave interaction with materials is heating 

such as joule, magnetic, dielectric and ohmic, all of which are again materials specific 

[260].  
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Figure 2.33. Series of diagrams showing the microwave-matter interactions possibilities 
[258]. 
  

For brevity, this review will only discuss microwave interaction with an alternating 

electric field component that creates dielectric and ohmic heating, more information 

on microwave interaction with other material types and magnetic field heating can be 

found in [259]. SiC will also heat via a direct current and is most commonly used in 

furnace heating elements. The electric field component of the microwave is 

responsible for dielectric loss heating and ohmic heating.  

 

In the dielectric loss mechanism, dipoles in the material orientate themselves to align 

to the electric component of the microwave field to minimise the system’s total 

energy. Microwaves can do this via a number of different routes [243]; 

 Dipole polarisation – permanent dipoles are orientated by an external applied 

electric field. 
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 Electronic polarisation – impermanent distortion of the electronic arrangement 

around the nucleus of an atom in a unit cell. 

 Ionic polarisation – unbalanced charged distribution caused by a larger scale 

redistribution of the charge due to ion and cation movement because of the 

applied electric field. 

 Maxwell-Wagner-Sillars polarisation – is charge build-up that occurs in dielectric 

materials that are layered or heterogeneous. 

As the microwave field oscillates at a high frequency, the dipoles in the material are 

unable to remain synchronised causing a phase lag resulting in dielectric loss [261]. 

This phase lag is particularly high around the polarisation mechanisms resonance 

frequencies. As the polarisation lags behind the field reversal it causes an interaction 

between the field and the dielectric’s poles that results in heating [258]. To ensure 

more even heating the frequency used should be slightly different from the 

frequency at which maximum dielectric loss occurs to prevent all of the microwaves 

being absorbed by the first surface of the material.  

 

In the ohmic mechanism, any free charged species such as electrons and ions will 

move with the oscillating electrical field inducing a current. As the flowing electrons 

move through the atomic structure, they encounter resistance to flow through 

collision with atoms and causing vibration resulting in heat. The degree of interaction 

experienced by a material in a microwave field is governed by the materials complex 

permittivity. Complex permittivity is composed of a real and imaginary part called the 

dielectric permittivity and the loss factor, respectively, see equation 2-7. It is 

effectively a measure of a material’s ability to polarise in an electric field. The 
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dielectric permittivity can be defined as the ratio of the relative permittivity of a 

material to the permittivity of free space, equation 2-8. It, therefore, indicates a 

material’s ability to store absorbed electrical energy when in an electric field [262]. 

Loss factor is the ability to dissipate this energy through the movement of charged 

species in an alternating electromagnetic field as the polarisation of the material 

switches direction. 

 

Equation 2-7    ∗ =  ′ − j ′′ =   ′ −  j ′′  

 

Equation 2-8    ′ =  ′′  
Where: * = Complex permittivity  

' = Dielectric permittivity 

’’ = Loss factor 

J =  √-1 or i 

’0 = Permittivity of free space (8.86x10-12 m-3 kg-1 s4 A2) 

’r = Relative dielectric permittivity  

’’eff = Effective relative dielectric loss 

There are a number of loss mechanisms that govern how energy is dissipated as the 

charged species are moved, these are [263]: 

 Short-range hoping of charged species between available sites, resulting in 

reorientation and is the primary loss mechanism in a dielectric material. 

 Charge carrier tunnelling through energy barriers resulting in relaxation. 
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 Ohmic electronic or ionic conduction from the thermal excitation of charged 

species in the conduction band. 

 Lattice-incident photon coupling causing resonance in the crystal. 

 Localised space charge build-up. 

The sum total of these losses results in volumetric heating, which means the entire 

dielectric material experiences the same energy input throughout its entire volume. 

These losses are commonly grouped under the term “loss tangent”, which is 

indicative of a material’s ability to convert absorbed electromagnetic energy into 

thermal energy; this is dependent on the frequency, loss factor, dielectric permittivity 

and electric field intensity, see equation 2-9. The phase angle in the tan  relates to 

the time lag associated with the time taken to polarise a material’s dipoles. 

Equation 2-9    tan =  ′′′ =  π ′ ′  
Where: tan  = Dielectric loss tangent 

S = Total effective conductivity / S m-1 

f = Frequency / GHz 

The dielectric loss of a material is not the only determining factor in terms of the 

effectiveness of microwave heating. The penetration depth of the incident wave into 

the material can be used to quantify the heating uniformity and efficiency. Often 

referred to as skin depth, it is a measure of the distance from the surface of the 

material to the point when the magnitude of the field strength decreases by e-1 

(=0.368) of its original value at its surface, figure 2.34 [260]. These depths can have 

a vast range, for example, 38 µm and 187 m for graphite and high purity alumina, 

respectively [256, 258]. A larger skin depth than the sample dimension means that 
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the total interaction of the microwave is achieved. The opposite is true for a sample 

larger than the skin depth making uniform heating impossible [258]. The penetration 

depth also varies with frequency and effective dielectric and magnetic loss factors. If 

a material has a high loss factor, the penetration depth is often low; the opposite is 

true for a material like quartz, which, with an almost zero loss factor, can be 

considered effectively transparent to microwaves.  

Equation 2-10  =  8.686π a √      ε     ′       ε′       
 

Where: Dp = Penetration depth at half power / m 

0 = Free space wavelength / m 

 
Figure 2.34. The absorption of microwaves to half-power depth (skin depth). 
 

2.6.2. Volumetric heating, inverse temperature profile and thermal 

runaway 

As mentioned in section 2.6.1. materials that absorb microwaves can be heated 

volumetrically. This means that the atmosphere surrounding the material being 

heated in the microwave field is cooler than the dielectric material being heated, as it 

does not interact with the field. This, in turn, means that a thermal gradient will 

develop spanning the dielectric-atmosphere interface so that the surface of the 

dielectric loses thermal energy to the surroundings. It is therefore implied that due to 

the volumetric heating, the centre of the sample, the region furthest from the 
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surroundings, is the best insulated and hottest. This produces an inverse 

temperature profile the fundamental benefit of the MCVI process, see section 2.7. 

The severity of this gradient can be influenced by slowing the rate of surface heat 

loss by using an insulating material in contact with the surface. Conversely, for 

conventional heating, the heat transfer mechanism is only by conduction and 

radiation. This means the temperature of the sample’s surface temperature is higher 

than the centre unless the time of heating is suitably long so that the gradient is 

neutralised.  

 
Figure 2.35. Schematic illustrations of the temperature profiles within samples heated (left to 
right) conventional, microwave (inverse temperature profile) and hybrid heating [256]. 
 

There are also a number of thermal phenomena associated with the use of 

microwave energy. The primary, and most problematic, is called thermal runaway. 

This applies only when the temperature dependence of the power absorption is less 

than the temperature of the loss factor. This is most common in materials that 

possess low thermal conductivity and dielectric loss factor that increases dramatically 

as the temperature increases creating an uncontrolled "hot spot”. When a hot spot 

forms due to a non-uniform heating profile the dielectric loss factor increases locally, 

exacerbating the effect and resulting in an uncontrolled temperature increase. This 

effect has been modelled in a number of ceramic materials in the form of an S-

shaped power-temperature curve that shows there is critical power threshold below 

which the material will heat in a stable manner [264, 265]. If power exceeds this 



2. Literature Review 
 

81 
 

value, the temperature will jump to the upper branch in an uncontrolled fashion, see 

figure 2.36. 

 
Figure 2.36. Graph showing the principle of thermal runaway showing an instantaneous 
temperature increase with no change in electric field strength [266]. 
 

2.6.3. High-temperature dielectric property measurement techniques 

There are many methods of dielectric property measurement from direct current 

methods to 1000 GHz at ambient temperatures. The need to measure dielectric 

properties at temperatures >300℃, however, has become more prevalent with the 

expanding use of microwave processing technology in industry, whilst numerous 

methods are available, only a small number are suitable to do this, these are: 

 Resonant cavity 

 Free space  

 Waveguides and coaxial lines 

Table 2.11. shows a number of possible methods for measuring high-temperature 

dielectric properties. For the purpose of this review, only the resonant frequency and 
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free space methods will be discussed in more detail as these are the techniques used 

later on to collect data of the SiCf. 

Table 2.11. High-temperature dielectric property measurements that are available and their 
respective attributes, adapted from [267]. 

 Technique Advantages Disadvantages 

Resonant 
methods 

Resonant cavity Accurate for low loss 
material 

Frequency limitations 
Cooling of the sample 

Dual and single 
frequency 

dielectrometer 
Rapid measurements Frequency limitations 

Complex set up 

Non-resonant 
methods Free space Suitable for sheet-

like materials 
Requires a large sample 

 

 

 Resonant cavity method 

In principle, the method of measurement associated with the resonant cavity system 

is based on perturbation theory with a sample heated via either conventional means 

or a microwave source to a specific temperature [267]. Depending on cavity shape, a 

microwave field is applied and the resonant frequencies of this applied field are 

measured [268]. The material in question is then inserted into the field, see figure 

2.37., thus perturbing the cavity’s resonant frequencies and quality factor. The latter 

relates the thermal energy stored in the material to the dissipated energy [269].  
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Figure 2.37. A generic schematic of the resonant cavity set up used for measuring dielectric 
properties [270]. 
 

The change in resonant frequency can be used to calculate the dielectric permittivity 

of the material, equation 2-11, whilst the change the quality factor is used to 

calculate the loss factor of the material [271], equation 2-12: 

Equation 2-11   ′ = +    � −  

 

Equation 2-12   ′′ =    −  

Where; J1 – First order Bessel function 

x0N – Nth root of J0(x) = 0 

J0 – Zero-order Bessel function 

Dc – Diameter of cavity / m 

d – Diameter of specimens / m 

f0 – Resonant frequency of empty cavity / Hz 

f1 – Resonant frequency of sample-loaded cavity / Hz 

Q0 – Quality factor of an empty cavity 

Q1 – Quality factor of sample loaded in the cavity 
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The major issues associated with this technique are resonant frequency shift; 

changes in Q-factor when the sample is in the cavity and particularly due to cooling 

during the measurement, therefore its measurement, and correction is needed to 

account for this [263]. This is often based on empirical data, which allows for the 

prediction of temperature when the measurement of dielectric properties is made; 

this can introduce error if the prediction of temperature is incorrect making the ability 

to measure in situ essential [272]. 

 

 Free space method 

In the free space measurement, the material in question is heated to the desired 

temperature at which point a near-plane-wave beam is projected at the sample 

[273]. This wave beam is then partly transmitted through the sample and partly 

reflected, these signal magnitudes are measured by detectors [274], see figure 2.38.  

 
Figure 2.38. A diagram of the free space method that can be used to measure dielectric 
properties [270]. 
 

From these transmission and reflection coefficients, the dielectric properties can be 

calculated based on the sample’s dimensions [275] using equation 2-13 to 16.  
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Equation 2-13   ′ = + εin   
Equation 2-14   � = −ln � �′− ��′  

Equation 2-15   � = [ − + − − ] 
 

Equation 2-16   =  (�′− i �c � ) −
(�′− i �c � )  +  

Where: N – Integer including zero 

fN – Observed frequencies / Hz 

T – Transmission coefficient  

c – Speed of light in free space / ms-1 

L – Thickness of sheet sample / m 

 – Angle of incidence /  ̊ 

To optimise the accuracy of this technique, the frequency that provides the highest 

value of transmission and lowest reflection should be used [267]. Another drawback 

as stated in table 2.11. is that if the material’s microwave absorption increases as the 

temperature increases, the noise of the signal increases. This limits the temperature 

range and the detectors need for shielding to prevent damage when exposed to the 

high-temperature samples, which can add further complications [274].  
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2.6.4. Microwave system components 

A microwave system consists of three main components: 

1. Source – magnetrons, solids state, travelling wave tubes, klystrons and 

gyrotrons. 

2. Transmission line – antennas and waveguides  

3. Applicators – single-mode, dual-mode and multimode. 

 Microwave source 

In terms of sources, the magnetron is by far the most frequently used due to its low 

cost resulting in successful implementation into microwave ovens in both industry 

and domestic applications from the 1970s [276]. A magnetron is composed of a solid 

metallic rod (cathode) that conducts an electric current through a larger diameter 

metallic ring (anode) that contains small cut outs called cavities [277]. There are also 

two large magnets either side of this ring, which applies a magnetic field in parallel 

to the cathode. When current is flowing in the cathode, electrons are emitted via 

thermionic emission and are carried to the anode across the gap between the rod 

and the ring. These electrons also experience the force of the magnetic field causing 

them to circulate in a curved motion because of Lorentz force [277]. These electrons 

spiral outwards towards the cathode and when they reach the anode they induce a 

potential difference across the entrances of the cavities [277]. This effectively forms 

a capacitor with a single turn inductor; see figure 2.39(b).  
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Figure 2.39. (a) A schematic adapted from [277], showing the direction of electron flow 
inside the anode after emissions from the cathode (red arrows) caused the intersecting 
magnetic field (blue arrows), (b) zoomed-in representation of a cavity, acting like a single 
turn inductor, showing the direction of current flow and the resultant electromagnetic wave 
produced extending out of the page parallel to the magnetic field and (c) the interaction of 
the electron with the electric field induced by the cavity-causing the retardation of the 
electron.  
 

The capacitor creates an electric field due to the potential difference, which in turn 

causes the cavity to create a perpendicular oscillating magnetic field as the current 

travels around the cavity circle creating the electromagnetic radiation, which is 

extracted via an output antenna. The electric field created by the potential difference 

across the cavity entrances also extends inwards towards the central cathode. This 

means that emitted electrons are also retarded by the field as they travel in the 

opposite direction to the electric field toward the anode figure 2.39(c). This 

retardation causes the electrons to transfer energy to the radio frequency produced 

by the resonating cavities, which gives the magnetron the ability to amplify a lower 

power electromagnetic wave [278].    

 

Magnetron generators are reliable and simple in terms of operation and has a very 

high power output and efficiency. However, they have a variable frequency output, a 

limited lifespan and require warming up [279]. This variable frequency is 
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unpredictable even with automatic tuning features, which can lead to high reflection 

inside microwave chamber. One example is microwave kitchen ovens, which are 

stated to operate at 2.45 GHz, but this quoted value is an average. In reality, a 

magnetron has an output frequency range of 2.4-2.5 GHz due to the associated 

frequency drift. This has prompted the ongoing development of solid-state 

generators, which do not suffer from this variable frequency and can actually be set 

to a specific frequency. Furthermore, solid-state generators have nearly an order of 

magnitude better operating lifetime and do not require a warm-up period before 

functioning [280]. The current drawback preventing widespread utilisation of this 

technology is the low power output of the current technology [281].   

 

 Waveguides 

Once the field has been extracted from the microwave via an antenna the wave 

propagates along a waveguide, a hollow rectangular metallic tube. The waves travel 

as linear combinations of transverse electric (TE) and transverse magnetic (TM) 

modes to the microwave applicator [282]. The electric field in TE mode is equal to 

zero in the direction of propagation and the same is true for the magnetic field for 

the TM modes. Hybrid transverse electromagnetic modes are also possible [283]. 

These modes are electromagnetic field patterns that are created by the boundary 

conditions imposed on the wave modes by the waveguide [282].  

 

 Applicators 

In general, microwave applicators are closed metal chambers where the 

electromagnetic waves are constrained and reflected numerous times before 
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reaching steady-state. There are a number of varieties of applicators, but for the 

purpose of this review only single and multi-mode version will be described. 

 

Single-mode applicators 

Single-mode applicators by definition only operate at a single resonance that is 

determined by the dimensions of the waveguide. For this reason, regions of high and 

low field strength are found in the cavity and consequently the heating of the 

susceptor is not homogenous. This does mean, however, that predictable field 

patterns and tailorable heating profiles can be devised [284]. This property of high 

field strength has been exploited in specific applications such as silent drilling of rock 

[285], joining of ceramics and composites [286, 287] and polymer processing [288]. 

 
Figure 2.40. Schematic diagram of a single-mode applicator [289]. 
 

Multimode applicators  

Multimode applicators are typically larger cavities, much larger than the wavelength, 

making them more suitable for bulk processing [259]. They are less sensitive to 

geometry as multiple hot spots are created by a large number of different spatial 

electromagnetic standing waves that exist near the operating frequency in the 

microwave [284]. The overall field can be seen as a superimposition of different 

electromagnetic waves in different directions due to multiple reflections. Good 
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uniformity can be achieved using mode stirrers and/or turntables, which help to 

create a time-averaged uniformity of the electromagnetic field [282]. 

 
Figure 2.41. Diagram of a multimode cavity with mode stirrer [289]. 
 

2.6.5. Microwave heating modelling 

There has recently been significant increase in the need for modelling of microwave 

applications and processes, though microwave modelling has been around since the 

1980s. This has not been due to the lack of microwave specific technical data, rather 

it has been facilitated by the increased capability of a number of commercial 

software packages such as COMSOL™, ANSYS™ and QWED™ [290, 291]. The 

primary motivations for performing microwave modelling are [292]: 

 To provide insight into the non-uniform heating associated with microwave 

energy. 

 Assess the multiple factors that affect microwave power absorption such as such 

as material geometries, reflection coefficients (S11), electric field distributions, 

dissipated power and corresponding temperature patterns evolved [293].  
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However, in order to do this there are two major challenges associated with 

simulating heating using microwave energy [294]: 

 The dielectric and thermal properties of the materials change with temperature 

and frequency. 

 Reconstruction of accurate CAD models, which can account for actual microwave 

chamber reflection and refractions. 

The most two commonly used techniques to do this are Finite-Difference Time-

Domain (FDTD) and FEA. FDTD algorithms are generally used to solve the 

electromagnetic problem as they require only a short time and relatively small 

computation resource, conversely the FEA approach is widely used for resolving the 

thermal problem due to reduced computation time required [295]. The primary 

difference when using these two methods for solving the coupled problem is the 

location of the field solutions. FDTD solvers utilise a rectangular mesh structure, 

which can have conformal boundary conditions applied [294]. The field value 

corresponding to this cell are calculated at the centre of the cell, whereas FEA solves 

the equations at nodes where elements meet. It is generally accepted that FEA has 

been adapted to electromagnetics whereas FDTD has been introduced specifically for 

solving EM problems [296]. 

 

As 3D electromagnetic fields vary both spatially and temporally, numerical techniques 

must be used to solve Maxwell's equation based on properties assigned to that 

cell/node and adjacent cells/nodes to determine the power dissipation. When solving 

for field distributions the metallic walls of the microwave cavity provide a physical 

and numerical boundary for the solution [294]. The interactions of the microwave at 
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the conducting walls are accounted for by boundary conditions where electric field is 

equal to zero as it is reflective and subsequently no temperature rise is seen. A heat 

transfer model can then be applied to convert this dissipated power into the source 

term in the heat equation to determine the temperature profile. The heat equation 

requires the initial temperature of the material, the material's properties and the 

boundary conditions specific to that cell in order to be computed. There are multiple 

boundary conditions available. The Dirichlet condition requires the explicit mention of 

the temperature at the boundary. The Neumann boundary condition assumes that 

the heat flow is through a boundary while the Robin condition, which is commonly 

referred to as the convective boundary condition, is an amalgamation of these two. 

 

In order to find a numerical solution, the successful coupling of the two problems 

timescales is required which is difficult as the EM problem time scale is in 

nanoseconds and the thermal problem in seconds [296]. This can be achieved by the 

appropriate selection of a heating time step, which significantly influences the 

convergence of the model, computation time and accuracy of the temperature 

prediction [297]. The selection of the time step should not be too small or too big. In 

the case of too small, the convergence of the temperature distributions will be 

achieved but the simulation longer the necessary. If too big then there will be 

immediate divergence of the temperature distribution that will not be resolved. 

Hence when deciding selection, a relatively small time step should be favoured. The 

longer simulation time can be offset with mesh size optimisation. Optimising the 

mesh using conformal meshing technology can result in better simulations by forcing 

smaller mesh sizes in critical regions and larger cells in non-critical regions.   
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The physical scenarios simulated often have rapid changes in material properties 

with increasing temperature making the problem non-linear. This non-linearity drives 

the solution of the coupled problem in a cyclic manner. At each time step, the model 

updates the information of electric field distribution in every cell, which is then used 

to calculate temperature change in that cell according to the heat transfer equations 

and materials properties [294]. This results in a temperature change, most likely a 

rise, which in turn then alters the electromagnetic properties so the Maxwell 

equations must be solved again and the cycle starts over. This has been successfully 

demonstrated in a number of applications in the ceramics field such as microwave 

sintering, microwave heat exchangers, drying and binder removal [298-300].  

 

2.7. Research on microwave energy chemical vapour 

infiltration (MCVI) 

2.7.1. Silicon carbide and microwave heating 

Silicon carbide has an intermediate loss factor value relative to other ceramics, 

therefore will readily absorb and heat up in a microwave field. This happens because 

SiC atoms will polarise in an electric field due to the higher electronegativity of 

carbon, subsequently electrons in the bond shift toward the carbon atom, creating 

two poles. The dipole then follows the reversals of the applied electric field. 

However, there is a characteristic lag time between the polarization and the reversal 

of the electric field, known as the relaxation time [301]. As previously mentioned 

time is due to the dissipation of energy as heat due to the phase lag between the 

dipole rotation and the field [19, 302]. 
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At higher temperatures, losses from dielectric heating can be neglected, as ohmic 

heating becomes the dominant mechanism in the microwave heating of SiC, as it is a 

semiconductor. The ability to carry current is dependent on temperature because the 

lattice's atomic vibration increases with temperature, thus further impeding electron 

movement. This increases the resistance and translates to an increase in the 

dissipation in thermal energy; as ’’ becomes large so too does the loss tangent 

[303]. This transition to ohmic heating is also explained by the fact SiC is also a 

semiconductor; a small but non-zero bandgap exists between the valence band of 

electrons and the conduction band in silicon carbide’s electronic structure. This 

means that SiC will behave as an insulator at absolute zero but thermal excitation of 

electrons is possible into the conduction band from the valence band as 

temperatures increases. This behaviour is exacerbated by larger atomic vibrations 

that result in larger interatomic spacing, which, in turn, decrease the potential 

experienced by the orbital electrons.  

 

In terms of SiCf/SiC composites, both the fibres and matrix properties have to be 

considered. A key variable that applies to both the matrix and fibres is the Si:C ratio 

as the amount of carbon will determine the dominant heating mechanism [304]. It is 

a balance, however; a Si:C ratio <1 means more dominant ohmic losses, which may 

help heat the material to high temperatures [305, 306]. However if the carbon level 

is too high the impedance matching properties and oxidation properties will 

deteriorate [261]. On the contrary, if the ratio is >1 the material may not heat in a 

microwave field and reflect microwaves. Details of the dielectric properties of the 

matrix and various fibres are shown in table 2.12. 
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Table 2.12. Showing the respective dielectric properties of a number of different fibres and 
their constituent materials [178, 307-310]. 

Material Resistivity/ Ω cm Skin depth/ cm Comment 

Nicalon fibre 
(Low resistivity) 

0.5–5 0.07-0.23 Heated to > 1000℃ 

Nicalon fibre 
(High resistivity) 

>106 >100 Heated to > 1000℃ 

Nicalon fibre 
(Ceramic grade) 

1000 3.2 Heated to > 1000℃ 

Bulk -SiC 0.01-100 0.01-1 
Reflects microwave 

at 1000℃ 

Silicon 105 32 
Increase matrix 

resistivity 
Carbon (graphitic) 0.0003-0.006 ~0.004 N/a 
Silicon oxy-carbide 0.14-0.00045 - N/a 

 

2.7.2. Concept of MCVI 

The CVI process was described in section 2.5. The reason behind the development of 

the microwave energy enhanced CVI process is to eradicate the premature pore 

closure that can occur in the isothermal conventional CVI method. Table 2.13. shows 

the conceptual cross-sections of the pore closure in the SiCf/SiC composite vs the 

conventional method. This is achieved by the creation of an inverse temperature 

profile due to the volumetric heating microwave energy causes and the surfaces 

losses of the component [311, 312]. This means that the deposition preferentially 

initiates at the centre of the preform, where it is hottest, figure 2.42. From there, the 

deposition reaction front proceeds outwards reducing and potentially preventing, the 

entrapment of pores [5].  
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Figure 2.42. Micrographs showing the variation of deposit thickness in the CMC using MCVI; 
moving from the centre (far left) to 10mm from the centre (middle) and outer edge 
approximately 20 mm (far right) [13]. 
 
This is also demonstrated using the Thiele modulus as previously mentioned in 

section 2.5.2; as pore radius and gas diffusivity value is larger, the Thiele modulus 

decreases favouring diffusion into the pore channel as shown in figure 2.43. When 

combined, these factors combined are expected to lead to a reduction in processing 

time from 2-3 months [313] to potentially <100 hours.  

 
Figure 2.43. Schematic comparison of ICVI vs MCVI in terms of the relative thermal 
gradients, gas flow and subsequent generalised pore filling with SiC. 
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Table 2.13. Schematics of the theoretical cross-sectional densification of ICVI vs MCVI. 

Stage ICVI MCVI 

Start 
  

Intermediate 
  

Final 
  

 
The use of microwaves, however, brings about its own complexities, its advantages 

and disadvantages are shown in table 2.10. On top of the variables used in the CVI 

route, i.e. pressure, temperature, gas ratio and flow rate, microwave specific 

parameters also need to be factored in. The dielectric properties of the SiCf change 

with increasing temperature making the process potentially harder to control [314] 

and incremental power increases are typically required during heating [13]. Since the 

fundamental deposition process in MCVI is not changed, merely the physical location 

of the deposition, filling large pores is still very time-consuming and increases the 

risk of the deposition front creating residual porosity, potentially resulting in a lower 

density final product.  
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Table 2.14. The established and potential advantages and limitations of the MCVI process; 
potential advantages are indicated with *.  

Advantages Disadvantages 

Potentially shorter processing times to 
producing CMCs with relative densities 
>90%*, by an order of magnitude* 

Plasma formation at low temperatures 

Inverse densification profile has been 
demonstrated on a number of occasions 

The macroscopic surface finish of fibre 
preform must be as smooth as possible 
i.e. no stray fibres, to prevent arcing 

Lower processing temperature due to 
volumetric heating vs conventional 

means* 

The penetration depth of 2.45 GHz 
microwave limits sample size 

Enhanced rates of SiC deposition 
because of the effect of microwave 

radiation* 

Microwave heating can be difficult to 
control 

Reduced machining because of the 
inverse densification* 

Single preform production per run 

More energy efficient and material-
efficient as only the sample is heated 

Spatial non-uniformity of the electric field 

 

One solution is to ensure that there are no large pores (>500 µm) that CVI has to 

fill. A number of techniques have been investigated to fill the largest pores prior to 

the CVI stage. Jaglin [70] found that using vacuum bagging and/or electrophoretic 

impregnation to impregnate the fibre preforms prior to CVI with SiC powder had a 

significant effect on filling the inter-ply porosity, which helped to reduce the overall 

processing time. He found that this complementary process was able to produce 

infiltrated samples as dense as 75% after 17 h of infiltration via MCVI, see table 

2.15. for details.   
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2.7.3. Experimental results 

A relatively small number of studies have been carried out in relation to the MCVI 

process since its inception in the early 1990s; table 2.15 provides experimental 

details and major results of the key experimental studies into this topic to date. 

 

This review has looked at the reinforcement mechanisms used to improve the 

strength of ceramic materials to prevent brittle failure. It has shown that FRCMCs 

have the potential to exhibit the properties desired by the aerospace industry and 

discussed the various established and developing methods to manufacture them to 

achieve this. It has reviewed the literature, theory and empirical data on the 

materials that were used in this project and commented on the findings of specific 

publications related to the chemical vapour infiltration technique. This thesis reports 

the experimental and modelling efforts of the MCVI process investigating the 

deposition mechanism of a SiC matrix in a SiC fabric preform. The primary aims of 

this research were to: 

 Investigate whether creating near fully dense SiCf/SiC CMCs in a reduced time 

with superior microstructure was possible using MCVI. 

 Develop an understanding of the relationship between various processing 

conditions and resulting microstructures, crystal structures and compositions of the 

deposited SiC. 

 Produce relevant models to verify the creation of an inverse temperature profile 

using SiC fibre preforms. 

 Develop a complimentary SiC slurry impregnation route for further reducing 

processing times in the MCVI without detrimentally affecting densification. 
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3. Experimental Methodology 

This chapter describes the experimental work carried out during the research project. 

It is divided into four sections: section 3.1. outlines the MCVI equipment; raw 

materials, sample preparation, physical characterisation and experimental protocol 

are reported in section 3.2.; section 3.3. summarises the material characterisation 

and analytical techniques employed and finally section 3.4. covers the modelling 

aspect of the research. 

3.1. MCVI equipment 

Figure 3.1. shows a photograph and schematic of the forced flow microwave energy 

enhanced chemical vapour infiltration unit used in in the project. The unit is 

comprised of four subsystems: 

 The microwave unit 

 The gas delivery system 

 The waste gas removal system 

 Local exhaust ventilation safety system 
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Figure 3.1. (a) Labelled photos of the MCVI system and (b) a schematic representation of 
the system. 
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All the units except the LEV system were electronically interconnected. Pressure and 

gas flow were controlled by the gas delivery system based upon feedback from the 

pressure transducer and throttle valve. The microwave circuit had a safety interlock 

on the gas delivery system to prevent the accidental powering on of the microwaves 

with the door open. The microwave power was controlled by a feedback loop 

between the two-colour pyrometers and a set point control on the microwave 

system. A multi-level alarm system was developed by the manufacturers of the gas 

system and microwave, to address the health and safety issues associated with the 

use of electromagnetic radiation, explosive gases and hazardous chemicals that were 

contained in the quartz bell jar that was the reaction vessel for the MCVI process. 

 

3.1.1. Microwave system 

The customised microwave energy system (Labotron HTE M30KB CL PRO, Sairem, 

Lyon, France) included a microwave generator, a control unit and 55 x 55 x 61 cm 

316l polished stainless steel cavity. The generator from Muegge Electronics GmbH 

(Magnetron 2M265-M12WJ, Germany) operated at a frequency of 2.45 ± 0.05 GHz 

and had a maximum power output of 3.00 kW that could be adjusted in 0.01 kW 

increments. The generator could also be operated in both a controlled pulse and 

continuous ramp modes and was water-cooled with a minimum water flow of 4000 

cm min-1, to prevent it from burning out. The cavity, waveguide and turntable were 

also water-cooled below 50℃; this improved the efficiency of microwave generation 

and prevented the thermal expansion of the components, which could have affected 

the microwave frequency and propagation. A turntable with an adjustable rotation 

speed continuously perturbed the electromagnetic field with the aim of producing 
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homogenous heating. The metallic rectangular wave-guide was located at the top of 

the cavity in the back right-hand corner. The microwaves produced by the 

magnetron were attenuated by a manual E/H tuner (Sairem, Lyon France) and a 

four-stub auto tuner (Sairem, Lyon France), see figure 3.2. Their combined use 

aimed to minimise the reflected power within the cavity and optimise the impedance 

matching, coupling and subsequent heating of the SiC samples. A secondary role was 

to protect the magnetron from extremes of reflective power that might result in 

overheating and shutdown. 

 
Figure 3.2. (a) Manual tuning system and (b) automatic tuners that were used to minimise 
the reflective power inside the MW cavity to improve the efficiency of heating. 
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The microwave system was also equipped with a microwave survey metre (DFM 

M24DC, Sairem, Lyon, France) that would detect any microwave leaks for safety 

purposes, see figure 3.3.; with a safety threshold set at 5x10-3 Wcm-2. The cavity 

door also had two safety-interlock switches (Trojan Guardmaster, Allen-Bradley, 

Rockwell Automation Inc., WI, USA) that again prevented accidental switch on, see 

figure 3.3. A fibre optic arcing detector was installed and interlocked with the MW 

generator to protect the microwave and users, figure 3.3.  

 
Figure 3.3. From left to right: The microwave leakage detector, fibre optic arc detector 
behind a quartz window and the MW door safety interlock. 
  
3.1.2. Temperature, pressure and gas control systems 

Temperature control 

Measuring and controlling the temperature accurately was a critical element of the 

MCVI process and was carried out using three contactless pyrometers that were 

integrated into the Labotron system. A 1-colour pyrometer (1CP) (thermoMETER 

CTM3, Micro-epsilon, NC, USA) was positioned in the top face of the cavity and 

monitored the top surface temperature up to 750℃viii; 0.9 was used as the emissivity 

                                        
viii The top pyrometer was never used to control temperature because it was not accurate due to the 
fogging effect, see section 3.2.3.6. 
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value of SiC [321]. 2x two-colour pyrometers (2CP) (thermoMETER CT ratio M1, 

Micro-epsilon, NC, USA) were also used to measure the side temperature and bottom 

surface temperature, see figure 3.4. The pyrometers used had a response time of 5 

ms and an accuracy of ± 0.5% of the measured temperature; their working range 

was 700-1800℃. The bottom pyrometer controlled the set point temperature via a 

feedback loop; modulating the power supplied to the cavity with the help of a 

proportional, integral and derivative (PID) system keeping the sample as close to the 

set point temperature as possible which was normally within ± 15℃. It was assumed 

that the temperature observed on the lower surface was always lower than the 

actual temperature in the centre due to the thermal gradient in the vertical direction 

caused by the volumetric heating and surface losses. An upper-temperature limit of 

1400℃ was set for safety purposes to prevent any thermal runaway. The pyrometer 

was also never in direct contact with the gas stream and was heated to prevent MTS 

condensing on the quartz lens.  
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Figure 3.4. A cross-sectional view of the temperature control arrangement of two-colour 
pyrometers, sample and gas flows. 
 

Pressure control 

The pressure of the reaction vessel was monitored by a pressure transducer 

(Baratron 747B, MKS Instruments Ltd, Crewe, UK) and controlled by a throttle valve 

(T3Bi High-Speed Exhaust Throttle Valve, MKS Instruments Ltd, Crewe, UK), see 
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figure 3.5. The pressure transducer used an Inconel all-welded sensor, which 

provided the maximum possible resistance to the corrosive gases. In addition to this, 

the transducer was heated to 45℃, again to prevent the MTS condensing. The vessel 

pressure was set on the control system, and then the transducer relayed the current 

pressure to the throttle valve, which, using a self-tuning algorithm, opened and 

closed a rotating valve to lower and raise the pressure inside the bell jar respectively, 

as a vacuum was being pulled and gases were flowing. 

 
Figure 3.5. Photo of the pressure transducer that monitored the vessel pressure and the 
throttle valve that enacted changes to the pressure. 
 

Gas flow control 

The flow of gases into the reaction vessel was metered digitally using calibrated 

mass flow controller (MFC) (Coriflow, Bronkhorst Ltd, UK). High purity H2 and Ar 
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(The BOC group plc, UK) could be passed into the system at a maximum flow rate of 

2000 cm3 min-1 with an accuracy of 0.05% of the full scale. MTS was stored as a 

liquid in a 6000 cm3 stainless steel vessel, which was kept at a pressure of 1.3 bar to 

highlight any leaks in the vessel that could be potentially dangerous and to help with 

the flow of the vapour. The vessel was fitted with a pressure relief valve set at 6 bar 

that would open and release MTS directly into the scrubbing tank should the 

pressure ever get dangerously high. Like the carrier gases, MTS flow was controlled 

by an MFC with a precision of 0.017 g min-1 (Coriflow, Bronkhorst Ltd, Newmarket, 

UK). The MFC could be operated at a minimum flow of 0.17 g min-1 to a maximum of 

3.3 g min-1. The MTS flow rate was controlled after the liquid had been vaporised at 

65℃, which was 1.4℃ cooler than the boiling point, as seen in figure 3.6. 

 
Figure 3.6. (a) Effect of pressure on the boiling point of MTS [322] and (b) a photo the MTS 
storage vessel connected to the evaporator that heated up the liquid to a vapour. 
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3.1.3. Gas exhaust and by-product neutralisation  

To carry out the CVI process a controlled atmosphere needed to be created inside 

the microwave cavity. The bell jar was made of 8 mm thick quartz (Quartz scientific, 

High Wycombe, UK) with an internal diameter and height measuring 300 mm. The 

bell jar’s flange sat on a Kalrez™ O-ring that was greased with Krytox™ (Dupont, 

USA). Both the Kalrez and Krytox products can be used continuously up to 360℃ and 

have excellent chemical inertness. The incoming gases were mixed in the pipeline 

and transported in through the bottom of the microwave cavity via a heated pipeline 

to the sample before being removed via the vacuum port, see figure 3.1. The sample 

was placed on a quartz tube on a turntable rotating at 9 RPM to prevent hot spot 

formation. The installation and synchronisation of the gas flow and pressure controls 

were provided by Archer Technicoat Limited. (High Wycombe, UK). 

 
Figure 3.7. Photo of the microwave cavity with the bell jar inside and an image of the 
turntable and gas inlet and outlet. 
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The deposition of SiC from MTS, as described in section 2.5.1., is a thermally 

activated process. As a result, the exhaust gases produced by the reaction are a 

volatile mixture of unreacted MTS, H2, HCl and all of the associated by-products and 

intermediates. These gases passed through the vacuum pump stack, before being 

bubbled into and neutralised in a scrubbing tank. The pump stack, as seen in figure 

3.8., was comprised of a liquid ring pump (LRP) (TRHE 32-60/C-M/A3, Pompe 

Travaini srl, Italy) and a booster pump (RUVAC WAU 251 FP, Leybold Vacuum, 

Germany) that pulled the vacuum and removed the by-products in the bell jar, see 

figure 3.1. The booster pump was only used for the initial vacuuming of the chamber 

and not during MCVI processing for product removal as it only operated at pressures 

below 50 mbar. This was because of the increased change of arcing below 200 mbar 

and low pressure plasma forming below 50 mbar [323]. The liquid ring pump’s 

efficiency was dependent on the water temperature of the chiller system, which was 

typically kept at around 10℃. The 250 l scrubbing tank was made out of polyvinyl 

chloride and contained approximately of alkaline NaOH solution; the pH was 

controlled by an automatic pumping system that kept pH between 8-10 by adding 

the 0.5 mol solution from another vessel whilst being continually flushed with cold 

water. The concentration of this solution was dependant on the flow rate of 

precursor gases since that altered the concentration of acidic substances that were 

being evacuated into the tank.  
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Figure 3.8. Photo of the pumping stack with the key components labelled. 
 

3.2. CVI of SiCf/SiC composites 

3.2.1. Constituent Materials 

 SiC fabric 

The fibres available for the project were Tyranno ZMI & SA3 fibres and Hi Nicalon 

Type-S fibres that were manufactured by UBE Industries (Japan) and Nippon carbon 

(Japan), respectively. Both the UBE fabrics were woven into a two-dimensional cloth 

with a matt weave whilst the Type-S was woven into an 8-harness satin weave. The 

physical properties of the fabrics can be found in table 3.1. 



3. Experimental Methodology 
 

113 
 

Table 3.1. Details of the physical properties of the SiC fibre used at various stages of the 
project [100, 324, 325]. 

 Tyranno™ ZMI Tyranno™ SA3 Hi Nicalon Type-S 

Density / kg m-3 2.48 3.1 3.1 

Aerial weight / kg m-2 0.25 ± 0.02 0.25 ± 0.03 0.348 ± 0.02 

Thickness / µm 0.27 0.21 0.23 

Weave Plane Plane 8H-Satin 

Specific surface area 
/ m2 kg-1 

124* 147* 141* 

Fibre diameter / µm 11 10 10 

Fibres per tow 800 800-1200 500 

* = calculated value [326] 

 

All the fabrics were first boiled in deionised water for 10 minutes to the remove PVA 

sizing that covers the tows to minimise fraying. After this, the fabrics were washed 

with ethanol and dried under an infrared lamp and the mass recorded. As expected, 

the fabrics lost ~1 wt.% due to the removal of sizing, which is consistent with the 

technical data from the suppliers. Preforms for the MCVI process were prepared by 

layering up fabric sheets, one on top of another. Typically, 20 disc-shaped plies were 

used to create one sample. These discs were produced using a 55 mm diameter wad 

punch, which was used to cut discs from the cloth. For non-impregnated samples, 

see section 3.2.2. for details of the impregnation process, the 20x stamped out plies 

were aligned and stitched together by hand in the Z-direction using a fine cotton 

thread to hold the plies together, see figure 3.9. The average thickness for a 20-layer 

preform was 7.2 ± 0.5 mm and was measured with a digital calliper before MCVI. A 

25 vol.% SiC slurry was painted around the circumference for all assembled preforms 
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(impregnated and non-impregnated) to shield any sharp points (e.g. sticking out 

fibres) from the electric field.  

 

 
Figure 3.9. Preform fabrication route for a non-impregnated SiCf/SiC composite. 
 

 SiC powder 

A large variety of SiC powders from different suppliers and particle sizes (0.3-10 µm) 

were, see figure 3.2, evaluated during preliminary testing. The powders that were 

selected for further trials are shown in table 3.2 as indicated by the asterix; 

Table 3.2. Silicon carbide powders used in the preliminary trials. 

Manufacturer 
Powder particle size/ µm 

(as stated by the manufacturer) 

Manufacturer 

nomenclature 

H.C. Starck, Germany* 0.3-0.4 UF-25 

H.C. Starck, Germany* 1.0-2.0 UF-05 

Testbourne, UK 3.0-4.0 SuperVac 

Testbourne, UK* 6.0 SuperVac 

Testbourne, UK 7.0-8.0 SuperVac 

Electron Microscopy 
Sciences, US 

10.0 
Silicon carbide 

powder 
* = Selected for further testing 
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 SiC matrix via CVI 

Methyltrichlorosilane (75-79-6, Sigma Aldrich Corporation, St. Louis, MO, USA) was 

used as the precursor gas for the deposition of SiC using the MCVI process. MTS is a 

colourless liquid with a pungent, acrid odour. The molecular weight of MTS is 149.48 

g mol-1 and has a density of 1.273 kg m-3. As outlined in section 3.1.3, the MTS 

boiled at 66℃ at atmospheric pressure, upon which it was diluted with H2 gas, which 

acted as both a carrier and catalyst for the reaction. MTS had to be handled very 

carefully; it is both flammable and an irritant and reacts violently with water or steam 

to produce heat and HCl fumes, which are very dangerous for users and corrosive for 

the equipment.  

 

3.2.2. Impregnation of SiC fibre preforms 

SiC preforms were impregnated with various aqueous SiC slurries to fill the larger 

porosity in the structure to both reduce the mean pore size and the total volume that 

needed to be filled during the MCVI process. Preliminary trials were carried out to 

narrow down the range of solids content of the slurries to be used in future tests. 

Initial trials ranged from 10-35 vol.% and were assessed for the stability and drying 

rate when applied to the SiC fibre. Following this the 22.5 vol.% and 25 vol.% solids 

content slurry was selected as they showed good stability and didn’t dry too quickly; 

all the powders used are shown in table 3.2.  

 

The slurry was prepared using 80.250 g of SiC powder (for a 25 vol.% slurry) which 

was measured out in a plastic weighing boat on a high precision balance that 

measured to three decimal places with a maximum capacity of 250 g (Sartorius 
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Analytical balance, Germany). The powder was then added to a 150 ml HDPE roller 

bottle and placed back on the scale and the scale was then tared. The typical volume 

of slurry produced per preform impregnation was 100 ml, therefore 73.796 g of 

deionised water was then added to the bottle. This amount accounted for the water 

content is the dispersant, which was 60%. 1% by volume of dispersant (Dispex® 

AA4040, BASF SE, Germany) was then added to the mixture using a disposable 

pipette adding. Once the slurry composition was made up, it was shaken by hand to 

mix the components together and then 100g of 5 mm spherical alumina milling 

media was added to the same bottle. The slurry was then milled for 2 h on a Capco 

roller mill (Capco Test Equipment, UK) at ~120 rpm to break up any soft 

agglomerates.  

 

Three methods were trialled to assess the overall effectiveness of the method of 

slurry application to the SiC woven fabrics. The techniques used were dipping, 

painting and rolling. The dipping process firstly cut the SiC fibre into 20x discs using 

a 55 mm wad punch (Priory, UK). The individual discs were then submerged in a SiC 

slurry bath thus impregnating them with the slurry. They were they removed and 

stacked on top of one another inside a vacuum bag to be dried and pressed, see 

figure 3.12. The preform once dried were very thick with a dense powder layer 

between the SiC plies meaning that were not permeable to gas so were discounted 

from any further trials at this stage, see figure 3.10.(a). The painting method used a 

2.5 cm width, fine bristled brush to apply the SiC slurry to the SiC fabric by hand as 

uniformly as possible. Whilst still wet the 55 mm discs were punched out of the 

fabric. At the slurry application stage, this technique appears to work based on a 
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visual inspection, albeit with minor fabric weave disruption, but the preforms after 

vacuum bagging readily delaminated. This was found to be because only very small 

amounts of the slurry were added to each ply, as shown in figure 3.10(b). 

 
Figure 3.10.(a) SEM micrograph of a polished cross-section of a dipped sample, and (b) the 
polished cross-section of a painted sample that has delaminated.  
 

Preliminary work quickly identified that rolling, and later calendaring, was the most 

effective, in terms of creating, preforms with high enough relative density to make 

them robust with a uniform slurry distribution. The calendaring method that was 

used firstly cut the SiC fabric into 120x120 mm square sheets and then submerged in 

a SiC slurry bath of the desired composition. The wet fabric was then rolled twice 

through a modified pasta sheet maker (Lakeland, UK), which applied a uniform 

pressure in either side of the fabric removing the excess slurry and uniformly 

distributed the slurry across the squares. The rolled squares were then transferred to 

a cutting mat upon and four circular discs were cut from each of the squares. The 

cut out discs were then stacked in a random orientation to form a cylindrical shape. 

This process was repeated five times to produce 20 plies thick, 55 mm diameter 

samples.  
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Figure 3.11. Schematic of the calendaring process showing the decreasing saturation of SiC 
fibre with SiC slurry. 
 

Vacuum bagging (VB) was then used to consolidate and dry the SiC slurry in the 2D 

SiC fabric plies to fill any macro porosity that remained in the preform when laid up. 

This technique was found to be the most effective route for CMC preform production 

due to its ease of use, speed and effectiveness in creating dense preforms as per 

[16]. The alternative route to this was electrophoretic infiltration, which can provide 

uniform powder distribution in the inter-tow porosity. However, it is also reported in 

the literature that preforms produced were “particularly weak and delaminate easily 

during handling” a property that is highly undesirable to industry so was therefore 

excluded from preliminary trials.  

 

To create the vacuum bag, a folded over polypropylene sheet, three times the width 

and length of the sample, was prepared and sealed along the edge length with 

manufacturing grade vacuum gum approximately 25 mm in from the edge of the 

bag. The different accessories were then arranged inside, see figure 3.12.; from the 

bottom upwards toward the valve they included: a breather cloth, perforated 
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polyester release film, impregnated SiC fibre sample, another perforated release film, 

another breather cloth, perforated aluminium plate and then another bleeder cloth. 

The number of layers of bleeder cloth required was dependent on the slurry's 

viscosity; the lower the viscosity the more slurry was likely to flow out the composite 

when the vacuum was applied so bleeder fabric was needed to prevent slurry getting 

into the vacuum pump.  

 
Figure 3.12. Schematic of vacuum bagging arrangement used to impregnate SiC fabric with 
an aqueous SiC slurry. 
 

Once the fabric was impregnated and the discs cut out they were stacked on top of 

one another then the impregnated SiC preform was placed in the vacuum bag and 

sealed in by pressing the bag into the gum. The bag was carefully placed into an 

oven at 50℃ to help the drying process and a rough vacuum, ~100 mbar, applied 

for 4 h. The vacuum removed the air within the preform and bubbles in the slurry 

and applied an isostatic pressure spreading the slurry uniformly between the SiC 

fabric ply, see figure 3.12. This created a silicon carbide fibre, silicon carbide powder 

preform, SiCf/SiCp, with the silicon carbide CVI matrix composite to be added at the 

next stage. 
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3.2.3. MCVI Procedure 

 Loading the sample into the cavity 

SiC fibre preforms were loaded into the MW cavity in-between two 25 mm thick Al2O3 

foams (>99% pure, Selee Corp., USA) with a TD of 18% and cut into 70x70 mm 

squares with a ~14 mm hole drilled into the middle. The holes in the foams were 

aligned with the lasers of the pyrometers so the samples’ surface temperatures could 

be measured, figure 3.4. The foams were highly porous, approximately 12 pores per 

cm, and were used to increase susceptor size and prevent excessive heat loss. The 

foams with the sample in-between were placed on top of a vertical quartz tube 

(Quartz Scientific, UK). A quartz bell jar (Quartz Scientific, England) was then 

positioned over the sample sitting on a large O-ring creating a controllable 

atmosphere. Quartz had to be used as it is effectively transparent to microwaves and 

has a negligible loss factor. 
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Figure 3.13. Image of the Al2O3 foam used and the setup of the cavity, in later experiments a 
quartz bridge was used to modify flow this is described in more detail in section 4.1.1.2. 
 

 Purging the microwave chamber  

As detailed in section 3.1.2, the vacuum was first generated using the LRP and then 

amplified to the final vacuum using the booster pump. Initially, the chamber pressure 

was set to 0 mbar on the controller and the system left to equilibrate at the 

minimum stable value achievable, typically <5 mbar. The insulated heating line to 

the microwave was switched on and set to 300℃. A leak test was then performed to 

observe the vacuum integrity if the leak rate was less than 0.2 mbar min-1 the 

experiment could proceed. Ar was then introduced to the bell jar at a rate of 2000 

cm3 min-1 and backfilled to 500 mbar before being evacuated again. This process 

was repeated three times. Once completed, the same procedure was carried out 
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using H2, totalling six purges. Finally, the chamber pressure was set to the desired 

value and flushed with hydrogen for a further five minutes. All these actions were 

controlled by the gas delivery system seen in figure 3.14. 

 
Figure 3.14. Gas delivery system control panel, where gas flow rates, pressure and pumps 
could be controlled. 
 
The turntable in the microwave chamber was switched on and the E and H field 

manual tuning wands positioned to zero. The microwave power interlock then 

activated and the power on the MW control panel was set to an initial value of 0.5 

kW and switched on.  

 

 Microwave heating 

Both manual and automatic tuning were used to reduce the reflective power and 

maximise the forward power that was supplied to the sample, whilst keeping the 

density of the field as low as possible, <20%, see figure 3.15. Power supplied was 
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increased incrementally in steps of 0.05 kW when the temperature was perceived to 

have stopped increasing. Each of the samples took between 10-20 min to reach the 

target temperature; this was highly dependent on the sample construction and the 

power supplied. The process required constant monitoring to retune the microwave 

applicator to minimise reflections and hence keep the sample at the desired 

temperature, typically between 900-950℃. This was made more difficult due to SiC’s 

dielectric properties changing with temperature. Once the target temperature was 

achieved, it was left to stabilise at the set point temperature for 5 minutes before the 

MTS vapour was introduced. The gas flow was also reduced from 2000 cm3 min-1 to 

the typically 300 cm3 min-1. 

 
Figure 3.15. Labotron control panel for operating the microwave generator unit. 
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 Infiltration of the SiC preform 

Once the temperature was stable, the MTS was introduced at a specified flow rate 

and ratio. It was quickly established that the introduction of reactants caused a drop 

in temperature after five minutes so the power usually had to be increased by ~0.1 

kW or the E/H wands repositioned to continue the heating. Samples were typically 

infiltrated for different periods of 2, 4, 8 h; experiments could be carried out for a 

maximum of 8 h due to health and safety regulations at the University preventing 

overnight work. The infiltration time did vary for some samples depending on the 

parameters being used that made some infiltrations not possible, which will be 

discussed in section 4.1.1.1. Table 3.3. Reports the range of preforms infiltrated by 

MECVI in this experimental work with the conditions of the infiltration. 
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Table 3.3. List of the SiCf preforms infiltrated and the respective infiltration used. The 
dimensions of all the samples were 55x8 mm. Thick black line indicated the switch from 
temperature and pressure as independent variables to alpha. 

Sample T / ℃ P / mbar Q / 
 g min-1 and cm3 min-1 Alpha t / h no. of ply 

1 900 300 
MTS = 0.2 
H2 = 300 10 

8 h 
(2+2+4) 20 

2 900 500 MTS = 0.2 
H2 = 300 10 8 h 

(2+2+4) 20 

3 900 700 
MTS = 0.2 
H2 = 300 10 

8 h 
(2+2+4) 20 

4 950 300 MTS = 0.2 
H2 = 300 10 8 h 

(2+2+4) 20 

5 950 500 MTS = 0.2 
H2 = 300 

10 8 h 
(2+2+4) 

20 

6 950 700 MTS = 0.2 
H2 = 300 10 8 h 

(2+2+4) 20 

7 1000 300 MTS = 0.2 
H2 = 300 

10 8 h 
(2+2+4) 

20 

8 1000 500 
MTS = 12 
H2 = 300 10 

8 h 
(2+2+4) 20 

9 1000 700 MTS = 0.2 
H2 = 300 

10 8 h 
(2+2+4) 

20 

10 925 400 
MTS = 0.2 
H2 = 150 5 

8 h 
(2+2+4) 20 

11 925 400 MTS = 0.2 
H2 = 300 10 8 h 

(2+2+4) 20 

12 925 400 MTS = 0.2 
H2 = 750 

25 8 h 
(2+2+4) 

20 

13 925 400 MTS = 12 
H2 = 2000 70 8 h 

(2+2+4) 20 

QB 925 400 MTS = 0.2 
H2 = 2000 

70 8 h 
(2+2+4) 

20 

n.d. The time values that have been bolded represent the actual infiltrations time that 
was used, details for this can be found in section 4.3.1. 

 

 Cooling and terminating an infiltration 

Once an infiltration was completed, the MTS precursor gas flow was stopped but the 

microwave left on, so the sample was heated at the same temperature for a further 

15 min to remove and react any residual MTS in the cavity. The microwave was then 

switched off and a cold purge was carried out in flowing argon for a further 15 min 

at 2000 cm3 min-1 whilst the pressure of the vessel was incrementally decreased to a 

10 mbar. Once completed, the sample was cooled down to room temperature and 
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the cavity was brought to atmospheric pressure before the bell jar was removed and 

the sample was taken out. Between each infiltration run, the sample’s mass was 

recorded and change in porosity calculated. After each infiltration, the system was 

purged with argon and bell jar cleaned with deionised water before the next run 

could be undertaken. The consequences of this approach will be discussed in section 

4.1.3.3.1. 

 

 Issues encountered during MCVI experiments 

The highly corrosive precursors and by-products of the CVI process caused a number 

of breakdowns of essential pieces of equipment. Components that were most 

susceptible were the two pumps, which despite regular cleaning suffered three 

breakdowns due to corrosion. This was improved by the addition of NaOH cleaning 

lines, which prevented the build-up of corrosive pyrophoric powders, and limiting, as 

much as possible, oxygen exposure. The corrosion of metallic components was not 

limited to the pumps, the turntable and pipework sustained prolonged attack as well.  

Other factors that prompted redesign was the deposition of a fine white film on the 

dome surface of the bell jar, see figure 3.16. It was found this film was not 

transparent in the infrared range and subsequently effected the measurement of the 

two colour pyrometer, which was originally mounted alongside the 1CP, an effect 

also seen in a European project [327]. This effect was only observed after 

approximately 2 h as the film reached a critical thickness. This effect was verified by 

moving the side pyrometer beneath the sample, which recorded a >300℃ difference 

which increased as the forward power was increased. Energy-dispersive X-ray 

spectroscopy of this compound found it was likely to be SixOClx [328, 329] from the 
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reaction of residual oxygen and SixClx species and which condensed on the cooler top 

surface of the bell jar.  

 
Figure 3.16. Photographs showing the development of the SiOxClx layer on the top of the 
inside surface of the top of the bell jar after 2h. 
 
Oxygen contamination was a persistent issue. Its presence interfered with the 

chemistry of the deposition process by forming silica, thus lowering the yield and 

affecting the microstructure of the deposit. D’Angio [243] also reported that since the 

SiO2 formation from MTS is an endothermic process, the effect, which was observed 

in the first five minutes of infiltration and led to a decrease in temperature as the 

residual oxygen in the bell jar was consumed by the MTS, figure 3.17.   
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Figure 3.17. Adapted from [250] showing the decrease in temperature after MTS is 
introduced into the reaction vessel and the power increase needed to regain the lost 
temperature. 
 
 
Another issue related to heating of the SiC fibres in a microwave field was arcing, 

which made heating very difficult at times. The formation of the discharge is 

described by Paschen's law, which determines the voltage necessary to initiate an 

electric arc between two electrodes in a gas as a function of pressure and gap length 

[29], equation 3-1.  

Equation 3-1    � = � + �  

Where: VB = Voltage breakdown / V 

P = Pressure / Pa 

d = Gap distance / m 

Ai = Constant: Saturation ionisation at a particular E/p (electric field/pressure) 

Bei = Constant: Excitation and ionisation energies 
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Differentiating with respect to VB and making the derivative equal to zero, a 

minimum voltage can be calculated for a specified distance, given by equation 3-2; 

Equation 3-2     Pd = � −  

It can be demonstrated using the above equation that when the pressure-distance 

(Pd) ratio decreased, so did the minimum voltage that was required to create an arc, 

figure 3.18. Measurements of the distance between individual fibres in a tow were 

made using a scanning electron microscope and were found to be typically between 

200-250 µm. Factoring this into Paschen’s equation showed that these gap distances 

were small enough that at pressures between 0-150 mbar, the minimum threshold 

voltages were achieved. This meant that a higher pressure, >300 mbar, was needed 

to be used since creating larger distances between fibres was not possible. 

 

 
Figure 3.18. Paschen’s curve in a hydrogen environment illustrating the relationship between 
the pressure and electrode distance on the threshold of the breakdown voltage, (b) showing 
the minimum spacing between electrodes as pressure changes, (c) a graph illustrating the 
minimum operating pressure for a given set of electrode separations, and (d) magnified 
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images of a graph (c) showing the separation distance between fibres observed via SEM and 
the corresponding minimum pressure. 
 

3.3. Characterisation  

3.3.1. Impregnation evaluation 

After preliminary trials, a number of physical requirements for an impregnated 

SiCf/SiC preform were established. Section 3.3.1 details how these objectives were 

characterised; the requirements were as follows: 

1. Physically robust and does not delaminate when handled.  

2. Has a maximum pore size of no more than ~400 m. 

3. Allows a uniform slurry distribution to form between the plies. 

4. Achieves a final green density of >30%, but retains a high permeability. 

5. Avoids intra-tow infiltration, since the presence of SiC particles within the tows 

damages the fibres. 

 

 Particle size analysis 

All commercial SiC powder size distributions were analysed to ensure the powders 

were not agglomerated, of the correct distribution and not contaminated before 

making the slurry. After dry ball milling for a minimum 4 h with alumina milling 

media, the different SiC powder’s particle size was measured using the laser 

diffraction method (H0972 HELOS, Sympatec, Germany). Software on the equipment 

produced a cumulative size distribution, density distribution and calculated the 

specific area and volume. Each powder was tested three times with thorough rinsing 

of the sample vessel carried out between each test with deionised water to prevent 

sample-to-sample contamination. 
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 Room temperature slurry viscosity measurements 

SiC slurries were prepared using the method outlined in section 3.2.2. 30 ml samples 

were prepared with an initial range of solids content between 10-35 vol.%, which 

was initially tested. This was then down selected from processing observations to a 

range between 20-25 vol.% in increments of 2.5%. Samples were tested using a 

rheometer (Micromeritics AR500, TA Instruments, US) with a plate geometry and 

solvent trap to prevent the slurry drying too much during the tests, particularly at 

higher solids content. Approximately 6.2 ml samples were placed onto the test fixture 

using a 10 ml syringe. Samples were tested up to a shear rate of 500 s-1 and then 

back to 0 s-1 with the shear stress being measured and the viscosity then calculated 

as according to equation 3-3, where µ is viscosity / Pa s,  = shear stress / Pa and  

is shear rate / s-1. 

Equation 3-3    =  �Υ 

 

 Contact angle measurements 

A sessile drop test was used to measure contact angle at a solid/liquid interface 

between a SiC substrate and the SiC slurry. 0.6 ml of SiC slurry was dropped onto a 

polished SiC substrate using a 1 ml syringe, a backlit photo was then taken of the 

drop using a camera with a macro lens. SiC slurries, were used in the sessile drop 

test to compare their wetting characteristics over a four-minute period. Images were 

captured at t=0 , t = 2 and t = 4 min, to see the effect of time on the spreading and 

contact angle. This process was repeated three times for each slurry and a mean 
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contact angle was then calculated at each time using the angle measurement 

function on ImageJ [330]. 

 

 Relative density calculation of impregnated preform 

The samples’ thickness and diameter were measured using Vernier callipers with 

three measurements made for each dimension before calculating the mean value. 

The volume fraction of powder matrix (Vm) and fibre fraction (Vf) of each preform 

was calculated from the samples’ dry fibre mass (εi), see equation 3-4 and equation 

3-5, impregnated dried mass (Mf) and the volume of the sample (Vs). The density of 

the Tyranno ZMI fibres used was 2.48 g cm−3, with a powder density of 3.21 g cm-3;  

Equation 3-4 Volume fraction of fibres: V =  MV    ρ  

Equation 3-5 Volume fraction of powder matrix: V =  M − MV    ρ =  ΔMV    ρ  

Equation 3-6 Theoretical density of composite: ρ =  V ρ + − V ρ  

Equation 3-7 Relative density: ρ =  V +  V  

Equation 3-8 Porosity: Φv = − V +  V  

   

 Porosity measurements of slurry impregnated composite 

Reducing the size of the pores is the fundamental aim of the CVI process, therefore 

quantifying the filling of said pores is essential. Large pores are very frequent in non-

impregnated SiCf/SiC samples, however, they were partially filled by the addition of a 

SiC slurry which aimed to reduce the time required to completely fill the porosity 

using CVI. Porosity measurements on the SiCf/SiCp samples were carried out using a 
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MATLAB [331] script and verified using ImageJ. The script detected the contrast 

difference between fabric tows and pores in images produced via micro-computed 

tomography (micro-CT). The script then calculated the area of these pores in pixels, 

the total number of pores and a number of other parameters; more detail is provided 

in section 3.3.5.2. 

 

 Gas permeability of composites 

One of the primary parameters of the preforms produced that needed measuring 

was their permeability to gas. They needed to be permeable to allow the precursor 

gases to penetrate them, make contact with the maximum surface area and provide 

them with the opportunity to decompose and deposit SiC. Whilst beneficial overall, 

adding the slurry to the composite reduced the volume of pathways the precursors 

could traverse. Furthermore, preforms with a low permeability after the powder had 

been added would potentially contain some closed porosity, which could not be 

accessed by the reactant gases and so would reduce densification. To be able to 

quantify the permeability of the preform, simultaneous measurements of the 

backpressure generated and the flow rate of the gas through the material were 

needed. This is the principal of Darcy’s δaw, which describes the relationship 

between backpressure and flow rate through an incompressible porous medium and 

is given by equation 3-9; 

Equation 3-9   
Δ =  �− =  ��  

Where k = Darcian permeability constant / m2 

Pi and Po = Pressure at the inlet and out let, respectively / Pa 



3. Experimental Methodology 
 

134 
 

ΔP = Pressure difference across medium / Pa 

µ = Fluid viscosity / Pa S  

L = Thickness of medium / m 

This can be simplified to equation 3-10: 

Equation 3-10   k =  LA Δ  

Where Q = Flow rate / cm3 min-1 

A = Area of the medium / m2 

At the time of writing, there is no standardised direct method for measuring the 

permeability of fibre reinforced CMCs. After an extensive multidisciplinary literature 

review, a test rig was built based on designs from [332, 333]. This enabled 

permeability measurements to be made to quantify the effect of impregnation on the 

preform’s permeability [334]. Validation of the rigs capability was carried out using 

64 g m-2 paper and results were compared to results reported in [191]. 

 

A SiC preform was placed between two custom epoxy washers with an O-ring (45 

mm ID x 5 mm thick CS Nitrile 70 ShA, Polymax, UK) glued to the top of the bottom 

washer, see figure 3.19. These were used to prevent damage to the sample 

occurring during positioning and removal. The edges of the washer were coated with 

vacuum grease to prevent radial airflow out of the preform’s edges inside the 

transparent PVC pipe that was 55 mm in diameter. An aluminium honeycomb with a 

6.4 mm cell size (Easy Composites, UK) was positioned directly above the inlet and 

its edges sealed with silicone paste to promote laminar gas flow inside the tube. Two 

conical frustum shaped rubber bungs (RB053, Hilltop, UK) with two holes machined 
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into the top, one central and the other offset by 1 cm from the centre, were 

positioned at the top and the bottom of the PVC pipe, respectively. The central holes 

were the gas inlet and outlet, one was connected to an argon supply (The BOC 

Group Plc, Manchester, UK) via a gas flow metre (1000-10000 cm3 min-1 airflow 

metre, Cole-Parmer, UK) and the other vented the system to an LEV. The two offset 

holes were connected to a differential pressure meter (Kane 3500-1, Kane, UK), 

which measured the pressure difference between the inlet and outlet. 
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Figure 3.19. (a) schematic and (b) photograph of the permeability equipment constructed 
and used in its entirety and the two key components; (c) the aluminium honeycomb and the 
(d) epoxy washer. 
 

3.3.2. Microscopy 

 Sample preparation 

Impregnated and infiltrated SiC fibre preforms were embedded in epoxy resin (Epofix 

Resin, Struers Ltd., UK). The samples were then sectioned using a 0.6 mm diamond-

tipped cutting wheel (Metprep Ltd., UK) and then ground and polished to a mirror 

finish using 1 µm diamond suspension (DiaDuo-2, Struers, UK). Samples were 

initially mounted in a 60 mm container, then cut in half and sectioned into 

approximately 20 mm-sized sections to be remounted in smaller 30 mm containers, 

which had to be used for the auto-polishing system. A typical polishing routine to 

prepare the samples started with an 80-grit grinding disc for 2 min, progressing to a 

220-grit for 4 min then 500-grit for 6 min and completing the grind with 8 min at 

1200-grit with the same magnitude of pressure applied for the whole process. This 

was then followed by the polishing stage starting with a 9 µm diamond suspension 

through to 1 µm with time, again, increasing linearly as the suspension particle size 

decreased in increments of 3 µm. Between each polishing stage samples were 

degreased and washed with deionised water in an ultrasonic bath. After the final 

step, the samples were cleaned with ethanol in an ultrasonic bath for 10 min to 

remove any surface contaminants that might remain. 

 

 Optical microscopy 

An optical microscope (AxioScope A1, Carl Zeiss Microscopy GmbH, Germany) fitted 

with a 14 M pixel camera, capable of automatically scanning the entire cross-
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sectional surface of a preform’s (55 mm) diameter was then used to analyse the 

densification profile. The microscope and its software took approximately 500 images 

at a magnification of 5x and then stitched the images together using its mosaic 

function based on a 10% overlap of each photo to create a macroscopic image. 

 

 Scanning electron microscopy 

Specimens were coated with an approximately 20 nm layer conductive layer of either 

gold, chromium or carbon depending on the observations that were being carried 

out, using a rotary-pumped plasma sputter coater (Q150R ES, Quorum Technologies 

Ltd., UK). Various SEMs were used to carry out the analysis of the cross-sections of 

the samples. For lower magnification images, a JEOL 6060 was used; for imaging 

greater than >2000x it was the XL30 ESEM-FEG (Philips, Netherlands) and for higher 

magnification images, >15000x, a JSM-7000F (JEOL USA Inc., Massachusetts, USA) 

was used. Secondary (SE) and back-scattered electron (BSE) imaging were used to 

observe the deposited silicon carbide. Scanning conditions were typically in the range 

of 15-20 kV with a working distance of 10 mm. For higher magnification imaging, the 

acceleration voltage and working distance was decreased and both were equipped 

with chemical analysis capabilities as well.  

 

 Energy-dispersive X-ray spectroscopy (EDS) 

EDS was used to evaluate the stoichiometry of the SiC formed and the quantities of 

other elements present in the deposit. Due to the small quantities of the SiC deposit 

around the fibres in some regions, especially within the fibre bundle, a lower 

accelerating voltage was used in cases where the deposit was sufficiently thin to 
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reduce the interaction volume and reduce measurement error from fibres interaction. 

At an acceleration, voltage of 10 kV the interaction volume for SiC corresponded to a 

penetration depth of ~0.5 m and a hemisphere of ~1 m in diameter. These values 

were calculated from the Thomson-Whiddington law for calculating the average 

energy of penetrating electrons into a medium [335]: 

Equation 3-11  Ep = Ep − �ρκ =   � −  

Equation 3-12    = � −   

Where: Ep = Electron residual energy 

Ei = Target ionisation energy / eV 

bx = Constant – 6.2x1011 / eV g-1 m2 

x = Penetration depth / m 

Ep0 = Incident primary energy / eV 

Rp = Primary range of electrons/ eV 

ρ = Density / g m-3  

 

 Wavelength-dispersive X-ray spectroscopy 

Wavelength-dispersive X-ray spectroscopy (WDS) was used to quantify the 

composition of the SiC deposit. WDS has a higher spectral resolution than EDS as it 

counts X-rays from a single source at a time, rather than collecting a broad spectrum 

of wavelengths. Moreover, its ability to quantify lighter elements such as carbon with 

a greater degree of accuracy was considered particularly important. A semiconductor 

grade transparent polished SiC sample was used as the reference standard. 

Standardisation was carried out every time the microprobe was used. However, the 
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processing time per measurement using the WDS was approximately an order of 

magnitude great than EDS, as it required greater computational resources, which 

meant it was used primarily for validation of EDS results. Another drawback of the 

WDS process was the larger interaction volume, relative to EDS, which was typically 

3 µm in diameter so the risk of fibre interaction with the measurement was much 

greater. 

 

 Transmission electron microscopy 

Crystallographic analysis of the SiC deposit was performed to observe features of the 

grain growth process, orientation and texture. Three TEMs were used to carry out 

this analysis: JEOL JEM 2000FX (JEOL Ltd., Japan), FEI Phillips TECHNAI F20 

(ThermoFisher Scientific, US) and Talos F200X (ThermoFisher Scientific, US). 

Observations of the grain morphology and crystal subsets characteristics were made 

using both the bright field and dark field imaging modes, respectively. Corresponding 

diffraction patterns of the Bragg-reflecting orientations were taken using the selected 

area diffraction modes (SAED) to observe the crystal structures. High-angle annular 

dark-field (HAADF) analysis was also used to observe the compositions of the deposit. 

TEM samples were prepared and analysed at the Air Force Research Laboratory (AFRL), 

Wright-Patterson Air Force Base, OH, USA, courtesy of Dr. Pavel Mogilevsky. 

 

3.3.3. X-ray diffraction analysis 

X-ray diffraction (XRD) was carried out on a D8 Advance (Bruker, Germany) with a 

monochromator with the help of Dr Ji Zou. Cu K radiation with a wavelength of 

0.154 nm was used in a Bruker diffractometer, and no filter was used. Generator 
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settings were 40 kV and 40 mA and data was collected between 20° and 80° with a 

step size of 0.02° and a 1 s dwell. Scans were carried out on samples that had been 

polished as if for microscopy analysis, but not etched. XRD data was then evaluated 

using the Match software [336]. Spectra produced were smoothed, had the 

background signal and the contribution of K2 removed and peaks selected using the 

automatic peak fitting function built into the software. Scans were taken first of the 

resin material, then the fibre material and then the MCVI SiC composite. The first 

two spectra were subtracted from the latter to allow for specific observations of the 

deposited SiC crystal structure. It was found that scanning the composites 

perpendicular to the ply direction yielded a greater intensity signal than is the parallel 

direction, see figure 3.20.  

 
Figure 3.20. Corresponding XRD diffractograms demonstrating the scanning orientation 
effect on the signal intensity. Red dashed line corresponds to the orientation. 
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3.3.4. Raman spectroscopy 

The Raman spectrometer assessment of the fibres and deposit was carried out using 

an InVia™ Qontor confocal Raman microscope (Renishaw, UK). Using the red 532 

nm laser with an 1800 l/mm diffraction grating, a calibration was carried out on a 

silica substrate to ensure the laser was correctly aligned using Wire™ 5.1 software 

[337]. Calibration of the laser alignment onto the charge-coupled device (CCD) 

detector and slits were then performed. Initial measurements were made to establish 

the optimum laser power, exposure time and objective lens to minimise the noise in 

the measurement. Using the video facility-specific regions of deposit could be 

selected and evaluated over a range of 100 cm-1 to 3200 cm-1.  

 

3.3.5. Micro-computed tomography 

 Scanning of SiCf/SiC samples 

X-ray micro-computed tomography (micro-CT) is a 3D imaging technique that uses 

X-rays to capture a stack of 2D planar images. These slices can be processed to 

reconstruct 3D models to provide information of internal features and volumetric 

information about the microstructure, non-destructively. Impregnated and non-

impregnated preforms were scanned using an XT H 225 (Nikon Metrology, UK) to 

evaluate the porosity distribution inside the preforms. The system was fitted with an 

X-ray source that had a maximum current and voltage of 1 A and 225 kV; typically 

0.05 A and 180 kV were used. The CCD resolution was 2300x3200 pixels, leading to 

a minimum resolvable resolution of 4-6 µm. The scanning process used 1800 

projections through 360° and took four frames per projection, from which it 

calculated an average. Shading correction was also carried out. Once the scan was 
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complete, reconstruction was achieved using CT pro 3D, where parameters such as 

the centre of rotation, beam hardening and noise reduction could be altered. This 

data was then extracted to VG studios where post-processing was undertaken.  

 

 Image analysis 

From the reconstruction, an image stack was created of the through-thickness of the 

scanned sample. This produced a stack of images, typically 1200, that were spaced 

20 µm apart. This value of slice separation was selected based on deposition rates in 

the literature that showed 20 µm pores are filled by CVI relatively easily [338, 339]; 

therefore, resolution of the stack, in terms of slice separation, was sufficient to 

capture all large pores that CVI might not fill. These images were then cropped in 

ImageJ to reduce the total file size and processing time. Calculations were then to 

crop the image stack so the largest cuboid that could possibly fit inside the sample’s 

volume was selected. This was very important in terms of understanding the pore 

size distribution, which would provide an invalid result if the MATLAB script were to 

measure a cylindrical volume. This is because slicex and slicez in figure 3.21. are 

much smaller volumes and therefore have fewer pores than sliceY, resulting in a 

perceived higher density in the distribution plot. 
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Figure 3.21. Schematics showing the difference in the image stack from a micro-CT scan 
between a cylindrical volume and a cuboid volume. 
 

Measurements were then made using the thresholding and particle size distribution 

tools in ImageJ on three randomly selected slices from the image stack. The data 

from these images were used to calibrate the MATLAB script. Images were then 

evaluated by the MATLAB script, which used the difference in contrasts to select 

individual pores before drawing a bounding box around each one using the extrema 

of the pores to construct the box. The script then calculated the total area of the box 

in pixels and then subtracted the area of the selected contrast from the total box 

area to provide the area see in figure 3.22. 

 
Figure 3.22. Example of a single pore selected by the script and the boundary box 
constructed in 2D. 
 

The script was then developed further to post-process the images to calculate 

metrics such as average areas, bounding box aspect ratio, standard deviation and 

number of pores. Use of a threshold value of pore size in the script removed single 
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pixel-sized pores that were artefacts of the scanning procedure. The threshold that 

was applied removed any pore that was 64 pixels or smaller, which equates to a 20 

µm diameter equiaxed pore. The script also produced a histogram that showed a 

pore size distribution as a function of the through-thickness of the sample to provide 

insight into the uniformity of slurry distribution from the vacuum bagging procedure. 

 
3.3.6. Thermal properties 

 Specific heat capacity measurement using differential scanning calorimetry 

(DSC) 

The procedure used for the specific heat measurement was derived from ASTM 

E1269 ratio method [340]. Two identical (Ø=6.8 mm, 85 l) Pt/Rh crucibles 

(NETZSCH Gerätebau GmbH, Germany) were cleaned and weighed before the 

measurement. A baseline empty crucible and a synthetic sapphire reference sample 

were placed into the differential scanning calorimeter (DSC 404 C, NETZSCH 

Gerätebau GmbH, Germany). The chambers were then heated to 900℃ at  

10℃ min-1 and held for four minutes to establish an equilibrium in a flowing Ar 

atmosphere (100 cm3 min-1). This was the maximum temperature used to protect the 

sensor from platinum-platinum diffusion between pan and sensor that occurs around 

1000℃. The baseline and sapphire were then cooled, the powdered fibre sample (± 

0.1% the mass of the sapphire standard) placed into the empty baseline crucible 

after being weighed and the heating procedure repeated. The sensitivity of the 

measurement was produced by the software in real-time according to equation 3-13. 

Equation 3-13 =  [6  ] [  + Δ ] 
Where EDSC = Calorimetric sensitivity of the DSC apparatus/ µV mW-1 
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b = Heating rate / ℃ min-1 

Dst = Vertical displacement between the sample thermal curve and sapphire thermal 

curve at a specific temperature / mW 

Mst = Mass of sapphire standard / mg 

Δε = Mass difference between baseline holder and specimen holder / mg 

Post-processing of the data was carried out using Proteus thermal analysis 

(NETZSCH Gerätebau GmbH, Germany) using the sensitivity calculation produced by 

the software the specific heat capacity of the sample was calculated according to the 

following ratio method; 

Equation 3-14   =  
 

Where: Cps = Specific heat capacity of the sample / J g-1k-1 

Cpst = Specific heat capacity of the sapphire / J g-1k-1 

Ds = Vertical displacement between the sample crucible curve and sample thermal 

curve at a specific temperature / mW 

Dst = Vertical displacement between the sample crucible curve and sapphire thermal 

curve at a specific temperature / mW 

Ws = Mass of sample / mg 

Wst = Mass of sapphire / mg 

 

  Thermal diffusivity measurement of SiC fibre 

The laser flash apparatus (LFA) was used to measure the through-thickness 

diffusivity of SiC fibres. A heavily adapted method of ASTM E1641 was used [341]; 

because of its fibrous morphology, the test specimen required a very specific  

preparation method, figure 3.23. Short (10-12 mm) lengths of SiC fibre were stacked 
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and aligned inside a ceramic split ring jig with an internal diameter of 12.5 mm so 

the fibres protruded 3 mm over the ring. A flat spatula was used to align tows. When 

enough fibre had been added, the stack of fibres was compressed with the upper 

anvil. When the fibres stack was nearly fully compressed, the second half of the split 

ring was placed above the fibre mass and the stack fully compressed. The outer 

ceramic ring was then placed over the two half rings before the pressure was 

eliminated carefully by removing the upper anvil. The outer ring and split rings were 

removed from the jig and the outer ring slid over the two inner rings to make the 

end surfaces of the rings coplanar by eye. Cyanoacrylate adhesive was then dripped 

over the fibre mass and rings on both faces to rigidize the entire mass. This required 

about 0.8 ml of adhesive, which was then left to harden. The excess fibre of both 

sides of the clamping rings was removed using a diamond saw to prevent damage 

occurring to the rings. A flat diamond lap was then used to grind both faces of the 

fibres down to the exact ring thickness. The adhesive was then removed by firing the 

sample in air at 600 °C for 1 h, no graphite coating was necessary.  
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Figure 3.23.(a) LFA 427 fibre sample holder showing four key steps; (from the top left) 
alignment, compression, cutting and mounting in laser flash [342], (b) showing the fibre 
sample and the two-ringed arrangement for clamping the fibres. 
 

 
Thermal diffusivity measurements were carried out at the National physical 

laboratory (UK) by Dr. Roger Morell. The sample’s thickness was measured as 4.5 ± 

0.02 mm and from this the packing density calculated as ~50%. The sample was 

then placed into the column of the LFA (LFA 427, NETZSCH Gerätebau GmbH, 

Germany) and a vacuum applied before flowing argon was introduced. The laser 

voltage ranged from 350-450 V and the pulse width of the laser was 0.8 ms. Samples 

were then heated in increments of 100℃ up to 700℃, and at each increment, three 
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measurements were taken and an average value calculated. Diffusivity was then 

calculated using the Netzsch LFA measurement and analysis software (V 4.8.1) with 

the following equation: 

Equation 3-15   = .  ×  

Where: a = Thermal diffusivity / mm2 s-1 

 L = Sample thickness / mm 

 t1/2 = Half rise time to reach maximum temperature increase during the laser pulse

  

Thermal diffusivity was then corrected for CTE using the equation below: 

Equation 3-16   =  + Δ�  

Where: acorrected = Thermal diffusivity / mm2 s-1 

a = Thermal diffusivity / mm2 s-1 

 = Coefficient of thermal expansion / ℃-1 

ΔT = Change in temperature / ℃ 

From the measurements made in 3.3.6. thermal conductivity was then calculated 

using literature data on the fibres’ density while accounting for the coefficient of 

thermal expansion. 

Equation 3-17   =   �  

Where: = Thermal conductivity / W m-1 K-1  

 α = Thermal diffusivity / m2 s-1 

 Cp = Specific heat capacity / kg K 

 ρ = Density / kg m-3  
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3.3.7. Dielectric permittivity measurements of SiCf/SiC components 

 High–temperature-dielectric measurements 

Dielectric property measurements were carried out on the SiC powder and SiC fabrics 

by the Microwave Division at the research institute (ITACA) of the Universitat 

Politecnica de Valencia (Spain). The equipment, illustrated in figure 3.25., measured 

both the dielectric permittivity and loss tangent at room and elevated temperatures 

in a flowing argon environment to prevent oxidation [343]. Samples of SiC fibre were 

prepared by first removing the sizing and then a combination of cutting, milling and 

grinding to turn the fabric into a powder. The sample had to fill a 9x15 mm volume 

(powder) and had to be as densely packed as possible to reduce the impact of 

porosity on the measurement.  

 
Figure 3.24. Image of the prepared sample containing SiC fibre, which is inserted into the 
equipment seen in figure 3.25., indicated as ‘Sample’. 

 

The system used operated simultaneously in two modes, one for heating samples, 

and the other for measuring. The heating probe, which operated at 2.45 GHz in TE111 

mode, was inserted into the cavity’s sidewall, whilst the measuring probe was 

inserted in through the bottom of the cavity, operating at TM010 mode. A vector 

network analyser (VNA) connected to an amplifier created the incident signal for the 
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heating mode of 150 W. A second VNA was fitted with a cross-coupling filter to avoid 

creating signal interference between the two sources. The sample in the quartz vial 

was then lowered into the cavity, which also had a video camera and infrared (IR) 

pyrometer fitted into the sidewall. Once the sample was in position, the software in 

Labview mode controlled the heating rate, temperature measurement, video 

recording and cavity response in both heating and cooling modes. A PID algorithm 

adjusted the microwave source bandwidth to adapt to changes in the material’s 

properties and cavity responses. This maintained the specified heating rate [344] by 

adjusting the forward power to the cavity. The temperature was controlled with an 

IR thermometer and the cavity was water-cooled to minimise thermal expansion. The 

procedure described above was carried out on all samples tested.      

  
 

Figure 3.25.(a) εicrowave system design for measuring samples’ dielectric properties as a 
function of temperature, adapted from [344] and (b) a photograph of the respective 
equipment [345]. 

 

3.4. Simulation of microwave heating of SiC preform 

3.4.1. Computational technique 

Computational simulation of the electromagnetic and thermal heating of the SiCf 

sample in the MCVI cavity of the Labotron HTE M30KB CL Pro was undertaken. The 
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methods used were established by Celuch (2009) and Koypt (2007) [346, 347] for 

solving an electromagnetic-thermal two-way coupling problem via an iterative 

solution. The solution provided a highly representative insight into the heating of the 

SiC fibre preform using microwaves by accounting for the temperature-dependant 

dielectric and thermal properties of the materials. The simulation updated all the 

respective properties of the materials in the cavity after each time step.  

 

The internal structure of the cavity was reproduced and parameterised into a 3D 

model to be used by the software QWED 3D, a finite-difference time-domain 

simulator. The internal layout of the cavity and the material components, such as the 

bell jar, alumina foams, quartz tube and sample, are shown in figure 3.26. The 

QWED algorithms were applied using the electromagnetic solver, which fed the 

results into QW’s basic heating module, which in turn relayed the resulting 

temperature changes back to the EM solver for each cell at each time step. The EM 

boundary conditions applied to the cavity assumed that the 316L stainless steel walls 

were perfectly reflective to microwaves. Neumann (thermal insulation) boundary 

conditions [348] were applied to all the surfaces of the SiC preform and Robin 

conditions [349] (convective) applied where the SiC fibre was in contact with the 

alumina foam. 
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Figure 3.26. Labotron HTE M30KLB Pro; cavity, 3D view of the internal structure and 
components and a magnified view of the SiCf/SiC-Al2O3 foam arrangement. 
 

Simulations were conducted on a Dell workstation (64-bit Windows 10) with two 

Intel Xeon gold 5120 processors with a peak frequency of 3.2 GHz. All simulations 

were carried out at Worcester Polytechnic University by Prof Vadim Yakovlev. The 

simulation ran on 14 cores via 28 threads on an NVIDIA Quadro P500 with a total of 

1TB RAM. To reduce computational resources and therefore the time of simulations, 

non-uniform meshes with adjusted cell sizes, depending on the wavelength of the 

media, were applied to discretise the sample and foams to ensure a high degree of 

accuracy of the simulation. The SiC composite ranged from 2.2-3.6 million cells for 

the smallest and largest samples, respectively. When solving the coupled problem, 

the EM and thermal time step were set depending on the heating rate of the sample; 



3. Experimental Methodology 
 

153 
 

it was typically one second, meaning the entire process took 2 h of CPU time for the 

shortest scenario and 14.5 h for the longest.  

 
Figure 3.27. A top-down view and front-on view of the non-uniform meshes applied to the 
simulation. 
 

3.4.2.  Materials parameters 

The simulation also required the input of specific material parameters as a function 

of temperature up to 1200℃ to reproduce the MCVI process. To do this a number of 

parameters needed to be known, see table 3.4. 

Table 3.4. QWED input data with specific non-SI units. 
Parameter Symbol SI unit Unit required for QWED 3D 

Temperature T K ℃ 
Dielectric permittivity ’ - - 

Loss factor ’’ - - 
Siemens S Ω−1 Ω−1 
Enthalpy ΔH J kg-1 J g-1 

Specific heat capacity Cp J kg K-1 J g℃-1 
Density ρ Kg m-3 g cm-3 

Thermal conductivity  W m K-1 W cm℃-1 
 

See sections 3.3.6 and 3.3.7 for measurement details. The EM problem was solved 

using the dielectric permittivity, loss factor and density but to solve the coupled 

problem all parameters were required. The three material components were the SiC 
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fibres, the alumina foams and quartz glass. The SiC powder was not included in this 

simulation as the objective was to reproduce the experimental set up that was used 

to investigate the processing parameters. All data used for the SiC fibres were 

collected experimentally, whereas all the data for the Al2O3 foams and quartz was 

obtained from the literature and modified accordingly to the material’s morphology; 

this will be presented in section 4.2.2.  
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4. Results and Discussion 

This chapter is divided into three sections. The first section focuses on the 

physicochemical properties of the SiC deposit by infiltrating a SiCf preformix to 

establish the processing-microstructure relationship using various microscopy 

techniques to evaluate the morphology, composition and crystal structure. The 

second section is dedicated to the modelling of the electromagnetic-thermal 

interaction between the SiCf preforms and the microwave field. This provided insight 

that experimental work could not. It enabled assessment of the effects of dimensions 

and temperature on the reflection coefficient and the corresponding temperature 

profiles developed at various frequencies providing explanation for a number of 

observations in section 4.1. The third and final section presents the results of the 

optimisation of a slurry impregnation route used to increase the green density of the 

SiCf preforms. This work encompassed a range of multidisciplinary techniques to 

select a slurry that provided a composite that met established hypothetical criteria for 

the MCVI process. The results of all three chapters should be combined for the next 

stage of this work that investigate infiltrating an impregnated preform as outlined in 

more details in chapter 5.2.  

 

                                        
ix Note this was just a SiC fibre preform with no infiltration of SiC slurry between the ply, but with 
slurry coated on the edges, see section 3.2.1.1. and 3.2.3.6 for more details. 
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4.1. Microwave energy enhanced chemical vapour infiltration 

process 

4.1.1. Kinetics of the MCVI process 

The objective of this part of the work was to establish the processing parameter 

relationships that govern the kinetics laws that affect the thermally activated 

deposition of SiC from MTS. The overarching aim of this work was to establish the 

processing conditions that were most likely to achieve >90% density in the SiCf/SiC 

composites in the shortest time possible whilst depositing pure stoichiometric SiC.  

 

 Effect of temperature and pressure 

Figure 4.1. shows the growth rate (Gsic) of the SiC matrix material on the ZMI SiCf. 

The deposition rate of the SiC matrix increased with increasing temperatures 

between 900-1000℃. This was consistent with the literature that all reported an 

Arrhenius relationship with temperature [233, 236, 239, 243, 350, 351]. The two 

shaded regions marked ‘plasma formation’ and ‘untenable arcing’ were non-operable 

regions of infiltration conditions. Low pressures in a microwave environment cause 

gases in the cavity to ionise, resulting in uncontrolled plasma formation that can be 

hazardous to users and damage equipment. The untenable arcing region is described 

by Paschen's law, as seen in section 3.2.3.6. Table 3.3 lists the infiltration conditions 

for all of the samples that are discussed below. 
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Figure 4.1. SiC matrix growth rate as a function of increasing chamber pressure for samples 
processed at different temperatures. Gas flow rates and alpha ratio were kept constant at 
QH2 = 300 cm-3 min-1, QMTS = 0.2 g min -1 and alpha = 10 respectively. Details for samples 
inside the red boxes with reduced infiltration times can be seen in Figure 4.7. 
 

The 900 and 950℃ samples showed an increasing linear relationship between 

pressure and deposition rate, figure 4.1. This is because of the increased residence 

time of the precursor gases inside the preform at higher pressures. The increased 

residence time, as according to collision theory, increases the likelihood of a 

successful reaction occurring because the atoms have more time to gain sufficient 

kinetic energy and an increased chance of colliding combining to overcome the 

activation energy barrier, as shown by [233, 243]. It is expected that this trend 

would be seen at higher temperatures as well if the ZMI fibres could have been 

infiltrated at 1000℃ for 8 h at higher pressures than 300 mbar. D’Angio [243] 

reported that flowing the carrier gas at a rate of 300 cm3 min-1 increased the 

residence time from 0.1 s at 200 mbar to 0.45 at 900 mbar, which is consistent with 

the characteristics of a kinetics-limited process. D’Angio also went on to describe that 

at higher temperatures the deposition rate of the SiC matrix became independent of 
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the process pressure, which is in good agreement with other literature [234, 239, 

248]. 

 

All samples were intended to be processed for a total of 8 h (2+2+4 h). This was not 

possible for the four samples highlighted in the red boxes, which after a 2 h initial 

infiltration were unable to be heated up again to the desired deposition temperatures 

despite a number of attempts. Longer infiltrations were successfully attempted at 

900℃ and 300 mbar for 20 h but not trialled at higher temperatures and pressures. 

This inability to heat preforms was only seen when temperature and pressure were 

both ≥ 950℃ and ≥500 mbar. This is thought to be in part because of the change in 

the dielectric properties of the ZMI fibres at elevated temperatures, see figure 4.2. 

This is because above 1000℃ the ’ decreases rapidly from 23 at 1000℃ to 0 at 

1064℃, an indicator that the fibre is now not absorbing microwaves. It is expected 

that preforms would be hotter in the samples’ centre since that was being measured 

by the 2CP. Mo et al. [301] reported microstructural changes in the ZMI fibre after 

annealing for 2 h at >1000℃. They go on to state that at these temperatures there 

was a “thermal decomposition of SiτyCx” phase in the fibres, which had a low 

electrical conductivity, and growth of “highly conductive free carbon nano-domains” 

that at high temperature will become resistive [352]. Further to this, they explain this 

causes an increase in the ′, which contradicts the results shown in figure 4.2. This is 
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potentially an artefact of the measurement frequency, which was between 8.5 – 12.5 

GHz, whilst the frequency used in figure 4.2 was 2.45 GHz. 

 
Figure 4.2. The dielectric permittivity of the Tyranno ZMI fibre as a function of temperature, 
showing the fibre stops behaving as a dielectric at ~1060℃. 
 

A potential explanation for this in terms of the elevated pressure preventing 

reheating is the SiC deposited was Si codeposition at high pressures. The literature 

reports higher pressures produced Si-rich SiC [235, 236, 246], which was later 

confirmed to be the case in this work, see figure 4.25. and figure 4.27. This makes 

the deposit reflect microwaves [178], which may have prevented it being reheated, 

assuming the 10 µm layer that was deposited was sufficient to have had this effect. 

For this reason and because intra tow infiltration is not favoured at high pressure a 

longer infiltration run at high temperature and pressure was not attempted. 

 

 Effect of alpha ratio 

Figure 4.3 shows the effect of changing the alpha ratio on the SiC deposition rate. 

These tests were carried out using a chamber pressure of 400 mbar at a constant 

temperature of 925 ± 15℃ as these conditions were found to yield favourable 

kinetics, densification profile and microstructures. The different ratios were achieved 
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by fixing the MTS flow rate at 0.2 g min-1 and altering the H2 flow rate. These values 

were selected based on the temperature-pressure kinetic results (section 4.1.1.1.), 

the densification profiles (section 4.1.2.1.) and the Si:C ratio of the samples (section 

4.1.3.2.1.). The results show that an alpha ratio of 10 had the fastest deposition rate 

of 9.6 mg min-1, whilst alpha = 5 yielded a slightly lower deposition rate of 8.6 mg 

min-1 and the results from the alpha ratios of 25 and 70 were both significantly lower. 

Due to time constraints and equipment breakdown the production of multiple 

samples was not possible. It is expected that there is not significant difference 

between alpha = 5 and 10.  

 
Figure 4.3. SiC matrix growth rate as a function of changing alpha ratio. All samples were 
processed at 925℃, 400 mbar and QMTS = 0.2 g min-1. QH2 was changed to alter the alpha 
ratio. 
 

The values selected for these four tests were based on figure 2.31 from [9], with a 

secondary aim of understanding the Si:C ratio dependence on the alpha ratio. The 

results shown in figure 4.3 are in agreement with a number of reports in the 

literature, [236, 237, 248], that also found lower alpha ratios yielded higher 

deposition rates. All authors state that this is because of the higher concentration of 

MTS. Langais et al. [248] goes on to explain that the kinetics of the deposition 
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process are quasi-independent when T>950℃, but are thermally activated at lower 

temperatures. Due to the lack of repeats that were possible due to time constraints’ 

a value of 10 was selected for further testing as it had shown the absolute highest 

deposition rate and was widely reported in the literature. It is expected, however, 

that alpha = 5 would likely produce a deposition rate that is within the range bars of 

the alpha = 10 sample. 

 

Figure 4.3 also shows the effect of the addition of the quartz ‘bridge’ that is pictured 

in figure 3.13. The bridge was used to reposition the vacuum port above the sample 

since the original location of the vacuum port resulted in some of the 

carrier/precursor mixtures not passing through the preform. The addition of the 

bridge showed a 25% increase in the deposition rate under otherwise identical 

conditions suggesting that it is reasonable to infer that the quartz bridge increased 

the concentration of the precursor flowing through the sample. 

 

Another observation made during these tests was the influence of the gas flow rate 

on temperature stability. Higher gas flow rates (>2000 cm3 min-1) caused a greater 

fluctuation in the centre and side temperatures than the lower flow rates used with 

the low alpha ratios. Figure 4.4 shows the centre and side temperatures for the 

alpha ratios of 10 and 70. Alpha = 10 had a standard deviation for the centre and 

side temperature of ±5℃ and ±20℃, respectively, whereas the alpha = 70 values 

were ±12℃ and ±35℃, respectively. This is because the higher flow rate meant a 

lower heat transfer from the heated pipeline, which increased the effect of 

transpiration cooling when the gas met the sample in the cavity. 
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Figure 4.4. Left: Infiltration temperature over time at an alpha ratio of 10 showing a 
relatively constant centre and side temperature. Right: equivalent graph for alpha 70 
showing significant fluctuation for both the side and centre temperatures. 
 

The kinetic data from the quartz bridge tests (figure 3.13), were subsequently used 

to predict the time to 90% of TD, the value that is typically achieved in ICVI [35, 

353]. No experiments could be attempted in this project due to multiple equipment 

breakdowns and the projects time constraints. The sample that achieved the highest 

relative density was the 1000℃ infiltrated at 300 mbar reaching 44% in only 8 h an 

increase of 25 % density. The infiltration was stopped because this section of work 

was optimising the processing parameters not trying to achieve full density at this 

stage. The rate of densification will experience natural logarithmic decay because as 

the volume of porosity left to fill decreases with time the mass gain will decrease as 

well. Using equation 4-1 and the initial mass gain rate from first 8 h from sample QB, 

which showed the fastest mass gain rate of all samples, an estimated total time to 

reach TD=90% was able to be predicted. 
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Equation 4-1     =  −��− +  

Where y = Mass at tx 

A = Initial mass / g 

B = Rate / g min-1  

t = time / min 

C = Final mass at 100% of TD / g 

Figure 4.5 shows the extrapolated data for both non-impregnated and impregnated 

samples to 90% of TD, as indicated by the horizontal dashed line. The non-

impregnated sample is expected to take 124 h to densify and the impregnated 96 h, 

a saving of 28 h because of the addition of powder. Comparing this to iso-thermal 

CVI, which takes ~1000 h to produce a sample with ~10% porosity, this indicated 

there might be a significant reduction in time [13]. 

 
Figure 4.5. Extrapolated plots of the densification of the SiCf/SiC composite using natural 
logarithmic decay function based on the rate of mass gain seen in sample QB over the first 8 
h (2+2+4 h), table 3.3. It shows a potential reduction in the time afforded by the 
introduction of the SiC slurry phase. 
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 Activation energy 

Figure 4.6. shows the natural logarithm of the SiC matrix growth rate against the 

reciprocal of temperature for the three different pressures used. The SiC matrix 

deposition shows an Arrhenius behaviour consistent with the literature as all three 

data sets show an increasing growth rate as a function of increasing temperature 

[13, 236, 239, 243, 350, 351]. This indicates that the growth mechanism is limited 

by a chemical reaction due to its linear dependence, which is preferable for CVI. 

Using the intercepts for the three different pressures and rearranging the rate 

constant equation to solve for activation energy, the mean Ea across all temperatures 

and pressures was calculated to be 125 ± 4 kJ mol-1 using equation 4-2. 

Equation 4-2    = ��− �
 

Where K = rate constant 

A = Pre-exponential factor / s-1 

Ea = Activation energy / J mol-1 

R = Universal gas constant / J mol-1 K-1 

T = Absolute temperature / K 
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Figure 4.6. Natural logarithm of the SiC matrix growth rate against the reciprocal 
temperature for three different pressures at the same flow conditions. 
 

The activation energy required to initiate the reduction of the MTS precursor ranges 

from 120 – 500 kJ mol-1 [218, 222, 233, 236, 239, 241, 244, 246, 248, 354] 

depending on processing set up and parameters used, this is in good agreement with 

the findings presented in this work. However, it should be noted that the results 

were obtained under conditions where a deliberately inhomogeneous temperature 

distribution across the sample (a hotter centre) was being used. 

 

125 kJ mol-1 is at the low end of the range of reported values in the literature, which 

is thought to be a direct result of the use of microwaves. It has been consistently 

reported in the literature that the use of microwave indirectly lowers the activation 

energies and increases sintering rates of various ceramic materials, but the exact 

reason for this is still a topic of discussion [258]. The debate is centred on whether 

the observed effects can be explained by thermal microwave effects such as inverted 
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temperature gradients, overheating, hot spots and inhomogeneities or if these 

enhancements can be explained by non‐thermal microwave effects [355]. The former 

is much better understood, but proving the cause of this effect by separating them 

from the non-thermal effects experimentally is difficult [356]. Booske et al. 1992 

[357] and 1998 [358] showed non-thermal effects are due to the Ponderomotive 

force, which due to non-thermal phonon distribution enhances ion mobility enhancing 

mass transport and diffusion rate, which indirectly lowers activation energy. This has 

been demonstrated experimentally by Freeman et al. 1995 [359] and Wang et al. 

2005 [360], looking at vacancy transport processes in NaCl and sintering rates of 

various ceramic using a hybrid (microwave and radiative) heating process, 

respectively. A number of publications have also recently proposed that this force 

effects the orientation of electronic structures of gaseous intermediates [361-363]. 

As a result, the pre‐exponential factor and/or the activation energy terms are altered 

in the Arrhenius equation [364]. In the case of MCVI, it could be that the MTS is 

interacting directly with the microwave field resulting in the lowering of the activation 

energy. 

 

 Thiele modulus estimations 

As mentioned earlier, porosity closure involves two competing mechanisms; mass 

transport and the surface deposition reaction. For CVI, it is preferable to have the 

surface reaction be the rate-limiting step as this encourages diffusion into pore 

channels via the mass transport mechanism. To evaluate this relationship a 

dimensionless parameter called the Thiele modulus or the second Damkohler number 

can be used according to equation 2-3. A low Thiele modulus indicates the surface 
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reaction is the rate-limiting step whilst the inverse is true for mass transport if the 

number is large. 

A number of terms of the equation had to be solved in order to estimate the Thiele 

modulus. According to equation 4-3, the reaction rate term in the Thiele modulus 

calculation can be deduced from the Gsic value when a first-order reaction is 

considered with respect to the MTS concentration: 

Equation 4-3    � � =  Κ  ×  

Where Kr = reaction rate 

CMTS = MTS concentration in mol m-3 

The effective diffusivity (cm2 s-1) of the preform also had to be calculated as per 

equation 4-4: 

Equation 4-4    =  � � + � −
  

Where Dm = molecular diffusivity / cm2 s-1 

Dk = Knudsen diffusivity / cm2 s-1 

Pr = relative density of the preform = 0.22 

 = Tortuosity. 

In order to solve equation 4-4, both Dm and Dk needed to be found. Dm was 

dependant on pressure and temperature according to equation 4-5 [365]. 

Equation 4-5     =  .
 

Where Km  can be found using the Chapman-Enskog relationship for MTS [197]. 

Lastly, Dk is calculated according to equation 4-6, which is independent of pressure 

but proportional to T0.5 and its contribution can only be considered in small cylindrical 

pores, such as those found during intra-tow infiltration. 
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Equation 4-6     � =   √  

Where rpore = pore radius / m 

MMTS = Molecular mass of MTS / g mol-1. 

In order to estimate the Thiele modulus, a number of assumptions must also be 

made: 

 The average intra-tow and inter-tow pore radii were taken from the MATLAB 

script, which were 5.5 µm and 215 µm respectively.  

 The tortuosity was calculated to be 0.31 by assuming the arc-chord length ratio 

was one-quarter of the circumference of a fibre. 

 The pore channel length (L) was again calculated from the MATLAB script to be 

47.5 mm due to the open porosity network at t = 0. 

Table 4.1 shows that the SiC deposition in the inter-tow spacing was limited by the 

surface reaction due to the small Thiele number; this is confirmed by the deposition 

on the fibres not showing a variable thickness along their lengths. It should be noted 

that in both the samples, higher pressures and temperature resulted in higher values 

of Φ, indicating a faster surface reaction, which is consistent with the deposition 

patterns observed in the intra-tow regions and in the literature [228]. However, this 

is not seen in the much larger inter-ply regions, which is to be expected. It must be 

stated that these calculations do not account for any slurry addition to the preform 

and are only valid when t = 0 because as soon as deposition begins the available 

surface area decreases, which impacts the molecular diffusivity, density and 

tortuosity. The effectiveness factor has also been calculated that describes the ratio 
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for pore channel deposition to surface reaction; this reiterates the previous finding as 

values closer to one indicate favourable in-pore deposition. 

Table 4.1. Effects of the effective diffusivity, reaction rate, Thiele modulus and effectiveness 
factor based on the different processing conditions from table 3.3. 
Sample no. Deff Kr Φ (intra) Φ (inter)  (intra)  (inter) 

1 1.98 1.19E-05 0.070 0.011 0.9984 1.0000 

2 1.63 1.40E-05 0.084 0.013 0.9977 0.9999 

3 1.38 1.86E-05 0.105 0.017 0.9963 0.9999 

4 2.04 2.76E-05 0.106 0.017 0.9963 0.9999 

5 1.69 6.26E-05 0.175 0.028 0.9900 0.9997 

6 1.44 8.18E-05 0.216 0.035 0.9847 0.9996 

7 2.11 5.31E-05 0.144 0.023 0.9932 0.9998 

8 1.76 7.15E-05 0.183 0.029 0.9890 0.9997 

9 1.50 1.87E-04 0.320 0.051 0.9672 0.9991 

10 1.84 6.12E-05 0.166 0.026 0.9910 0.9998 

11 1.84 3.30E-05 0.122 0.019 0.9951 0.9999 

12 1.84 5.30E-06 0.049 0.008 0.9992 1.0000 

13 1.84 1.11E-06 0.022 0.004 0.9998 1.0000 

QB 1.84 4.25E-05 0.138 0.022 0.9937 0.9998 

 

4.1.2. Densification profile of SiCf/SiC composites 

 Effect of temperature and pressure 

The densification profile is the best representation of the theory underpinning MCVI 

as it shows where the SiC has been deposited in the preform and a time-weighted 

average of the temperature profile. Figure 4.7. shows the cross-sectional 

densification profiles of the disc-shaped preforms where temperature and pressure 

have been altered. The brighter regions are areas of higher density, where SiC has 

been deposited inside the porous body. The darker regions are areas of non-
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infiltrated fibre or areas of lower density. Approximately 500 images were taken 

using an automatic program built into the optical microscope (Carl Zeiss Axioscop 2 

MAT mot, USA) and then stitched together in post-processing. From the images, it is 

clear that both temperature and pressure affected the densification profiles. The 

samples infiltrated at 900℃ at 300 and 500 mbar show localised SiC deposition in 

the centre of the sample, albeit 10 mm off the central axis for the 300 mbar sample. 

A closer inspection of the bright region of these two samples using BSE showed that 

the inter-ply and inter-tow porosity had not been filled, but a significant portion of 

the intra-tow porosity had. However, in both instances, there was a distinct lack of 

deposit on the lower surface. The top surface of this sample had a coating thickness 

of 12 µm but the bottom surface only <2 µm. This is thought to be because the gas 

flow cools the bottom of the heated preform reducing deposition until the gas has 

been sufficiently heated by its passing into the preform. 
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Figure 4.7. Optical micrographs of the samples infiltrated at different temperatures and 
different pressures showing the densification profiles as seen by the lighter regions indicating 
SiC deposition.  
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Figure 4.8. The difference in fibre coating thickness between the 1st ply (top row) and the 
20th ply (bottom row) in samples infiltrated at 900℃ at different pressures. 
 

Referring back to figure 4.7. the samples infiltrated at higher temperatures appear to 

have a more generalised SiC deposition profile. This is logical as infiltrating the 

samples when the centre of the bottom surface is at a higher temperature means 

that the rest of the sample is most likely at a higher temperature too. Therefore, 

unlike the samples infiltrated at 900℃, the bottom surface and sides of samples are 

hot enough that the reactants overcome their activation energy barrier and react to 

deposit SiC. Figure 4.9. demonstrates this trend for the 1000℃ 300 mbar sample, 

with the fibres showing a uniform deposition thickness of 4.8 ± 2.5 µm.  

The effect of pressure on the densification profile is difficult to evaluate. This is in 

part due to the reduced infiltration time of samples infiltrated at higher temperatures 
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and pressures, which prevents like-for-like comparisons being made. One feature 

that appears in two of the samples infiltrated with SiC at 700 mbar is the apparent 

localised deposition of SiC on the lower surface closest to the gas inlet. Whilst this 

might appear to contradict an earlier statement made with reference to figure 4.9., it 

is thought that for the samples shown in figure 4.10. the deposition has occurred at 

the bottom surface of the preform because of the higher pressures caused by the 

increase in the gases viscosity [366]. As a result, the precursor has not penetrated 

the preform’s porosity network as far and subsequently has deposited at the lower 

surface once it has reached deposition temperature.  
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Figure 4.9. Micrographs of the uniform deposition coating seen over the thickness and 20 
mm of the sample infiltrated at 1000℃ at 300 mbar. 
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Figure 4.10. Three micrographs showing the localised Si-SiC deposition on the bottom 
surface of the 1000℃ 700 mbar sample compared to the 1st ply. 
 

The bright region on the lower side of the 1000℃ 700 mbar sample has been 

identified as a Si-SiC phase, which is consistent with a number of previous reports 

[235, 236, 246]. They suggest that this is because of the etching action of Cl2-

containing gas mixtures on the SiC at high pressure, which increases the silicon 

content [367-369]. 

 

Figure 4.11. shows the microstructure of the dense regions from the sides of the 

images in figure 4.7. This dense region is a result of the SiC coating on the edge of 

the samples to prevent arc formation in the MW cavity. Figure 4.11. reveals a distinct 

difference in density between the powder in the near vicinity of the fibre and 

approximately 1 mm away. This is because the ends of the fibres have a higher 

charge density creating a significant localised heating effect. Subsequently, this 

higher temperature means that the gaseous precursors deposit SiC at a higher rate, 

creating the higher density matrix around the ends. This is an important observation 

with respect to the powder infiltration aspect of this research. It demonstrates that 

precursor gases permeate through >1 mm of dense powder coating and deposit 

within it. This suggests that the powder impregnated into the preforms can be 
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densified as well. These images also show that it is only the region immediately 

surrounding the fibre ends that is above the deposition temperature of MTS. The 

area at the very edge of the composite is not infiltrated at all indicating the 

temperature is lower than ~850℃. 

 
Figure 4.11. The top three images show the densification of the sides of the preform coated 
in SiC slurry. The bottom three show the transition from infiltrated powder to non-infiltrated 
powder, from left to right over a 250 µm distance. 
 

A higher magnification view of the dense region of the infiltrated powder, figure 

4.12., shows the SiC matrix growing on the SiC powder particles; it appears to be 

quite porous. This is likely to be because of the angular shape of the powder 

compared to the fibres, meaning the deposit is often growing in multiple directions. 

It is expected that the micro-porosity formed between powders with deposit would 

be filled if the composite had been infiltrated for a longer time.  
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Figure 4.12. High magnification micrographs showing the deposition of SiC onto SiC powder 
particles and the micro-porosity that appears to have not yet been filled by the deposit. 
 

 Effect of alpha ratio  

Figure 4.13. shows the cross-sectional densification profile of four preforms infiltrated 

at different alpha ratios; the latter is defined as the molar ratio between carrier gas, 

H2, and the precursor gas, MTS, at any given time in the system, as shown by 

equation 2-6. The values on the left-hand axis of the micrographs indicate the alpha 

ratios that were used during the infiltrations. The values used were based on the 

thermodynamic calculations from D’Angio (2018) [243] and Naslain et al. (1998) [9]. 

There were varied primarily to determine the effect of alpha ratio on the Si:C ratio in 

the deposit, which will be discussed in section 4.1.3.2.2. Preforms were infiltrated for 

8 h each at 925℃, a chamber pressure of 400 mbar and a QMTS = 0.2 g min-1. The 

QH2 was varied to create the different alpha ratios as shown by table 3.3.  
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Similarities between alpha 5 and alpha 10 can be seen; most noticeably that there 

was a uniform densification profile of SiC across the entire cross-section with an 

average deposit thickness of 2.1 ± 0.4 µm. As mentioned previously, dense regions 

were found on both sides, as shown in figure 4.14. Alpha 25 and 70 also display a 

common feature that is that there was a higher density region at the bottom surface; 

this was most likely because it was closest to the gas stream, figure 4.15. The 

deposit thickness on the 20th ply was 11.3 ± 3.0 µm thick compared to <1 µm for 

the rest of the composite. Both of these samples were infiltrated for 16 h to ensure 

that there was some deposit to observe using SEM as the mass gain was so small. 

This is an unexpected feature as the higher flow rates suggest a higher permeability 

as per figure 4.86., which suggests that the deposition should be uniform throughout 

the preform. One possible explanation is because the gas was much diluted at the 

ratios used. The reaction proceeds fastest where the MTS concentration was highest, 

which is consistent with a mass transport limited reaction.  
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Figure 4.13. Stitched micrographs of the densification profiles of SiCf preforms infiltrated at 
alpha ratios 5-70, where T = 925℃, P = 400 mbar, QMTS = 0.2 g min-1 were constant and 
the QH2 was changed between samples. 

 
Figure 4.14. Higher magnification micrographs of the alpha 5 sample, showing uniform 
densification.  
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Figure 4.15. Higher magnification micrographs of the alpha 25 sample, showing densification 
in the 20th ply only.  
 

Figure 4.3. previously showed the kinetics of the deposition process at the different 

alpha ratios. The orange marker on this graph represents the addition of the quartz 

bridge that was used to modify the gas flow path inside the bell jar, whilst figure 

4.16. is the respective densification profile of this sample. It clearly shows a higher 

density region located in the centre of the sample with an average deposit thickness 

across the sample thickness of 4.6 ± 1.9 µm. Conversely, at ± 10 mm from the 

centre the deposit thickness is 2.0 ± 1.3 µm. This difference is illustrated in figure 

4.17. 
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Figure 4.16. A series of stitched micrographs of the densification profile of a SiCf preform. 
The conditions by which it was infiltrated are as follows: T = 925℃, P = 400 mbar, alpha = 
10 and QMTS = 0.2 g min-1 QH2 = 300 cm-3 min-1. 
 

This is critical evidence to show that inverse densification can be achieved, as 

suggested by the principles of microwave heating. From figure 4.16. and figure 4.17. 

there is preferential deposition in the middle of the preform and an increased 

deposition rate seen in figure 4.3. This indicates there was an increased quantity of 

precursor gas passing through the centre of the composite when compared with 

tests without the quartz bridge. However, this test cannot conclude that an inverse 

temperature profile was present as well, rather it shows that the precursor carrier 

mixture’s trajectory through the sample has a very significant impact on how the 

composites densify and must be carefully controlled in all future work.  
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Figure 4.17. Higher magnification micrographs showing the effect of the quartz bridge on 
another alpha 10 sample, showing densification occurring preferentially in the centre region. 
 

4.1.3. Morphology, composition and crystal structure of SiC deposit 

 Morphology of SiC 

4.1.3.1.1. Effect of temperature and pressure 

Figure 4.18. shows six SEM micrographs of the effect of infiltration temperature on 

the deposition surface morphology at constant pressure, 300 mbar. All imagesx were 

collected from within pore channels along the centre line of the composite in order to 

make direct comparisons between samples. The morphology of the deposit changed 

more the further from the centre line of the composite because of the temperature 

associated change. The surface of the sample infiltrated at 900℃ shows a globular 

surface topography with rounded protrusions measuring between 70-200 nm in 

                                        
x Images shown in Figure 4.18-20 were provided by Dr Andrea D’Angio [242] 



4. Results and Discussion 
 

183 
 

diameter. This is because the low temperatures favour nucleation of the deposit and, 

because growth is slower, the nuclei density is higher. As the temperature increased 

the roughness of the deposit also increased. Samples infiltrated at 950℃ and 1000℃ 

clearly show more densely packed and larger protrusions, which at 1000℃ range 

from 150-350 nm in diameter. Literature reports indicate that higher temperatures 

result in more stable growth of the SiC because of increased surface mobility, which 

produces the rougher morphology [232, 235]. These observations are similar to a 

number of other papers on the CVI and CVD of SiC that looked at deposit 

morphology. However, the temperature used that produced comparable 

morphologies is typically 200℃ higher [241, 244, 254]. This also support the theory 

of the role of the ‘microwave effect’ as the same morphology has been seen at a 

lower deposition temperature, as described in section 4.1.1.3.  

 
Figure 4.18. Six micrographs showing the effect of different temperatures on the surface 
morphology of the SiC deposit. 
 

The effect of pressure can be seen in the SEM micrographs in figure 4.19 . These 

three samples were infiltrated at the same temperature, alpha and gas flow as figure 
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4.18. and only the pressure of infiltration was changed. The SiC deposit produced at 

the lowest pressure had a much smoother surface texture comparable to the higher-

pressure deposits at 500 and 700 mbar, which were much rougher and more 

faceted. These results are consistent the CVD literature. Cheng [249] and Jacobson 

[250] found that at high pressure, the SiC that was deposited had a more angular 

appearance. Similar results were found by Sibieude [251], who went on to show 

using XRD, that smaller crystallite SiC was deposited at lower pressures. Chin [252] 

and Lespiaux [232] explained that the surface topography was related to the 

supersaturation of gases at the surface of the deposit. As the pressure increased, 

this supersaturation decreased, resulting in a more angular, larger and featured 

morphology. The opposite was seen at lower pressure where the surface had a 

higher degree of supersaturation. This supports the research carried out by Chui 

[241], who looked at the effect of the molar ratio of reactants on topography and 

showed that decreasing the alpha ratio increased the surface roughness. This is the 

same as effectively decreasing the degree of supersaturation, as explained previously 

by Lespiaux and Chin [40, 41]. Another example of this is represented by the large 

elongated structures seen in figure 4.20., which show the SiC deposited at 1000°C 

and 700 mbar. This deposition is much more typical of the morphology seen in the 

CVD regime. 
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Figure 4.19. Images of the SiC deposit at different pressures but using the same 
magnification showing a significantly increased surface roughness with increasing pressure. 
 

 
Figure 4.20. SEM micrographs showing the spine-like and large pustule regions of growth 
seen at 1000℃ and 700 mbar.  
 

4.1.3.1.2. Effect of alpha ratio  

The effect of alpha ratio was also examined to see the impact of MTS dilution on the 

deposit structure, see figure 4.21. There is limited literature that describes this effect 

and none that evaluates the effect over the same range as this work. Papasoulitos 

and Sotirchos (1999) report the difference between alpha = 10 and 20 [254] and 

found that the higher dilution of the precursor produced a smaller globular formation. 
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This is seen in both alpha = 10 and 25 in this work with globular structures 

measuring approximately 1.0 µm and 0.1 µm respectively. There does not appear to 

be a significant effect between alpha 5 and 10, but alpha 25 shows a significant 

decrease in the size of the deposit. This spherical morphology is the result of 

heterogeneous nucleation [370]. Alpha 70 does not follow this trend, the morphology 

changes entirely, not forming the globular structure and appearing to show a much 

smoother texture. This is likely to be an effect of the high flow rate of hydrogen, 

which meant that there was no etching effect on the deposit because the partial 

pressure was low [246].  

 
Figure 4.21. SE micrographs showing the variation of the SiC deposit morphology with 
changing alpha ratios. 
 



4. Results and Discussion 
 

187 
 

 Chemical composition of SiC 

4.1.3.2.1. Effect of temperature and pressure 

EDS and WDS measurements 

The effect of temperature and pressure on the composition of the SiC were 

evaluated using a range of techniques. Figure 4.22. shows EDS and wavelength 

WDS. The EDS was fitted with a silicon drift detector that had been optimised for low 

atomic mass quantification. The wavelength dispersive technique used a translucent 

semiconductor grade SiC sample as a reference standard. From the bar charts below, 

the difference in the measured composition is very apparent. The EDS showed the 

Si:C ratio to be close to 1 with some oxygen detected, whereas the WDS showed the 

SiC deposit to be carbon-rich with high quantities of oxygen present. Both of these 

observations, when compared to the literature, are unexpected. Numerous papers 

state that low temperatures, i.e. T<1050℃, causes the co-deposition of Si (Si-SiC) 

and carbon co-deposition (C-SiC) at T>1200℃ [230-232, 237, 240, 254, 350, 371]. 

Drieux et al. (2013) stated that the reason for this is the depletion of the reactive 

silicon species (SiCl2) on the fibre surface in favour of the more stable SiCl4. This 

increases the HCl concentration and inhibits Si-deposition whilst at higher 

temperatures forms of more reactive unsaturated hydrocarbons such as C2H2 could 

be responsible for the formation of C-SiC. 
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Figure 4.22. Bar graphs showing the composition of the SiC deposit at different temperatures 
using EDS (left) and WDS (right). 
 

There are a number of arguments for and against both of these measurement 

techniques. The shorter processing time of the X-rays using EDS facilitates a larger 

data set to be collected and the whole periodic table can be evaluated at the same 

time. Whereas WDS requires multiple spectrometers in order to collect this 

information and it takes much longer. EDS, however, has a much larger energy 

resolution, meaning overlapping of element is common and accurate detection 

difficult. WDS is generally considered more sensitive than EDS as it measures only a 

single wavelength using a much higher count rate and not a spectrum of X-rays. 

Another benefit of using WDS is that it can be calibrated to a known composition; in 

this case, a very high purity SiC semiconductor was used, figure 4.23. However, 

since the semiconductor had no oxygen contamination, the WDS was not calibrated 

for oxygen prior to the measurement and its intensity was instead calculated by 
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difference using WDS software, which could have been a source of error. To 

summarise, both techniques were evaluated a number of times using different 

samples, on different machines but no consistency between measurements was 

produced. This prompted further investigation using other techniques in order to 

verify the composition. The discussion of EDS vs WDS will be returned to after 

presenting these results. 

 
Figure 4.23. Raman spectra for the semiconductor standard showing the presence of both 
longitudinal and transverse optical phonons. 
 

Raman spectroscopy 

Figure 4.24. and figure 4.25. show the Raman spectra of samples infiltrated at 

different temperatures and pressures, respectively. Both sets of samples produced 

similar spectra with a number of key identifying features. The region between 100 

and 500 cm-1 is the result of scattering of acoustic SiC phonons [372]. This occurs for 

a number of reasons; the translational symmetry of the crystal structure is limited 

either because of a high stacking fault or crystal boundary density, both of which are 

associated with small crystallites, <10 nm in size [373]. 
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Table 4.2. Showing the Raman shift for the most common SiC polytypes, adapted from [372, 
374]. Raman shifts in bold indicate the overlapping polytypes the commonly occur in SiC 
making explicit distinction difficult. 

Polytype 

Raman shift / cm-1 

Transverse 
acoustic (TA) 

Transverse 
optic (TO) 

Longitudinal 
acoustic (LA) 

Longitudinal 
optic (LO) 

3C 250-600 796 250-600 972 
2H 264 799, 764 - 968 
4H 196, 204, 266 796, 776 610 838, 964 

6H 
145, 150, 236, 

241, 266 
769, 797, 

789 
504, 514 889, 965 

15R 
167, 173, 255, 

256 
797, 785, 

769 
331, 337, 569, 

577 
860, 932, 938, 

965 
 

In this case, the occurrence of the two broad components, transverse and 

longitudinal phonons in the optical region, point to a fine-grained but heavily faulted 

-SiC structure [375]. More evidence for this will be provided in section 4.1.3.3. In 

cubic SiC only two well-defined peaks should be observed, the transverse optical 

(TO) and longitudinal optical (LO) phonons, at 796 and 972 cm-1 according to table 

4.2. In a faulted -SiC structure, only the TO phonon is observed with a broad base 

indicating a fine grain size. This is consistent with the spectra seen in both figures. 

The additional broad peak region between 830-1050 cm-1 further suggests a loss of 

translation symmetry in the crystal structure and, more importantly, the lack of a 

single well-defined polytype [372]. A shoulder at ~765 cm-1 can also be indicative of 

the presence of a folded TO phonon of the 6H structure or the random distribution of 

stacking faults [372]. This feature does appears to be present in both the samples 

infiltrated at 1000℃ in figure 4.24. and figure 4.25., potentially providing evidence 

for the production of 6H SiC. It should also be noted that there are no observations 

of either D-peak (1350 cm-1) or G-peak (1650 cm-1) carbon structures [376] in the 

spectra, thus providing supporting evidence for the results of the EDS spectra.  
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Figure 4.24. Raman spectra of the SiC deposit produced at different infiltration temperatures 
with a constant pressure of 300 mbar. 
 

The distinct peak seen at 520 cm-1 in the 900℃ at 300 mbar sample is evidence of 

free silicon in the crystal structure, which disappears as temperatures increase, see 

figure 4.24. This is again consistent with the trend observed in the EDS data in figure 

4.22. As for the samples infiltrated at different pressures, the features of the spectra 

are very similar apart from the increasing intensity of the Si peak at 520 cm-1 with 

increasing pressure. This trend is also described in the literature [235, 236, 254] and 

Loumagne et al. [235] reports that it occurs because higher pressures promote the 

formation of unreactive methane, which does not consume the Si-containing species 

resulting in the codeposition of Si in the matrix. 
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Figure 4.25. Raman spectra of the SiC deposit produced at different infiltration pressures. 
 

This has been observed in the present work; figure 4.26. shows the Raman spectra 

corresponding to the micrographs shown in figure 4.27. They indicate the presence 

of free Si in the matrix formed at high pressure, a result also seen by Yang and 

Zhang (2009) [237]. 

 
Figure 4.26. Raman spectra of the free silicon in the SiC deposit produced at high infiltration 
pressures. 
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Figure 4.27. Two micrographs showing the free silicon in between the SiC fibres. 
 

From the evidence presented above the EDS data appears to more closely aligned to 

the data reported using Raman spectroscopy, high-angle aperture dark-field and X-

ray diffraction (presented in figure 4.35-37 and reported in the literature). 

Subsequently, analysis of the composition of the SiC deposit produced using different 

alpha ratios was evaluated using EDS, a table summarising the evidence for this can 

be found in Appendix III. 

 

4.1.3.2.2. Effect of alpha ratio 

Figure 4.28. shows the composition of the SiC deposit using EDS down the centre 

line of the composites infiltrated with different alpha ratios. Little variation in the 

Si:C:O ratio can be seen between samples, which all have an approximate Si:C ratio 

of 1.45. The alpha = 25 sample showed an increased oxygen content suggesting 

oxygen contamination had occurred during processing. The consistency of the data is 

somewhat unexpected. The literature reports that the dilution of the precursor gas 

with hydrogen, i.e. a higher alpha ratio, inhibits carbon deposition thus favouring the 

reduction of the cholorsilane species, which results in Si codeposition [231, 235]. 
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Therefore, it was expected that the higher alpha ratio samples would have a higher 

Si:C ratio but this is not the case. This result strongly indicates that temperature and 

pressure are the primary factors determining the Si:C ratio of the SiC deposit and 

therefore the temperature of infiltration should be 950℃≤T≤1000℃ and the 

pressure kept as low as possible.  

 
Figure 4.28. The Si:C:O ratio in the SiCf/SiC samples infiltrated with different alpha ratios 
with T = 925±15℃ and P = 400±8 mbar. 
 

 Crystal structure of SiC  

4.1.3.3.1. Effect of temperature and pressure 

Figure 4.29. (a) shows a bright-field image of a TEM foil of SiC deposit sandwiched 

between two amorphous ZMI fibres showing the microstructure and crystal 

orientation of the matrix grown at 900℃. A SAED pattern was taken of the area as 

shown in the bottom right-hand corner of (a) showing the position of the aperture. 

The diffraction pattern (b) showed a ultrafine polycrystalline deposit with a high 

degree of stacking faults; a featured particularly prevalent in CVD/CVI processes that 

can affect electron transport and therefore alter EM absorption properties [377]. This 
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pattern was found to fit a face centre cubic (FCC) structure indicating 3C -SiC had 

been formed and then it was indexed using templates built into the TEM software. 

Dark-field images were taken of the brightest diffraction rings closest to the zone 

axis, which were 111 and 002 orientations. These dark-field images were then 

overlaid and assigned a colour to facilitate observation of the grain structures. Figure 

4.29 (c) shows some columnar grains, approximately 1 µm in length, growing 

perpendicular to the fibre surface [378]. These grains appear to form a substrate, 

from which further nucleation occurs. These grains are less columnar and more 

equiaxed in shape, potentially because the substrate they grew on was crystalline; 

the original 111 grains seeded on the amorphous fibres. Figure 4.29 (a) shows a 

‘flower’ like feature in the deposit highlighted in a red circle. Details on this are 

presented later in this section.  
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Figure 4.29. (a) A bright-field image of a SiCf/SiC foil taken at the centre of 900℃ 300 mbar 
sample, (b) selected area electron diffraction pattern of the SiC matrix, (c) two overlaid and 
coloured dark-field images corresponding to the images in (d). 
 

At 950℃, the degree of texture and length scale of the grains in the SiC deposit 

increased due to the increased growth rate. Figure 4.30. (b) shows that the 

crystallinity of the deposit also increased due to the transition from a ring to dot 

pattern. The grain size increased the further from the fibre they nucleated from the 
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fibre surfaces, different grain orientations develop, including 220 and 202. This has 

been reported before in the literature [379, 380] that this is due to different 

intermediates becoming dominant at higher temperatures. There is also an interface 

shown in (a) where the matrix has grown together from two adjacent fibres. This 

explains the broader grains, which have been milled at an angle giving them a larger 

appearance.  

 
Figure 4.30. (a) A bright-field image of a SiCf/SiC foil taken at the centre of 950℃ 300 mbar 
sample, the dashed line shows the fibre merging interface, (b) a selected area electron 
diffraction pattern of the SiC matrix, rotation of the pattern was applied, (c) three overlaid 
and coloured dark-field images corresponding to the images in (d). 
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Figure 4.31. shows that a highly anisotropic crystal structure with a large aspect ratio 

was formed at 1000℃. The initial crystal growth on the fibre surface is seen to be 

small potentially as the fibre is amorphous. Once the initial SiC has been deposited 

larger grains nucleate and grow from the textured surface, again were primarily 

orientated perpendicular to the fibre surface. It is expected that had more dark-field 

images been taken then different orientations would have been observed similar to 

the 950℃ sample.  

 
Figure 4.31. (a) A bright-field image of a SiCf/SiC foil taken at the centre of 1000℃ 300 mbar 
sample, (b) a selected area diffraction pattern of the SiC matrix rotation of the pattern was 
applied, (c) four overlaid and coloured dark-field images corresponding to the images in (d). 
 



4. Results and Discussion 
 

199 
 

Other matrix features 

As mentioned earlier in this section, the ‘flower-like’ feature in figure 4.29. has also 

been reported in the literature previously because of similar, low-temperature 

experiments. Pampuch, Stobierski and Lespiaux [232, 354], Langlais and Naslain 

[363] both report the formation of these features. Lespiaux goes on to suggest that 

it is the result of free silicon formation due to stagnation in the boundary layer. This 

free silicon acts as a secondary substrate for SiC to nucleate on creating radial 

growth around the central Si grain. This theory was tested using HAADF mode to 

observe this pure Si grain, however as seen in figure 4.32, no Si concentration was 

observed and the Si (b) and C (c) appear to be uniform in distribution. Contrast in 

the ‘flower’ is seen due to the different orientations. Figure 4.33. shows a series of 

bright-field images at increasing magnification, and their corresponding diffraction 

patterns, for the different patterns and striations through the grains. These indicate 

the presence of stacking faults in the structure, as seen in the Raman spectra and 

figure 4.29 (b). As there appears to be no concentration of free silicon it is thought 

that it may simply be a SiC grain forming at one of these stagnation points in the 

boundary layer which provides a surface for further deposition, nucleation and 

growth. 
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Figure 4.32. (a) High-resolution bright field image of a supposed ‘Si’ inclusion seen in the 
900℃ 300 mbar sample, (b) corresponding Si map and (c) C map. 
  

 
Figure 4.33. (a) A low magnification bright-field image of the ‘flower’ inclusion near the fibre 
(bottom left corner), (b) magnified image of the feature, (c) a single grain showing high 
contrast indicating different orientations and horizontal striations caused by stacking faults in 
the lattice which were confirmed in the diffraction pattern seen in (d). 
 

Other features observed in the 1000℃ sample are shown in figure 4.34. Feature 1 

shows amorphous bands in the microstructure and on the fibre surface. These were 
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analysed using HAADF and found to be oxygen-rich regions indicating SiO2 

formation, see figure 4.35 and figure 4.36. The oxygen-rich region on the fibre 

surface are likely produced by residual oxygen adhering to the fibre surface prior to 

heating the fibres up or the residual oxygen in the cavity being absorbed onto the 

fibre surface. D’Angio [243] suggests the latter is observed experimentally through 

the temperature drop seen in the initial stages of the MCVI process due to the 

endothermic formation of SiO2 from MTS [381]. Best practise for future work would 

be to store the SiC fibres under vacuum or initially pass a high concentration of H2 

through the system in order to minimise this effect. The second and third amorphous 

layers of SiO2 are seen in the matrix; these are produced in the time between 

infiltrations when the system is shut down to allow the samples to be removed so 

that their masses can be measured. Once this was discovered, samples were stored 

under vacuum and not removed from the cavity whilst hot in order to minimise these 

amorphous layers forming. The wavy shape of the oxidation seen in figure 4.36. is a 

consequence of the angular termination of growth of the SiC crystals. Feature 2 is 

the coming together of matrices growing normal to parallel fibres. Due to the angular 

deposition front where the deposition meets, they do not completely coalesce 

resulting in the formation of nano-porosity measuring ~50 nm in length. At present, 

it is not known if this porosity is open or closed. If it is open then simply increased 

processing time may be sufficient to close these pores. If the latter operating at as 

lower pressure as possible will be able to reduce or eliminate its formation.  
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Figure 4.34. High-resolution BF images of the microstructural features seen in 1000℃ 300 
mbar sample. 1. Amorphous SiO2 banding at the fibre-matrix interface, and 2. Nano-porosity 
formed between converging SiC grains from neighbouring fibres. 
 

 
Figure 4.35. Elemental maps of the amorphous oxide band, most likely SiO2, found at the 
matrix-fibre interface, corresponding to 1(a) in figure 4.34. 
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Figure 4.36. Elemental maps of the amorphous oxide band found in the matrix that was 
produced between infiltrations, corresponding to 1(b) in figure 4.34. 
 

4.1.3.3.1. Effect of alpha ratio 

Figure 4.37. shows five XRD diffractograms for the ZMI fibre and the samples 

infiltrated at different alpha ratios. The traces were produced using the method 

described in section 3.3.3. Both the alpha = 5 and alpha = 10 samples show 

narrower peaks than the alpha = 25 and alpha = 70 samples. This is thought to be 

because of smaller crystallite size rather than an artefact from instrumentation, a 

statement supported by figure 4.21. This is based on the relationship between peak 

width and crystallite size in the Scherrer equation [382]. A diffractogram of the ZMI 

has also been taken showing the 3C -SiC crystallites in a predominantly amorphous 

structure. This demonstrates the difference between the fibre and SiC deposit. A 

number of common phases have been identified as well. All samples tested showed 

the presence of -SiC peaks at 2  = 35.8°, 60.2° and 72.1° corresponding to the 

crystallographic planes: 111, 220, 311, respectively. Both alpha = 5 and 10 also 

showed a single -SiC peak at 2  = 34.8. Some carbon peaks were also detected in 

the alpha = 10, which was unexpected based on previous results but does support 

the WDS analysis mentioned earlier in this chapter, though this could be from the 

fibre. The occurrence of -SiC peaks was unexpected as typically -SiC is formed at 
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much higher temperatures [77] than were used in the MCVI experiments. This 

mixed-phase deposition has been reported in the literature, all of which use 

temperatures >1000℃ [244, 255, 378]. A mechanism for its formation has not been 

proposed due to the time constraints of this project but it could be hypothesised that 

this again could be a result of the microwave effect detailed earlier.  

 

Figure 4.37. XRD diffraction patterns for the samples infiltrated using different alpha ratios. 
 

Further observations were then made on alpha = 5 and 10 using TEM to examine the 

 and -SiC phases. Figure 4.38.(a) shows another milled section of the alpha = 5. 

Similar to previous images, it shows common features of the crystal structure; nano-

porosity, grain growth perpendicular to fibre direction and an increased grain size 

further from the fibre surface. Interestingly there appears to be a degree of 

debonding between the fibre and matrix that has not been seen previously; Figure 

4.38.(b) shows a higher magnification BF image. This delamination is thought to be, 

either, a product of the FIB process or the result of the directionality of the grain 
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growth, the latter because of the residual stress normal to the fibre-matrix interface. 

If true, this indicates, as expected, that an interface will be required to facilitate fibre 

pull out in the CMC. 

 
Figure 4.38. BF images showing delamination of the matrix from the fibre from alpha = 5. 
 

Figure 4.39. shows the various textures seen in the alpha = 10 sample. (a) shows a 

diffraction pattern taken of the dark grain seen in 4.39.(a*) beneath it; it shows an 

HCP pattern and so corresponds to -SiC, as seen in the XRD diffractogram. Figure 

4.39.(b) shows the presence of a heavily faulted -SiC structure and in (b*) a 

significant number of twins can be seen around the dark grain in the centre of the 

image. Figure 4.39.(c) shows a polycrystalline structure at the interface between the 

bulk deposit and the fibre. This is because in the initial stages of SiC deposition, the 

number of nucleation events is high but the growth of grains is small, relative to the 

later stages of processing. 
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Figure 4.39. (a) SAD pattern showing a grain -SiC found in the alpha = 10 sample, (b) a 
crystalline but heavily twinned grain of SiC and (c) the transitional region between the fibre 
and textured region of the SiC as indicated. 
 

Figure 4.40.(a) shows a BF image illustrating the direction of deposit growth from the 

fibres showing specifically how the deposit crystal size changes the greater the 

displacement from the fibre surface. The red circle indicates the step change from a 

nucleation favoured regime to a growth regime. This transition might be the result of 

the substrate the deposit grows on changing from amorphous to crystalline as the 

deposit reaches a critical coverage of the fibres. This nucleation regime may be 

eliminated if a fully crystalline fibre was used. This would mean that the substrate 

would be crystalline from the outset of the deposition, thus the growth regime would 

be favoured earlier in the process, which, in turn, might increase the deposition rate 

further. Similarly to figure 4.29. and figure 4.33., Figure 4.40.(b) shows the presence 

of a ‘flower-like’ growth that is created by the XY cross-section as indicated by (c). 

The reason for the radial growth from a single point is still unknown.  



4. Results and Discussion 
 

207 
 

 
Figure 4.40. (a) Change in the crystal size as the grain growth proceeds from the fibre in 
alpha = 10, (b) higher mag image of the flow-like structures produced by the sectional of 
crystals growing radially from a central point, as illustrated in (c).  
 

4.1.4. Summary 

A suite of characterisation techniques has been used to evaluate the effects of 

temperature, pressure and alpha ratio on the deposition pattern, composition, crystal 

structure and kinetics of the MCVI process. The results of this study have shown 

MCVI produces an inverse temperature profile that is reflected in the progression of 

the deposition of the SiC matrix. The deposit is crystalline and close to stoichiometric 

in regions but processing parameters have a significant impact on both of these 

properties. Perhaps most significantly, MCVI has shown a significant increase in the 

kinetics of the deposition even over a short period of time. Further work is needed to 

establish the extent of this effect by attempting to achieve full densification of these 

composites. 
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4.2. Inverse temperature profile development using MCVI  

4.2.1. Thermal camera observations 

A thermal imaging camera, TIC, (FLIR A656SC, USA), was positioned in an available 

port above the microwave cavity so that it looked down on the SiCf preform 

positioned on top of the quartz tube. The samples were then heated up, with no 

quartz bell jar over them, using the microwave field and the resulting temperature 

profile formed was filmed. Video post-processing software was then used to 

determine if an inverse profile had been created. Various sample geometries were 

tested, see table 4.3. Due to material availability constraints, only seven samples 

were trialled at this stage with a maximum diameter of 55 mm and a maximum of 30 

ply.  

Table 4.3. Sample properties used in the thermal imaging evaluation of ZMI fibres 
Sample no. Diameter/ mm Number of SiC ply 

1 16 10 
2 34 10 
3 55 10 
4 34 20 
5 55 20 
6 34 30 
7 55 30 

 

It was quickly established that the 16 mm diameter was unsuitable for processing in 

the MCVI cavity. It readily formed an annular heating profile at low temperatures, 

which did not evolve despite the application of more power and repositioning of the 

E/H field tuners. The sample was very difficult to heat and the maximum 

temperature achieved was 686℃ after nearly 9 min of processing. Improved heating 

rates were observed using the 34 mm diameter samples, which heated at ~300℃ 

min-1 and reached temperatures as high as 800℃. The heating profiles of two 
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different samples are shown in figure 4.41. Both are 34 mm in diameter, made of 10 

and 20 ply respectively, and their corresponding temperature scales are indicated on 

the right of the images. The figure shows an annular temperature profile was formed 

at 700℃. The figure on the right is a 34 mm sample composed of 30 ply showing a 

side temperature of 700℃ due to the localised heating of the fibre ends from the 

electric field, whereas the top of the sample at the centre of the preform is 

approximately 500℃. This evolved into a number of different shapes but not an 

inverse profile as heating continued up to 800℃, at which point arcing was observed 

and the experiment stopped. No observable difference in the heating rate or the 

shapes of temperature profiles achieved were seen when the number of ply were 

varied but the maximum temperature achieved was improved with more ply. This is 

most likely because the preform was larger in volume and therefore absorbed more 

incident microwaves. 

  
Figure 4.41. Left: An annular temperature profile of 10 ply 34 mm diameter SiC preform 
heated using microwave energy. Right: Non-uniform heating of 34 mm diameter sample 
made with 30 ply showing hot edges. 
 
55 mm discs were then tested with a varying number of layers. Results again 

showed similar observations to the 34 mm samples in that samples during the 
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heating stage had evolving temperature profiles. Compared to the 34 mm samples, 

the 55 mm samples could be heated at a faster rate at an average of 450℃ min-1. 

Figure 4.42 again shows an annular and non-uniform temperature profile at 600℃ 

and ~900℃.  

  
Figure 4.42. Left: An annular temperature profile of 10 ply 55 mm diameter SiC preform 
heated using microwave energy. Right: Non-uniform heating of 55 mm diameter sample 
made with 30 ply showing hot edges. 
 
However, sample five did show inverse temperature profiles for extended periods, 

see figure 4.43 indicated by the red arrow and the graph. The inverse temperature 

profile fluctuated with time but was achieved on a number of occasions and using 

the E/H tuning could be brought back to this profile when the frequency drifted. This 

observation was again independent of the number of plies used. Unfortunately, due 

to the experimental setup, it was not possible to obtain in situ temperature profile, 

observations using the TIC. This was because the quartz bell jar was not transparent 

in the infrared wavelength, which meant that only the bell jar’s temperature could be 

observed. This was a major reason for the use of the alumina foams to insulate the 

preform centre to increase the likelihood of an inverse temperature profile forming in 

the SiCf preforms when they could not be directly observed. A secondary observation 
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was the ability of the 55 mm samples to be heated to higher temperatures when 

compared to the smaller samples. Figure 4.44 shows sample seven at >1000℃, 

exhibiting a non-uniform temperature distribution sitting atop an Al2O3 foam block. 

 
Figure 4.43. The formation of inverse temperature profiles at ~700℃ in a 55 mm 20 ply SiC 
fibre preform using microwave energy and the concordant graph showing temperature 
profile along the intersecting line.  
 

 
Figure 4.44. TIC image showing the SiC preform at 1001℃ after 2 minutes of heating. 
 

4.2.2. Electromagnetic and thermal simulation of MCVI 

The MCVI system was reproduced computationally to provide insight into various 

unexplained phenomena in microwave heating of the SiCf process and verify the 

result of the TIC experiments. Its utilisation informed processing condition selection 
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for further trials by providing information on temperature profiles and coupling 

information that experimentation could not.  

 

 Materials parameters 

Electromagnetic properties 

While an exact computational reproduction of the microwave is important, an 

accurate compilation of materials’ parameters as a function of temperature of the 

constituent materials is essential. Electromagnetic and thermal properties of the SiC 

fibres, Al2O3 foam and quartz glassware were measured or derived from the 

literature from room temperature (RT) to 1200℃. To enhance the validity of the 

data, the morphology of the physical testing was matched as closely as possible to 

the morphology of the materials in the MCVI system. Regression analysis was then 

carried out to interpolate the data so that the software had a database to access 

data at any given temperature for all the materials in the model.  

 

Figure 4.45. show the electromagnetic properties of the SiC fibres; the data were 

gathered using the technique described in section 3.3.7. It can be seen that as the 

temperature increased, the SA3 and ZεI fibres exhibited unreal values of ’ at high 

temperatures (square and triangle markers, respectively). This behaviour is very 

similar to the results seen in section 4.3.4. and there are multiple possible 

explanations for it. The fibres each have different compositions due to the precursor 

they were derived from; for the ZMI a poly(carbozirconosilane) was used which 

produced a SiC fibre with 1 wt.% Zr present. The SA3 fibres were made from 

poly(carboaluminosilane), where the aluminium acts as a sintering aid to increase the 
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density. Lastly, the Hi σicalon S used only polycarbosilane, so didn’t have any 

dopants [100]. This could provide an explanation for the decrease in the dielectric 

permittivity at high temperature, as the metallic elements carry a current and reduce 

the SiC fibre’s dielectric character. This mechanism could also work in conjunction 

with the dielectric breakdown of the fibre at high temperature, enhancing this 

mechanism further. This explains the step-change in behaviour as electrons are 

liberated across the wide bandgap to the conduction band at high temperature. 

Another potential factor is that both the other fibre types are known to have higher 

carbon concentrations than the Hi Nicalon S. The carbon in the ZMI fibre is present 

in its general microstructure due to the SixOxC glassy-matrix in which the SiC grains 

are contained, whilst the SA3 has free carbon on the grain boundaries concentrated 

in its core [379, 383]. The carbon network is highly electrically conductive so at high 

temperature has a high resistance, which explains the high loss factor compared to 

the Hi Nicalon fibre and possibly the change in ’ [352]. Ultimately, any combination 

of the three factors will have affected the ZεI and SA3 fibre’s dielectric properties. 

As with the powders, more work is needed to establish the effects of the dopants 

and carbon content on conductivity as well as the polytypes present in the fibres to 

evaluate the breakdown strength. As the Hi Nicalon S fibre was more predictable at 

higher temperatures, modelling efforts were therefore focused on this fabric which 

behaved better in a microwave field, consistently showing an increasing ’ and ’’ as 

temperature increased.  
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Figure 4.45. Changing dielectric properties of the 3 types of SiC fibres, top: ', bottom: ''; 
note the unusual behaviour of the SA3 and ZMI fibres at temperatures >800℃.  
 
This experimental data collected for the SiC was then fitted to a curve for 

interpolation purposes, figure 4.46. This was done to align the temperature 

increments between the material systems to improve simulation efficiency. The 

increments between data points decreased from 100℃ to 25℃ above 900℃. This 

was to decrease simulation resources between room temperature and 900℃, which 

was not considered a region of interest as not SiC deposition occurs below this 

temperature. Only the Hi Nicalon S was used for simulation as it was the only fibre 

that did not show a negative ’. The Hi Nicalon S data was then interpolated using 

the Levenburg-Marquardt algorithm and extrapolated to 1200℃ using a variety of 

curve fitting models built into the Origin software [384]. The fitting model used and 

R2 value for said fits can be found in the respective figure captions. 
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Figure 4.46. The dielectric permittivity (primary axis) and the loss factor (secondary axis) of 
the Hi Nicalon S fibres after interpolation using Origin. ' was fitted with a logistic model with 
R2 = 0.99, the '' was fitted using a Boltzmann model with R2 = 0.97. 
 
The Al2O3 foam’s electromagnetic properties were extracted from the literature 

[263]. However, due to their low density (TD = 18%), the rule of mixtures formula 

was used to factor in the effect of the gaseous medium inside the porosity on the 

electromagnetic properties. In reality, the gas for the experiments was hydrogen and 

MTS, however, neither was used in the calculation due to lack of data in the 

literature, particularly at elevated temperatures. The maximum reported temperature 

of ’ and ’’ for hydrogen and MTS was 226℃ [385] and 19℃ [386], respectively. 

This was considered insufficient to extrapolate accurately to 1200℃ and no data was 

found for MTS in the literature. Subsequently, dielectric properties for air were used 

which are ’ = 1.006 and ’’ = 0.000 [387].  

 

The ’ of quartz glass is almost constant with increasing temperature, increasing by 

0.01 between room temperature and 1200℃. Quartz also has a negligible ’’, 

meaning that it can be considered microwave transparent; data was taken from 
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[388]. Electromagnetic data for these two materials were plotted in post-processing 

using the Origin software in the same manner as for the SiC fibres. The scales of 

these figures are identical to figure 4.46 to aid comparison of the magnitudes 

between figures. 

 

 
Figure 4.47. Top: The dielectric permittivity for the Al2O3 foam and quartz after interpolation 
using τrigin. ' for the Al2O3 foam was fitted with a two-phase exponential decay function 
with R2 = 0.96 and ’ for the quartz was fitted using a Boltzmann model with R2 = 0.98. 
Bottom: Dielectric loss factor for the Al2O3 foam and quartz after interpolation using Origin. 
'' for the Al2O3 foam with a Logistic model with an R2 = 0.98. ’’ for quartz was fitted using 

an exponential growth model with an R2 = 0.93. 
 

Thermal and physical properties 

Section 3.3.6. described the methods used to collect the thermal properties of the 

SiC fibres. The thermal diffusivity measurements were carried out by Dr. Roger 
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Morell at the National Physical Laboratory, London. The specific heat of the fibres 

was also measured experimentally and the thermal conductivity calculated from 

these measurements. Details for the density of the fibres were taken from the 

supplier’s data sheets and then the density of the preform calculated based on the 

volume fraction of fibres, meaning the SiC preforms were estimated to have a 

density of ~0.48 g cm-3. Figure 4.48 shows the thermal diffusivity of the three SiC 

fibre types up to 700℃. The values, as expected, decrease for all three fibres as the 

temperature increases. The trends seen in the data are consistent with datasheets 

for the materials, in that the SA3 fibre has the highest thermal diffusivity of the three 

and the ZMI the lowest. However, the values are consistently lower for all samples 

compared to the supplier’s datasheets. The coefficient of thermal expansion was 

accounted for in the below graph using equation 3-16. 

 
Figure 4.48. Measured thermal diffusivity values for the three SiC fibres. Note that the units 
used are SI as QWED did not require thermal diffusivity data input for the simulation. 
 

The fibres’ specific heat capacity was also measured, as this data was required 

directly for the software and for the thermal conductivity calculation. Figure 4.49 

shows the specific heat capacity of the SiC fibres with increasing temperatures. 
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Again, as expected, the data plateaus above ~600℃ and becomes noisier. The tests 

were done in flowing argon to prevent oxidation of the fibres and the subsequent 

formation of SiO2 that would have affected the measurement. It is not clear what the 

explanation is for the noise in the data, however, it can be seen to be sufficiently 

small that the interpolation of the data to 1200℃ was unaffected. 

 
Figure 4.49. Measured specific heat capacity data for the three fibres up to 900℃, in the 
units required for the QWED 3D simulation.  
 

The data for these two measurements, diffusivity and specific heat capacity, were 

fitted to curves using the Origin software in order calculate the thermal conductivity 

by aligning measurement points across the temperature range before it was 

extrapolated to 1200℃.  
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Figure 4.50. Thermal conductivity data for the three fibre types with increasing temperature 
calculated from measured values and accounting for thermal expansion. Note that the unit 
on the Y-axis is specific to the QWED 3D requirements and is not an SI notation. 
 
The density of the fibres was 3.1 g cm-3 [100] and was used despite the density of 

the fibre bundle used in the thermal diffusivity measurements being only ~50% of 

the TD. This is because the time-response from the laser pulse in the thermal 

diffusivity measurements was not an artefact of the packing density of the fibres, 

rather the average time response of all the fibres put together was measured. As 

each fibre transmitted the thermal energy at approximately the same rate, it was the 

intrinsic property of the individual fibres that was measured rather than the total 

heat flow. Since only the Hi Nicalon S fibre was used for the simulation, figure 4.51 

shows the specific heat capacity and thermal conductivity data that were used post 

curve fitting. A full table of the properties used in the simulation can be found in 

appendix II. 
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Figure 4.51. Left: Specific heat capacity of the Hi NiC S SiC fibre after post-processing, which 
was fitted with a logistic model with R2= 0.98. Right: the thermal conductivity of the SiC 
fibre after processing fitted to a logistic curve with R2= 0.99. Note that the units are specific 
to the QWED 3D software.  
 
The thermal and physical properties for the Al2O3 foams and quartz were again 

extracted from the literature. The density for the foams came from the supplier's 

datasheet, whilst it was taken from [10] for the quartz; the values were 0.71 g cm-3 

and 2.2 g cm-3 respectively. The thermal property data for the two materials is 

shown in figure 4.52 after the data had been fitted to a curve for the simulation. The 

specific heat capacity of the foams and quartz was slightly higher at high 

temperature when compared to the SiC fibre by ~0.25 J g℃-1.  

 

The thermal conductivity was then calculated for both materials. The foam’s thermal 

conductivity decreased with temperature from 0.39 W cm℃-1 to 0.09 W cm℃-1 

between RT-1200℃, whilst the quartz remained relatively constant at a mean value 

of 0.02 W cm℃-1. Like the SiC fibres, the thermal conductivity of the foams was 

calculated using the TD of Al2O3, 3.91 g cm-3. This is instead of the foam’s relative 

density, which is 0.71 g cm-3 because thermal conductivity is an intrinsic material 

property that is irrespective of morphology. Subsequently, the Al2O3 foam’s thermal 
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conductivity was higher than the SiC fibre up to 500℃. This value for density was 

used because the model had a separate input for the density that was specific to the 

morphology of the materials used, as shown in table 3.4.  

 

Figure 4.52. Left: Specific heat capacity of the Al2O3 foam and quartz after post-processing. 
These were fitted with a Lorentz fit with R2 = 0.99 and a logistic model with R2= 0.99, 
respectively. Right: the thermal conductivity of the Al2O3 foam and quartz after processing, 
fitted to a first-order exponential decay with R2= 0.97 and a Lorentz fit with R2 = 0.99. The 
graphs are plotted on the same Y-axis scale as figure 4.50 for comparative purposes. 
 

 Reflection coefficient 

Simulations of the reflection coefficient (S11) of the SiC fibre preform in the 

microwave chamber were made using the QWED 3D software. The simulations ran 

for approximately 30 min until they reached a steady-state for the various 

geometries tested. This required the microwave cavity, wave-guide position and 

sample position to be accurately reproduced in 3D in the software. Data for the ' 

and '' was required to solve the electromagnetic part of the problem and calculate 

the coefficient of reflection. This calculation was independent of MW power and was 

initially carried out at room temperature before being simulated at 300, 600, 900 and 

1200℃ to observe the effect of the changing dielectric properties of the SiCf at 

elevated temperatures, as according to figure 4.46. 
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Figure 4.53. Nine graphs showing the effect of SiC fibre preform dimensions on the reflection 
coefficient inside the cavity and the number of induced resonances at room temperature. 
 

Figure 4.53. shows the effect of altering the diameter and thickness of the SiC fibre 

preform on the reflection coefficient. The data showed that samples that were 55 x 

8 mm thick had the highest reflection coefficient with a mean of 0.51, whilst the 

largest samples, which measured 165 x 24 mm thick, had the lowest reflection 

coefficient with a mean value of 0.23; i.e. they had the highest absorption [389]. 

This behaviour is typical of a non-resonant cavity where the electric field distribution 

and reflections are governed by the permittivity and geometry of the material. 
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Unfortunately, the dimensions of the samples used for the MCVI experimental section 

4.1 of the project were chosen to be 55 x 8 mm based on the results from section 

4.2.1. This was due to the high cost of SiC fibre fabric. A single preform made out of 

Hi Nicalon S fabric measuring 55 x 8 mm in diameter cost £204, whilst a sample 

measuring 165 x 24 mm cost £5520. The latter was simply unaffordable given that 

multiple parameters needed to be investigated. The result of this decision was that 

samples had a high reflection coefficient and a larger number of resonances. This 

meant that samples were harder to heat reproducibly in the microwave cavity as the 

likelihood of the sample reflecting the microwaves rather than absorbing them was 

greatly increased. Furthermore, the 55 x 8 mm samples were more susceptible to 

the occurrence of magnetron frequency drift affecting the absorption, a phenomenon 

described in section 2.6.4.1. As an example calculation, a drift of ~0.0032 GHz will 

change the S11 value from an absorbing condition of 0.04 at 2.4346 GHz to a 

reflecting condition of 0.73 at 2.4378 GHz. This amount of drift was frequently 

observed with the MCVI microwave generator and was not helped by the changing 

dielectric properties of the fibres. It is believed this drift was too severe a change for 

the auto-tuning feature in the Labotron software to correct automatically which is 

why manual tuning by the operator was favoured in most cases. It also explains the 

inconsistency in the ability of the 55 x 8 mm samples to heat to operating 

temperature, as described in section 4.2.1. 

 

Figure 4.54. shows how the frequency characteristics of the reflection coefficient 

change with increasing temperature. It clearly shows that the reflections of the 

system are strongly influenced by the temperature of the preform. The general trend 
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is that the preform becomes more absorbing at a higher temperature, see figure 

4.55; however, the number of deep resonances remains relatively constant. This 

improvement is non-linear as some frequencies actually make the absorption of 

microwave worse at higher temperatures. This is consistent with what was observed 

experimentally and explains why the heating rate was highly variable, ranging from 

50 – 700℃ min-1. There was no method by which the operator could exercise control 

directly to combat this effect, at best, the operator could guide the frequency by 

using the E/H tuning wands to keep the reflected power at a minimum and then 

adapting to significant changes as they occurred if the auto-tuner was ineffective.  
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Figure 4.54. Two graphs showing the effect of temperature on the S11 parameter for the 
55x8 mm samples. Note the extended x-axis. 
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Figure 4.55. Bar graph representing the change in the value of S11 parameter between RT 
and 1200℃, showing across all frequencies a 23% decrease in the mean value of the 
reflection coefficient.  
 

 Thermal simulation of microwave heating 

A number of frequencies, both resonant and non-resonant, were selected to evaluate 

the differences in heating rates within the 55 x 8 mm Hi Nicalon S samples; the rest 

of the apparatus in the cavity, the alumina foams and the quartz glassware were also 

modelled to produce a representative view of the MCVI scenario. The data for the 

three material properties’ can be found in appendix II. All simulations were carried 

out by Prof. Vadim Yakovlev using the computer cluster detailed in section 3.4.1. 

Table 4.4. shows which frequencies were later selected for further testing and the 

justifications behind their selection. 
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Table 4.4. Showing the ten frequencies selected from figure 4.54. that were used to 
compare four key scenarios in terms of how the respective heating rates changed with 
temperature. 

Scenario Frequency / GHz Heating rate / ℃ min-1 

Increasing S11 
(Decreasing coupling) 

I – 2.4163* 371.1 

II – 2.4428 323.4 

III – 2.4296 291.3 

Decreasing S11 
(Increasing coupling) 

IV – 2.4185 229.1 

V – 2.4680 230.3 

VI – 2.4901* 304.0 

Near constant low S11 
(High coupling) 

VII – 2.4189* 511.5 
VIII – 2.4238 334.7 

Near constant high S11 
(Low coupling) 

IX – 2.4632* 48.9 
X – 2.4480 140.9 

* = indicates the frequencies selected for extended testing and temperature profile 
visualisation. 

 

Simulations of the heating rate used a time step of 0.5 s to solve the coupled 

electromagnetic-thermal problem. This time step was found to be sufficient to 

capture the change in temperature of the system accurately but still be practical in 

terms of processing time and computational resources of the simulation. Each 

heating curve took ~16 h to compute the 120 s of heating as the model contained 

more than 2.2 million cells. Figure 4.56. shows the heating curves of the Hi Nicalon S 

fabric at ten different frequencies, showing the maximum cell temperature observed 

in model using an input power of 1.10 kWxi. A comparison of the heating rates 

observed experimentally using the thermal imaging camera and the microwave 2CP 

data concluded that the model yielded a good representation of the MCVI cavity, see 

section 4.2.1.  

                                        
xi This input power was typical of the power required to heat samples up to the desired infiltration 
temperature. 
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Figure 4.56. Graph showing the ten frequencies selected and how the temperature of the 
SiCf preform changed with time. 
 

A frequency with a consistently low S11 parameter yielded the fastest heating rate, as 

demonstrated by curve VII which displayed a heating rate of 511.5℃ min-1, reaching 

>1000℃ in less than 120 s. Meanwhile, curves I and VI showed similar heating rates 

despite them having opposing S11 characteristics with temperature. Curve IX showed 

a very low heating rate as the reflection coefficient was consistently high which 

meant the sample didn’t reach even 200℃ after 120 s. The variability in the heating 

rates at different frequencies is consistent with what was observed during tests. As 

previously mentioned the E/H impedance tuners on the MCVI could manipulate the 

reflection coefficient, but with no specific feedback to the operator on the magnetron 

output frequency the user has to rely on the instantaneous power reflection to lower 

the S11 parameter; this is not the best information with which to do this. 

Furthermore, given the magnetron output frequency drifts, maintaining good 
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coupling consistently was very difficult. Nevertheless, heating curves I, VI, VII and IX 

were selected for further testing. The simulations that were selected based on the 

gradients of the curves that after two minutes were most likely out of each of the 

four scenarios in table 4.4 to reach 1200℃ when the heating time was increased.  

 
Figure 4.57. A graph showing the four frequencies selected as representative of the four 
scenarios showing how the temperature of the SiCf preform changed with time. 
 

Figure 4.57. shows the heating curves I, VI, VII AND X, which were selected for 

further simulation. Simulations were carried out for a total heating time of 400 s or 

up to 1200℃ before being terminated, whichever came first. Simulation VII reached 

1200℃ after 136 s confirming a consistently low S11 value with increasing 

temperature provided the fastest heating rate. Curves I and VI had an increasing S11 

and decreasing S11 with temperature also reached 1200℃ after 201 s and 228 s, 

respectively. Curve IX, which had a consistently high S11 value as temperature 

increased reached a maximum temperature of 304 ℃ after 400 s of heating. These 

results are again consistent with experimental observations; when reflections are low 

the heating rate is high and vice versa. This is because the low S11 value means the 
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SiC fibre is absorbing the majority of the incident microwaves and converting the 

electromagnetic energy to thermal energy.  

Visualisations were created of the samples at 925℃ to compare temperature profiles 

of the Al2O3 foam-SiCf-Al2O3 foam sandwich in the XY and XZ cross-sections. Figure 

4.58. shows the changing relative temperature profiles for I, VI, VII and IX over  

180 s.  

 
Figure 4.58. Visualisations of the temperature profile during heating at two different 
frequencies, I = 2.4163 GHz and VI = 2.4901 GHz over 180 s showing how the temperature 
profile changes with time, temperature and frequency. 
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Figure 4.58. (Continued) Visualisation of curves VII and IX, 2.4189 GHz and 2.4632 GHz, 
respectively. 
 
Figure 4.58. shows visualisations of the temperature distribution of curve I, VI, VII 

and IX. Curve I shows a relatively uniform temperature profile in both the XY and XZ 

planes when the coupling with the preform was decreasing with increasing 

temperature at 2.4162 GHz. This begins from approximately 30 s into the heating of 

the preform and does not change significantly up to 180 s in either plane. For curve 

VI at 2.4901 GHz, where increasing coupling is seen with increasing temperature, a 

lateral gradient forms across XY plane when heated for 180 s. This starts to 

homogenise after 150 s in both planes with a slight hot spot in the center of the 
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preform measuring ~900℃. Curve VII, which has a near-constant low S11 parameter, 

also has a uniform temperature profile at high temperature in the XY plane, but due 

to it having the highest heating rate this forms after 90 s. In the XZ plane, however, 

there is a distinct hot spot formed on the right hand side of the preform after 120 s 

of heating. For IX, which has the lowest heating rate the preform and alumina foam 

show a very uniform temperature profile in the XY and XZ orientations after 180 s, 

with a maximum temperature of 160℃. This shows slow heating rates produce a 

more uniform temperature distribution than the faster ones; in the latter (VII), when 

Tmax ~1,200℃ the Tmin is only ~900℃. 

 

Analysis of these patterns suggests that the evolution of their temperature profiles 

may be a combinations of two trends: amplification of the electromagnetic field 

magnitude in the hot stops and the spreading of the peaks of the temperature 

distributions due to high thermal conductivity of the SiCf, relative to the Al2O3 foam. 

This thermal uniformity was commonly observed in the densification profiles and 

deposit thickness in section 4.1. despite the fibre type being different. This indicates 

the foam is having a significant impact on the temperature distribution as it is 

insulating the SiCf, which was to be expected, and is helping to dissipate any hot 

spots formed due to its low thermal conductivity. This behavior is favourable as if 

there are increases in the thermal conductivity of the insulating material this can 

decrease the penetration of the EM waves and reduce the highly desirable 

‘microwave effect’ [390]. 
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4.2.3. Summary 

An inverse temperature profile was observed in the SiCf preforms measuring 55 mm 

in diameter using a TIC but it was not consistently formed and varied vastly with 

temperature. Verification work, in the form of a FTDT model, was therefore carried 

out to provide insight and explain this observation that experimentation could not 

and suggest better means of control over the equipment. The model used a mixture 

of empirical and literature data to construct a simulation that showed how the EM 

absorption and subsequent temperature profile changed with frequency. This showed 

good alignment with the TIC observations and will provide valuable insight for future 

work.  

 

The model developed did not consider any chemical reactions occurring in the 

preform or changes in density due to the deposition of the SiC matrix that would 

have certainly affected the thermal and dielectric properties. It also did not consider 

the flow of gas into the preform, which had a cooling effect on the fibres. Rotation of 

the preform in the cavity was also not modelled due to the additional computational 

resources that would have been required, although this was within the capabilities of 

QWED 3D. These results provide new information to modify the experimental setup 

and verifies the TIC results that would otherwise not have been possible. These 

results mean that future work must use larger diameter preforms in the cavity to 

improve the microwave absorption and use the foam to modify the temperature 

profile favourably. This will also improve the heating and help understand how the 

temperature profile changes relative to the magnetron output frequency. This will be 

discussed in more detail in the future work section.  



4. Results and Discussion 
 

234 
 

4.3. Impregnation of SiC fibre with SiC slurry 

This chapter reports the work investigating the impregnation of a SiC slurry into the 

SiCf prior to infiltration step. From preliminary testing, three powders were selected 

based primarily on the ability to be applied onto the fabric. For the remainder of this 

thesis these will be the only powders referred to using this nomenclature: 

Table 4.5. Nomenclature of the three powders used and the respective solids content of the 
slurries they were used to create. 

 Manufacturer 20.0 vol.% 22.5 vol.% 25.0 vol.% 

StarCeram®UF-25 H.C. Starck UF-25-20 UF-25-225 UF-25-25 

StarCeram®UF-05 H.C. Starck UF-05-20 UF-05-225 UF-05-25 

SuperVac SiC Testbourne SV-20 SV-225 SV-25 

 

A slurry made out of powdered fibre was considered to reduce the number of 

materials used, but due to costs, lead times and the value associated with SiCf. As 

such, this was not investigated, though the option of creating a powder with the 

same composition as the fibres through PIP remains an option. 

 

4.3.1. Particle size distribution analysis 

Particle size distribution measurements were carried out on the three powders 

outlined in table 4.5. Results showed that all three powders were within one 

deviation of the technical data sheet provided by the manufacture. 
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Figure 4.59. The particle size distribution of the three SiC powders and their respective 
D50 values are indicated by the dashed lines. 
 

Table 4.6. Details of the commercially available SiC used in the project from the 
manufacturer’s technical datasheets. 

 UF-25 UF-05 SuperVac 
Polymorph Alpha Alpha Alpha 

Particle size / µm 0.3-0.4 1-2 3-4 

Specific surface area / m2 g-1 23-26 4-6 - 

Green density / kg m-3 1.6 1.8 - 

 

The UF-05 and Supervac powders had D50 values 1.71 µm and 3.0 µm respectively, 

with both showing a significant spread of particles smaller than the D50, see figure 

4.59. This is likely to be a combination of SiC and Al2O3 from the milling media. This 

is due to the disparity between the hardness of the SiC and Al2O3 that will have 

caused some alumina to be removed from the milling media surface and 

incorporated into the measurement. A small amount of slurry was analysed using an 

EDS map which showed no significant aluminium or oxygen content, this, however, 

could have been avoided had a SiC or an even harder milling media been used. The 
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UF-25 shows the largest deviation from the stated D50, at 0.6 µm, similarly to the 

other two powders this could have been an effect of the milling media shifting the 

curve to the right. There is also the presence of larger particles between the 3-10 µm 

ranges, which could be an agglomeration of the powder as it is so fine. As a 

precaution to prevent this, the powder was typically milled with more energy and for 

a longer time in an attempt to break up the larger agglomerates, which can be seen 

in figure 4.60. However, this was always a traded-off with the quantity of Al2O3 

incorporation. 

  
Figure 4.60. SEM images show agglomeration of powders on the right and ~1 µm sized 
powders on the right.  
 

4.3.2. Room temperature slurry viscosity measurements 

A number of trends were observed during rheological testing related to the particle 

size, the solids content and shear rate. All three powders at all three solids content 

showed shear thinning behaviour, typically Hershel-Buckley, as the shear rate 

increased to 500 s-1, which indicates that the concentrations of surfactant in the 

slurries was correct and there was a low level of agglomeration. The decrease in 
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viscosity as the shear rate increased was probably due to particle orientation effects. 

This model of behaviour is desirable for the calendaring and vacuum bagging 

processes as both apply shearing forces which will decrease the slurry’s viscosity. 

This meant that the penetration of the slurry into the fibre tows was improved and 

resulted in the slurry flowing readily and predictably when pressure was applied 

during vacuum bagging causing the SiC particles to distribute evenly. This was an 

essential quality for the MCVI process to prevent pore closure and hot spot 

formation. As expected, increases in the solids content resulted in increased 

viscosity, most noticeably in UF-25-25. This is because of the large specific surface 

area of the particles meant the powder had higher surface energy, therefore there 

were are increased particle-particle interactions, which increased the viscosity. The 

opposite trend is also observed as the particle size increases for the same reason.  
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Figure 4.61. Three graphs showing the change in viscosity as a function of shear rate, with 
changing solids loading of the slurry and increasing particle size, from left to right UF-25, UF-
05 and SuperVac. 
 

4.3.3. The relative density of impregnated preforms 

The relative density is important as it determines the porosity of the preform, which 

is directly proportional to the time required to fill the voids with SiC using CVI. From 

figure 4.62. it can be seen, as expected, that the addition of SiC slurry to a SiC fibre 

preform increases the relative density. A non-impregnated preform was typically 

15% dense. Across the range of solids content and particle, size there was an 

approximately 20% increase in relative density to 35%. However, there appears to 

have been no significant effect of particle size and solids content on the impregnated 

slurry. This is likely due to the low reproducibility of the process at lab scale, as 

although a number of controls were put in place and standardised methods 
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employed neither were effective enough to indicate any differences in the relative 

densities of the resulting preforms.  

 

The preforms all seemed to gain the same relative percentage of slurry as seen by 

figure 4.63, which shows the volume fraction of powder in the dried SiCf/SiCp 

composite. There appeared to be more discrete trends developing at the higher 

solids content as the range of the mean values increased. Most noticeably, the UF-25 

slurries appeared to follow a decreasing trend, likely caused by the increasing 

thickness of the samples. This increased mass of the sample was negated by the 

increased thickness, indicating the sample thickness had a greater effect on the 

relative density than mass, which is confirmed by figure 4.64.   

 
Figure 4.62. The relative density of SiCf/SiCp preforms impregnated with different solids 
content slurries and different particle sizes. 
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Figure 4.63. The volume fraction as a percentage of slurry added to the SiCf/SiCp preforms 
impregnated with different solids content slurries and different particle sizes. 
 

 
Figure 4.64. The increase in thickness as a function of the mean mass gain of the preforms 
when impregnated with different powders and solids content. From left to right in terms of 
data points (20, 22.5, 25 vol.%). 
 

This thickness change has been observed using SEM, which shows the smaller 

particle size, with high solids content formed a thick ceramic layers in-between the 

SiC fabric ply. This is due to the high viscosity and fast drying rate of the UF-25-25 

slurry, which meant that it did not flow readily through the preform in the vacuum 

bagging process. This translates to a thicker overall composite with a lower 

subsequent relative density. The two images below depict a sample impregnated 

with UF-25-25 and SV-25.  
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Figure 4.65. (a) An SEM cross-section of UF-25-25 preform, showing the fibres crossing the 
image horizontally and the large crack SiC powder matrix, (b) the thinner and more porous 
cross-section of the SV-25 preform.  
 

4.3.4. Dielectric properties of SiC powder 

The dielectric data for the three powders are shown in figure 4.66. The UF-25 

powder behaved quite differently to the other two; it is not known whether this was 

due to the smaller particle size or slight differences in impurities. The UF-25 exhibited 

very promising dielectric properties, the values smoothly increased as a function of 

the temperature for both ’ and ’’. This is a desirable trait for use in microwave 

processing, despite the low loss factor, as it means the properties are predictable; a 

quality that is very valuable when working with a semiconductor material at high 

temperature in a dynamic system.   
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Figure 4.66. The changing dielectric permittivity (real part) of the three powders with 
increasing temperature upon heating (red) and cooling (blue). 
 
All powders show an increasing ’ and ’’ up to approximately 600°C. In the case of 

the UF-05 and SuperVac powder from around 740-800°C both these powders’ 

dielectric permittivity start to decrease and by 900°C they exhibit negative values of 

’. This is non-physical measurement as ’ cannot be less than one, which means 

that the relative dielectric permittivity is now also negative according to equation 2-8. 

This suggests that the dominant heat mechanism is no longer a dielectric mechanism 

but was more ohmic-like. This is likely to have occurred due to a change in the 

electrical conductivity of the powder so that it behaved more like a metallic material, 

which at high-temperature becoming a resistor [352]. This is supported by the 

observations in the test as electrical discharge from the material was seen.. This 

behaviour is thought to have occurred for two reasons. The first is that common 

impurities in the powder such as carbon, silicon, aluminium, or boron [391], all could 
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have formed compounds that are very electrically conductive making them resistors 

at high-temperature [352]. The other explanation is because SiC is a wide-band gap 

semiconductor, which becomes conductive at high temperature and acts more like 

conventional conductor where resistance increases with temperature. This happens 

due to thermal excitation of electrons causing them to move across the large band 

gap (~3 eV) from the valence into the conduction band permitting electron 

movement [392, 393]. This breakdown temperature is highly dependent on the SiC 

polymorph and polytype, but a generic value reported in literature was ~700℃ 

[394]. This would mean the SiC would lose its dielectric character at the 

temperatures experienced. The SuperVac powder showed this effect to a lesser 

extent when compared to the UF-05 powder, with ’ becoming a positive value at 

around 900℃. Conversely, the UF-05 powder does not show this return to dielectric 

behaviour until 140℃. This result could indicate that the UF-05 has more impurities 

than the SuperVac and that impurities in the powder have a very strong interaction 

with the electric component of the microwave field. Interestingly the UF-25 does not 

demonstrate this behaviour up to 1142℃, instead its ’ increases steadily up to the 

maximum temperature and shows only a small amount of hysteresis when cooled. 

This suggests that the UF-25 powder is composed of a different polytype that has 

higher dielectric breakdown strength. However, more work is needed to determine 

the polytypes present in the powders to help explain their high-temperature 

conductive behaviour. 
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Figure 4.67. The changing loss component of the dielectric permittivity (imaginary part) of 
the three powders with increasing temperature upon heating (red) and cooling (blue). 
 

From figure 4.67. it can be seen that the loss factor of UF-05 and SuperVac above 

750°C become significantly larger. The ’’ of the UF-05 powder peaked at a value of 

62 at 850°C, before decreasing rapidly to 23 when heated further to 1100°C. Similar 

The SuperVac powder exhibited similar behaviour its peak was comparable in 

magnitude it occurred at a higher temperature ~1050°C and displayed a smaller 

decrease at the maximum temperature. Again, both these powders demonstrated 

hysteresis with the SuperVac powder measuring at least double the value of ’’ 

during heating at all temperatures and whilst cooling. The UF-05 also displayed 

unexpected behaviour as its loss factor increased with decreasing temperature; this 

is most likely due to the semiconductor properties of SiC. This behaviour could be 

indicative of a thermal runaway process occurring during the test as the input power 

was being decreased [259]. These results could have a negative impact on the ability 
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loss factor of the UF-05 and SuperVac will aid the heating of a composite but 

potentially only whilst they display dielectric behaviour. Conversely, the UF-25 

powder displayed a low loss factor at all temperatures but increased slowly to 9.9 at 

1142℃. This can be considered as both a positive and negative outcome; the 

powder doesn’t heat very well in a microwave field but it does behave like a 

predictable dielectric material at all temperatures and did not display semiconductor-

like properties at any temperatures.  

 

4.3.5. Contact angle measurements 

Contact angle measurements were made to establish how the slurries wetted SiC. 

Wetting refers to the ability of a liquid to maintain contact with a solid when in 

contact and held together by intermolecular interactions, the degree of which is 

characterised by cohesive and adhesive forces [395]. It should be noted at this point 

that all samples loaded with 20 vol.% slurries and the SuperVac impregnated sample 

were not taken forward for further testing due to their very low strength, which 

made them unsuitable. 

 
Figure 4.68. A schematic representation of the sessile drop test of the SiC slurry droplet on a 
SiC substrate where Sδ, δG and SG are solid-liquid, liquid-gas and solid-gas respectively. 
Figure adapted from [396]. 
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Collection of the data was very user subjective, which led to the errors seen in figure 

4.70. being large making it difficult to draw definitive conclusions. In an attempt to 

combat this, 60 samples were tested using a macro lens camera to increase the 

confidence and accuracy of the measurement. Tests were carried out on the same 

day to reduce the effect of variation in ambient temperature and humidity having an 

effect. The measurements were then made using ImageJ using the angle-measuring 

tool, where the substrate basal plane and angle of the drop drawn were done 

manually, see figure 4.69.  

 
Figure 4.69. A photo showing the ImageJ angle-measuring tool used to measure the wetting 
of the droplet on the substrate. 
 

From figure 4.70. it can be seen that all slurries wetted the SiC substrate as the 

contact angle measured was <90º. The slurries UF-25-225 and UF-25-25 had the 

highest contact angles respectively, with UF-25-25 being statistically different from 

the UF-25-225, whilst the UF-05 slurries had a noticeably lower contact angle. 

Similarly, as expected, lower viscosity slurries had a lower contact angle. This is 

because the surface energy is greater than the surface tension of the liquid, so 

wetting occurred. The higher viscosity slurries though still wetting had higher contact 

angles since the liquid was trying to minimise its contact with the surface and form a 

‘bead’, see figure 4.72. 
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Figure 4.70. Change in contact angle of SiC slurry droplet as a function of time. 
 

 
Figure 4.71. Difference between the least wetting and most wetting slurries respectively at 
T0. 
 

A time-variant was added to observe if any effect was seen as the slurry dried in 

ambient conditions on the substrate. A decreasing angle was measured, as seen in 

Figure 4.72., in addition, the total decrease observed can be seen in   

figure 4.73. In terms of the calendaring process to impregnate the SiC fabric with the 

slurry, wetting must occur for the slurry to distribute the SiC particles uniformly. This 

significantly affects the resulting green density post-impregnation, and, potentially, 

the CVI process through the generation of hot spots from uneven distribution. This 

makes the lower wetting angle slurries more favourable. It can also be seen that the 

higher solids content slurries dried more quickly due to the lower initial water 
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content. A four-minute period was used because that was the approximate time to 

impregnate, cut the fabric, layup and apply the vacuum to the SiCf/SiCp green body. 

This indicates that during the impregnation of the SiC fabric the wetting character of 

the SiC slurry changed significantly. 

 

Figure 4.72. The total decrease in contact angle over a four-minute period of the four 
different slurries. 
 

  
Figure 4.73. Series of photographs showing the change in drop shape as time increased. 
 

4.3.6. Porosity network analysis of impregnated composite 

Preliminary analysis was carried out on the CT data using the Avizo software. Results 

showed that the porosity was interconnected across all three dimensions within the 

SiCf/SiCp composites, which meant the software was unable to quantify the porosity. 

The software was able to detect a very small volume of closed porosity, see figure 

4.74. 
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Figure 4.74. Images from Avizo showing the identification of small closed porosity in the 
green SiCf/SiC composite. 
 

It was determined that the software was unable to distinguish the edge of the 

impregnated preform and thus not quantify the internal porosity because it could not 

define a boundary condition at the edge. This meant that the pore network was 

connected via pores as small as 0.025 mm2, the resolution of the micro-CT images, 

making it very porous even with the addition of the powder. These preliminary 

results meant a modified approach was required to evaluate the porosity in the green 

preform. To do this a MATLAB script was developed that was able to quantify pores 

for entire CT image stacks in 2D, similar to what Avizo was capable of for a single 

image. Results from the analysis using the script provided information on a slice-by-

slice basis so the information produced was an area rather than a volume.   

  

Figure 4.75 shows the effect of impregnating the SiC fibre preform with SiC slurry on 

the mean pore area. As expected, the addition of the slurry decreased the mean 

cross-sectional area of porosity by ~50%, which can be seen by the difference in the 

mean area of the non-impregnated sample (0.156 mm2), compared to the other four 

samples, which were all <0.09 mm2. The magnitude of the error bars of three of the 

four of the samples was comparable, but the UF-25-25 sample had a significantly 

larger standard deviation. This was found to be because of internal delamination 

inside one of the samples, see figure 4.76, which at its largest measured 6.32 mm2. 
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No significant trend is seen with changing the particle size or solids content of the 

slurry.  

  
Figure 4.75. A bar graph showing the mean pore area inside the SiCf/SiC. 

 

 
Figure 4.76. Image produced by the MATLAB script highlighting the internal delamination 
(orange) in UF-25-25 thus skewing the error bar. 
 
The script also measured the maximum pore area, which is a very important 

parameter as it is the rate-limiting step in terms of the densification of the SiCf/SiC 

composites in any form of the CVI process.  

Figure 4.77 shows the maximum pore area in mm2, it should be noted that data from 

the sample shown in figure 4.76 has not been excluded from this graph hence the 

large error bar on the UF-25-25 sample. The data shows three distinct results: 

(i) The non-impregnated sample had a much larger mean maximum area in terms 

of porosity when compared to impregnated samples;  

(ii) The solids content of 25 vol.% reduced the maximum pore size more than the 

22.5 vol.% slurries; 

0.00

0.05

0.10

0.15

0.20

UF-25-225 UF-25-25 UF-05-225 UF-05-25 Non imp.

Po
re

 a
re

a 
/ 

m
m

2



4. Results and Discussion 
 

251 
 

(iii) The UF-05 powder decreases the maximum pore size more when compared to 

equivalent solids contents of slurries, indicating that a particle a size of D50 = 1.71 

µm was better than the smaller particle size UF-25 powder.  

 
Figure 4.77. The mean maximum pore area measured using the MATLAB script based on 
micro-CT data. 
 

In principle, the largest pores will be the last to be filled by the SiC deposit as all 

other porosity, if not closed prior to starting the MCVI, will be filled by this point. 

However, this is dependent on two factors;  

(i) The location of the largest pore since the temperature gradients associated with 

MCVI the deposition rate of SiC varies accordingly. This means that if the large pore 

is a colder area it will be filled slower and therefore it will have a greater effect on 

the final density.  

(ii) The ability of the pore network to supply the reactant gases into the pore to fill 

the pore. If the pore has a high volume of gas input, it will be filled readily and close 

at a similar rate to smaller, less well-supplied pores. An investigation into the 

behaviour of these factors was not undertaken due to time constraints.  

Another parameter that was considered important was the aspect ratio of the 

porosity, as this would affect the flow of fluid in the pores and subsequent deposition 
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of the SiC. Figure 4.78 shows the width vs the height of the pores between the 

various samples measured. There is a clear relationship between solids content and 

particle size, and therefore viscosity, that the lower the viscosity, the larger the 

aspect ratio of the pores. This is likely because the slurries with lower viscosities flow 

and spread over the fabric tows more readily. Whereas the more viscous slurries, 

with a higher solids content or smaller particle size, were sufficiently viscous and not 

displaced uniformly over the plies to the same extent during the vacuum bagging 

process, and form high powder concentration regions that form more equiaxed 

pores. 

 

Aspect ratio 4.06 38.68 153.03 120.65 200.12 

Figure 4.78. A bar graph showing the ratio of width to height in the impregnated samples 
with a table below corresponding to the aspect ratio. 
 

The standard deviation of the pore size was also calculated by the MATLAB script. In 

order to produce a metric for the uniformity of the pore size distribution the 

coefficient of variation was calculated. This allowed direct comparison of the pore 

distribution between samples as it was a dimensionless parameter irrespective of the 

number of images in the dataset, which varied by up to 300. The coefficient of 

variation was calculated according to equation 4-7. 
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Equation 4-7      =  ��� . 
Cv = Coefficient of variation 

D = Standard deviation / µm2 

µav. = Mean / µm2 

Figure 4.79. illustrates this analysis by showing that the higher solids content sample 

produced a less variable pore size when compared to the lower solids content 

slurries, and particularly when comparing impregnated samples to the non-

impregnated samples. Another trend observed was the larger particle size slurries 

also showed less variation in the pore size but only when comparing the UF-25-25 

samples with the UF-05-25 samples; the UF-25-225 and the UF-05-225 sample were 

almost identical. This shows that the UF-05-25 slurry was superior to the other 

slurries, as the resulting porosity network can be considered to have been more 

consistent in terms of pore sizes. This perhaps indicates that if this sample were to 

be used during the MCVI process the closure of porosity is more likely to be 

controlled by the temperature gradients in the sample rather than variation pore 

sizes. If true, this is particularly relevant to developing a fluid flow model that 

incorporates pore closure to predict the processing times of the composite to achieve 

full densification. 
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Figure 4.79. A graph showing the coefficient of variation between samples indicating the 
uniformity of the pore size. 
 

As a secondary output from the MATLAB script a 3D histograms were obtained, that 

showed the pore count across the YZ plane through the composite. Figure 4.80 

shows the corresponding histograms for the five samples. A critical observation from 

this figure is that the non-impregnated sample shows an uneven pore count 

distribution in the YZ plane and, as can be seen from the scale bar, a higher pore 

count as well through the whole sample. The other four samples show visually very 

similar pore count distributions from the colour scale with no obvious extremes, 

which indicated homogenously distributed porosity networks were produced. Another 

observation is that the lower solids content slurry showed better pore filling below 

the 100-pixel threshold, as seen by the darker blue above 60 pixels. This is likely to 

be because the lower viscosity meant fewer smaller pores were produced in these 

composites with the compromise being that these samples had larger maximum 

pores, as seen previously in figure 4.78. 
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Figure 4.80. Histograms showing the pore count distribution for one composite from each 
sample set as a function slice number taken from the YZ plane, with a bin size of 10 and a 
max range of 100 pixels. 
 

It should be noted that pores below 10 pixels were discounted from the MATLAB 

script based on the validation work carried out in ImageJ and the minimum 

resolution of the CT scans being 25 µm2. The output of the script was validated using 

ImageJ software and its threshold and analyse particles tools. Three raw micro-CT 

images were randomly selected and loaded into ImageJ from each sample and a 

threshold value applied manually that was determined to select the porosity 

correctly. The analyse particle tool was then used to measure the mean pore area 

and pore number.  
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The MATLAB script had two parameters that controlled the threshold value of pore 

selection and the interconnectivity of pixels that were adjacent to one another based 

on the colour scale. From these two parameters, a matrix was created such that 

according to the output from ImageJ the result of the MATLAB image for pore area 

and pore number on the same image could be dialled in to verify the script’s value 

before the entire image stack was evaluated. Figure 4.81 shows the data for a set of 

samples prior to the validation in process. The average error between the images 

analysed using ImageJ and the MATLAB script was 19.36%, with the non-

impregnated sample showing the largest error.  

 
Figure 4.81. Three graphs showing the initial image analysis of the impregnated samples 
showing the differences in pore number and area and the average error prior to the dialling 
in process. 
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Figure 4.82. shows the effect of the dialling in process on these two metrics. This 

resulted in a reduced average error of 7.91% with the greatest improvements seen 

in the UF-25-225 and non-impregnated samples, which achieved much closer 

alignment to the ImageJ toolsxii. In some cases, the script edge detection in the 

MATLAB script was shown to supersede the ImageJ tools capabilities, particularly 

non-imp. samples, which were highly porous, see figure 4.83. 

 

 
Figure 4.82. Three graphs showing the result of the image analysis with the script variable 
being tuned in to align the result with that of ImageJ again showing the differences in pore 
number and area and the reduced average. 
 

                                        
xii This assumes the ImageJ software is correct. 
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Figure 4.83. Three images detailing the differences pore detection between the ImageJ tools 
and the MATLAB script. 
 

4.3.7. Gas permeability of impregnated composites 

One of the main parameters that needed quantification was the permeability of the 

impregnated preforms. Preforms needed to be permeable to allow the precursor 

gases to penetrate the structure to decompose and deposit SiC. Whilst beneficial 

overall, adding the powder reduced the volume of pathways the reactant gas could 

traverse. Furthermore, preforms with a low permeability after the powder had been 

added will potentially have closed porosity, which could not be accessed by the 

reactant gases, and so densification would be reduced. 

The gas permeability of the SiCf/SiCp composites was evaluated using a custom-built 

rig. Direct measurements of the pressure difference across the sample were taken in 

a flowing air environment using a differential pressure metre. The pressure 

difference across the sample’s thickness at an increasing flow rate of argon is plotted 

in figure 4.84. It shows that as the flow rate increased so did the pressure difference 

across the sample, a statement valid for all samples tested. UF-25-25 showed the 

greatest pressure difference, whereas the UF-05-225 showed the least of the 

impregnated samples. 
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Figure 4.84. The effect of increasing flow rate on the pressure difference across the SiCf/SiCp 
thickness, showing the samples with higher solids content and particle size have a greater 
difference and vice versa. 
 

The SiCf/SiCp sample’s permeability were then calculated using equation 3-10, where 

the viscosity of argon at room temperature was taken to be 2.23x10-5 Pa S. It would 

have been preferential to use hydrogen gas as it would have been more 

representative of the experimental work but it was not used for safety reasons. 

Darcy’s δaw was applicable to the test as the Reynold’s number (Re) calculated less 

than 10 for the flow rates that corresponded to those achieved in the MCVI process; 

the maximum value that could be used was 2000 cm3 min-1, which is indicated in 

figure 4.85. 
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Figure 4.85. Reynold’s number as a function of fluid viscosity showing the quadrant the εCVI 
process operates in highlighted in blue. 
 
The flow was laminar under all conditions as the Re ≤2300, which is the boundary to 

the transition regime beyond which flow becomes turbulent. The Re number was ≥10 

at a flow rate of 1716 cm3 min-1. Darcy’s law states that the flow rate of a fluid has a 

linear relationship with the pressure difference [397], which is obtained by neglecting 

the inertial terms in the Navier-Stokes equation when the viscous forces of flow are 

dominant [398]. However, at higher flow rates flow becomes non-Darcian and obeys 

Forchheimer’s law, equation 4-8, for incompressible fluids as the inertial effects of 

gas flow become significant [399].  

Equation 4-8    
ΔΔ =  � +  �  �  

Kv = Viscous permeability (Darcy) / m2 

Ki = Inertial permeability (Forchheimer) / m 

V = Volumetric flux per area / m3 s−1 m−2  

This result informed the experimental efforts to limit the flow rate to keep the Re 

below 10 to prevent inertial effects of high gas flow affecting the densification of the 

SiCf/SiCp preforms.  
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Figure 4.86. The effect of slurry addition to the SiCf preforms on the permeability, showing 
the slurry addition decreases the permeability by an order of magnitude for all slurry 
variations.  
 

Impregnated samples, as anticipated, had a reduced permeability compared to the 

non-impregnated SiC preforms. The same trend was observed as before, composites 

impregnated with smaller particle sizes with higher solids content had a lower 

resulting permeability. This is likely to be because of a greater degree of powder 

consolidation resulting in less open porosity and leading to a decreased mean free 

path. The data also shows that increasing the flow rate caused a decrease in the 

permeability of the bodies. This will have been because of the aforementioned effect 

of the permeability transition to obey Forchheimer’s equation. This created a greater 

pressure difference at the inlet, which was because the gas flow was sufficiently high 

that the rate of gas arriving at the composites’ surface was greater than that passing 

through and exiting the composite. This indicates that there was an optimum flow 

rate for the gas to arrive at the underside of the sample surface that was equal to 

the flow through the sample; which the data indicates this was approximately 1716 
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cm3 min-1. This flow rate is an order of magnitude greater than flow rates used in the 

literature, which are typically in the range of 3000-7000 cm3 min-1 [313, 318]. This 

experiment would have been improved by the use of a smaller scale flow metre 

ranging from 0-2000 cm3 min-1 (equivalent to the MCVI conditions) but the smallest 

available was 1000-5000 cm3 min-1.  

 

4.3.8. Summary 

The radar diagrams below illustrate how the four impregnated preforms performed 

against seven different metrics derived from the tests. The samples were ranked one 

to four on their comparative performance, one being the worst and four the best, 

therefore, the radar diagram with the largest area was considered the best 

compromise in terms of properties. Relative density was discounted from this 

summary due to no significant differences being identified between samples. Figure 

4.87. shows that the UF-05-225 and the UF-25-225 slurries have the same score but 

can be differentiated between; UF-05-225 had the best rheological properties, 

smallest wetting angle and highest permeability whilst UF-25-225 had the lowest 

pore number, highest aspect ratio and best dielectric properties. Both slurries using 

involving 25 vol.% solids content performed poorly in a number of tests, primarily 

because the viscosity was too high which in turn impacted the pore number, aspect 

ratio, wetting angle and permeability.  

The factor that was considered the determining point was the dielectric properties, 

as fundamentally a powder with potentially detrimental dielectric properties should 

not be intentionally used in a microwave-centric processing method. With this 

considered, it was concluded that the UF-25-225 slurry was most suitable to meet 
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the specifications of the slurry impregnation objectives, as set out at the start of 

section 3.3.1.  

 
Figure 4.87. Radar diagrams illustrating the best performing slurry across the variety of tests 
was found to be UF-05-225. Note that no prioritisation was applied to the seven variables 
evaluated. 
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5. Conclusions and Future work 

5.1. Conclusions 

5.1.1. Microwave energy enhanced chemical vapour infiltration study 

Studies of the kinetics, densification profile, morphology, chemical composition and 

crystal structure of the SiC deposited via MCVI were performed to observe and 

quantify the effects of temperature, pressure and alpha ratio.  

 SiC deposition kinetics  

o The study found the deposition of SiC showed an Arrhenius relationship 

between 900-1000℃, as temperature and pressure increased the rate of 

deposition increased. 

o An alpha ratio = 10 showed the highest rate of deposition, which was further 

enhanced by the modification of the gas trajectory in the MCVI cavity. 

Indicating that this is a suitable precursor ratio to use and the gas flow 

through the sample is particularly important in increasing the rate of 

deposition. 

o High gas flow rates showed a cooling effect on the SiC preform, which could 

have contributed to a decreased deposition amount. Attempts were made to 

heat the precursor gas in the immediate pipeline before it entered the 

chamber, which decreased this effect. 

o Extrapolations using a natural logarithmic decay function using the highest 

deposition rate measured were carried out, which showed densification could 

be possible in 126 h and, combined with a SiC slurry impregnation route, as 

little as 98 h. This compares very favourably to the ~1000 h required by the 

conventional CVI process to densify a sample of an equal size. 
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o The activation energy of the deposition was calculated to be 125 ± 4 kJ mol-1. 

This value is on the lower bounds of activation energy reported in the 

literature. The exact reason for this has not been investigated in this work, but 

may be an indication of the ‘microwave effect’ enhancing the deposition 

process.  

o Estimations of the Thiele modulus showed that the deposition process was 

surface reaction-limited. This is favourable in CVI processes as it encourages 

pore diffusion at the lower temperatures and pressures used, but a transition 

to surface reaction regime was seen at the higher pressures and 

temperatures. This indicates to favour pore channel diffusion temperature and 

pressure should be minimised. 

 Composite densification profile 

o Lower temperatures and lower pressures produced a more desirable (inverse) 

densification profile. Cross-sectional deposit thickness was 12 µm in the 

middle of the preform, whereas it was <2 µm at the extremities. Higher 

temperatures and pressures, in contrast, showed a more uniform deposition 

profile with a mean thickness of 4.8 ± 2.5 µm, as more of the preform was 

above the deposition temperature of MTS. The highest temperatures and 

pressures, however, showed a premature bottom surface sealing effect, which 

is consistent with a surface reaction being favoured. This again shows 

selecting processing parameters that favour mass transport is criticial. 

o Densification of the SiC powder coating the edges was seen due to the sharp 

points created in the electric field by the fibre edges. Since this is unlikely to 

have involved sintering of the SiC at the temperatures reached, this suggests 
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the powder could still be penetrated by gas as SiC deposition was observed 

there. Alpha ratios equal to 5 and 10 showed a uniform deposition of SiC with 

an average thickness of 2.1 ± 0.4 µm across the cross-section, whilst alpha = 

25 and 70, similarly to the 1000℃ 700 mbar sample, showed premature 

bottom surface sealing. 

o The addition of the quartz bridge showed the best densification profile 

observed, showing a clearly defined more dense centre when compared to the 

outer edges. The deposit was 4.6 µm thick and <2 µm on the edge, indicating 

there is a significant effect of the gas flow path on the resulting densification 

profile. 

 SiC morphology 

o Higher temperatures and pressures produced a more textured topography; the 

inverse was seen with lower temperatures and pressures. This effect was due 

to the difference in the competition between nucleation and growth. At higher 

temperatures the growth regime was dominant, hence the highly textured 

surface; whereas at the lower temperatures nucleation was dominant and 

growth was slow yielding a smooth deposit. 

o Higher pressures exaggerated the effect of higher or lower temperatures due 

to the lower or higher supersaturation of precursor gases, respectively. 

o The morphology of the deposit varied with displacement from the centre line 

due to the inverse temperature gradient. 

o The alpha = 5, 10 and 25 samples produced similar morphologies with a 

decreasing cauliflower topography. Alpha = 70 had a SiC deposit that was 
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much smoother and it is thought this was because the high dilution meant 

there was no etching action of the precursors or by-products on the deposit. 

 SiC composition 

o A variety of techniques, microscopes and detectors were used to quantify the 

Si:C ratio of the SiC deposited using MCVI.   

o These produced conflicting results, however, EDS was observed to yield the 

most believable results. 

o Using an infiltration temperature of 950℃, at 300 mbar with an alpha ratio = 

10, SiC was produced with a Si:C ratio of 1.03. 

o The alpha ratio had little effect on the composition of the SiC, but provided 

further evidence that temperature and pressure are the key determinants of 

the Si:C ratio. It is expected a temperature between 950≤T≤1000℃ will 

produce stoichiometric SiC. 

o Silicon peaks were detected using Raman spectroscopy at 520 cm-1 with the 

peaks’ intensity decreasing with increasing temperature but increasing with 

increasing reaction pressure. No free carbon peaks were identified in any of 

the measurements. This indicated that temperature was not sufficiently high 

enough to energetically favour carbon deposition. 

o Based on the smaller interaction volume, the number of data points collected 

and the similarity with literature EDS was the most appropriate technique 

available to this project. 

o A number of features were observed using Raman spectroscopy including 

acoustic SiC, which was most likely formed due to a combination of the heavily 
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faulted crystal structure and small crystallite size, both of which can affect 

current transport and subsequently the EM properties. 

o Translational and longitudinal optical phonons were identified at 796 cm-1 and 

972 cm-1 respectively, but due to the close proximity and overlapping of these 

features, it was difficult to conclude there was a single well-defined polytype 

with a high level of confidence but this was to be expected due SiC’s large 

number of polytypes. 

o HAADF mapping also showed no significant difference in the Si:C ratio 

indicating stoichiometric SiC was formed in some cases but free silicon was 

observed in the microstructure in other regions. 

 Crystal structure 

o FCC -SiC was the major polymorph observed in all samples analysed using 

TEM. The SiC grew perpendicularly from the surface of the fibres along of 

lowest energy crystallographic plane [111], which is in agreement with the 

literature. 

o Increasing the temperature increased the grain size and texture with other 

orientations forming in the [110] and [001], which was again consistent with 

the literature. 

o Using HAADF, other observations were made including the formation of SiO2 

in-between infiltrations due to residual oxygen, and the formation of nano-

porosity as SiC matrices from parallel fibres grew together and coalesced. This 

indicated that the methods used should be improved to irradiate these 

defects.  
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o sc analysis also revealed the presence of -SiC in samples infiltrated using 

alpha = 5 and 10, which was later confirmed using TEM as a minor phase. 

This was surprising due to the low temperatures used in these studies, 

perhaps indicating the ‘microwave effect’ had occurred. 

o Debonding seen at the fibre-matrix interface suggests the need for an 

interfacial system in order to prevent this and to facilitate fibre pull out to 

increase the CMCs toughness. 

 

5.1.2. Inverse temperature profile 

A number of different SiCf preform sizes were tested to establish the geometry that 

could consistently produce an inverse temperature profile experimentally. This was 

done using a thermal imaging camera to observe the top surface of the preform. 

Results found that the largest sample test measuring 55 mm in diameter was the 

most consistent in producing a higher temperature in the middle of the sample at the 

deposition temperature. The number of SiC ply was also varied but no significant 

trend was seen. Experimental trials concluded that for trials 55x 8 mm samples were 

suitable as they produced an inverse temperature profile consistently enough for 

testing in both sections 4.1 and 4.3. It should be noted the MCVI equipment was not 

limited to these size samples, these dimensions were chosen to reduce the cost per 

sample. 

 

Attempts were then made to verify the temperature profile that was being seen 

experimentally. Using the QWED 3D software to reconstruct the MCVI apparatus 

accurately, FDTD modelling was carried out to produce concordant electromagnetic 
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and thermal models. A heating model was produced using empirical dielectric and 

thermal properties data for the Hi-Nicalon type S SiC fibres and data from the 

literature for the Al2O3 foams and quartz. It revealed a highly reflective system with 

low microwave absorption (S11) for the 55 mm samples, with a large number of 

resonances in the MW cavity. Simulations were then carried out on larger preforms, 

which showed a 50% increase in diameter that corresponded to a 16% increase in 

the coupling efficiency; a 37% increase for the latter was observed with a doubling 

of the sample diameter. A much smaller improvement was seen when doubling the 

number of SiC ply.  

Due to the changing dielectric properties of the fibres, the S11 was modelled at RT, 

300℃, 600℃, 900℃ and 1200℃. This was very revealing of how the reflection 

coefficient of the fibres changed with temperature, both randomly increasing and 

decreasing at different frequencies. This resulted in an accurate representation of the 

experimental observations. Ten frequencies were then selected for simulations at 

different frequencies where the S11 either increased or decreased with increasing 

temperature, or stayed consistently low or consistently high as the temperature 

increased. Results showed frequencies with a consistently low S11 heated the SiCf 

preforms the fastest up to 1200℃ in 137 s, whereas frequencies where the S11 was 

consistently high never even reached 400℃ after 400 s. The visualisation was then 

made of four of the ten heating curves to see the effect on the cross-sectional 

temperature profile in both the XY and XZ planes. Results showed that the 

temperature across the samples was relatively uniform. This was because the Al2O3 

foams insulated the higher thermal conductivity SiCf meaning any hot spots that 
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developed were dissipated to create a uniform temperature profile at high 

temperatures.  

 

5.1.3. Fabric impregnation with SiC slurry 

A parametric study was carried out to evaluate the effectiveness of various slurry 

compositions used to impregnate SiCf preforms with SiC powder. This was carried out 

to offset the volume of porosity required to be filled using the CVI process, which in 

all forms is inherently slow compared to other advanced techniques. The effect of 

changing the solids content and particle size on the viscosity, green density, 

permeability and porosity structure were all investigated. 

 As expected, the viscosity of all the slurries reduced when either the particle size 

increased or solids content decreased. The SV-225 slurry showed the lowest 

viscosity of the nine slurries that were selected from the preliminary trial for the 

extensive suite of testing.  

 No significant correlation was found in terms of which slurry increased the green 

density of the composite. The addition of slurry increased the relative density by 

~20%, which was later on extrapolated to correspond to a 28 h decrease in 

processing time using the MCVI with the techniques combined. Multiple methods 

of slurry application were trialled and calendaring was determined to be most 

effective for uniform slurry distribution and minimal closed porosity formation.  

 The dielectric properties were measured as a function of temperature for the 

powder selected after preliminary trials. The SV and UF-05 powders showed 

highly variable ’ and ’’ at temperatures greater than 600℃, which was deemed 

very unfavourable for process control. A number of hypotheses for this behaviour 



5. Conclusions and Future work 
 

272 
 

were presented in the text, but none were confirmed due to the time constraints 

of the project. The UF-25 powder has a small but steadily increasing ’ and ’’ 

that was determined to be preferable behaviour.  

 Both higher solids content and larger particle size increased the contact angle 

between the SiC slurry and SiC substrate. The contact angle of all slurries 

decreased with time, but the previous trend remained. Larger particle size 

slurries (UF-05) saw better wetting when compared to smaller particle size (UF-

25) which is preferable in creating a uniformly distributed powder layer between 

ply.  

 A validated MATLAB script was produced capable of quantifying the porosity 

network of the impregnated preforms where commercial software had failed. The 

script evaluated a number of spatial parameters with respect to the porosity. 

Results showed that the UF-05-25 slurry produced pores with the smallest mean 

and smallest maximum pore area. The smaller particle sizes with high solids 

content produced samples that are more equiaxed in shape. It is assumed that 

this would mean the pores would decrease in size uniformly as deposit grows on 

the channel walls. 

 A custom permeability rig was developed to measure the pressure difference 

across the thickness of the sample. All samples were found to have a high 

degree of permeability due to the interconnected porosity network that was 

revealed in the MATLAB results. The UF-05-225 sample had the highest 

permeability across the range of flow rates of interest because of its extensive 

porosity network essential for ensuring precursor gas flow to enable 

densification. 
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 Radar diagrams were produced to compare the rankings of the various properties 

detailed above to determine the optimum slurry for creating green preform 

suitable for MCVI according to the conditions set out in section 3.3.1. The UF-05-

225 and the UF-05-225 slurries were equally ranked, but it was determined that 

the superior dielectric properties of the UF-05 powder meant the samples 

prepared with the UF-05-225 slurries were selected in terms of processing 

potential.   

 

In conclusion, this doctoral thesis has provided an update to the literature on MCVI 

and has reinforced the potential of the technique to improve SiCf/SiC manufacturing 

as technology advances. A better understanding is still needed of the interplay 

between the chemistry of the deposition process and the interaction of the composite 

with the EM field, temperature and density to exploit its full potential. To achieve this 

it is likely a two-year post-doctoral project. 

 

5.2. Future work 

Future work on MCVI must focus on the full densification of SiCf/SiC composites to 

evaluate the technique’s capability. Based on the present work, it is thought that 

MCVI can produce stoichiometric SiC at a lower temperature, 950-1000℃, than 

reported in the conventional CVI literature using an alpha ratio of 10 and an 

infiltration pressure of 400 mbar. Work should involve evaluating the effect of higher 

flow rates and explore the optimisation of the gas flow path through the preform in 

more depth. Combining this with the slurry impregnation work, should yield dense 
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composites in <100 h; i.e. only about 10% of the time required using conventional 

CVI.  

It should be noted at this point that there will be a ‘sweet spot’ in terms of gas flow 

where there is a transition to the less favourable mass transfer regime. With this in 

mind, the pressures used in this work are not best suited for full densification. Work 

needs to explore the possibility of a staged pressure increase starting from 100 mbar 

to avoid arcing, up to a maximum of 400 mbar as densification proceeds. This will 

ensure infiltration of precursor and deposition of SiC into the smallest pores during 

the early stages of MCVI. It should be noted that parallel work in the carbon fibre / 

ultra-high temperature ceramic powder system, using RF-enhanced CVI, is able to 

produce samples up to approximately 90% of theoretical density in no more than 

about 24 hours; i.e. about 4 times faster than that predicted for the SiCf-SiC 

composites using microwave heating [400]. One difference between the two systems 

is that the RF-CVI work does start at a low pressure than increase it over the course 

of the process as densification proceeds. 

An alternative approach, which could be combined with that outlined above, is to use 

a multi-stage hybrid system. This would use a very low-pressure conventional CVI 

route initially to produce an interface [401] and then the first few microns of SiC 

material to fill ~10% of the porosity. Then MCVI would then be used to fill the bulk 

of the porosity up to ~80-90% of TD before switching back to the conventional low-

pressure route to close up the remaining 10% of surface porosity.  

 

In terms of the characterisation of the SiCf/SiC composites, the relationship between 

porosity and permeability needs to be better established. This will enhance the 



5. Conclusions and Future work 
 

275 
 

understanding of how the densification occurs. Based on the results of this work 

there are two hypothesise as to how this occurs; the first is the closure of central 

porosity by MCVI diverts precursor gases to the extremities of the sample where, due 

to the higher concentration, there is an increased deposition rate that continues 

propagation outward from the centre. The second is the dielectric properties of the 

SiC being deposited in the centre increase the microwave coupling occurring, 

therefore exacerbating the heating of the sample centre that causes the proliferation 

of the densification front outwards. Further to this point, the deposit’s dielectric 

properties need to be measured as there is currently no understanding as to whether 

the densification improves or inhibits microwave absorption; this is particularly 

important to the direction of the progression of MCVI research in terms of the 

deposit composition. The use of a lower frequency microwave source may also need 

to be investigated, particularly if larger preforms are being used to ensure the 

penetration of the microwaves into the material as according to equation 2-10 to 

ensure the process in not limited to smaller components.  

All further work must proceed using the Hi Nicalon Type S fibre because of its 

superior dielectric properties, though there is clearly still further opportunity for 

developing an even better SiC fibre with a highly crystalline, stoichiometric 

microstructure with low amorphous content [110, 402]. Experiments must also utilise 

the conclusions made regarding the inverse temperature profile in terms of 

optimising the sample size. A major learning point from this work is the size of the 

sample is defined by the size of the cavity. This was determined using FDTD 

modelling, but the size selected will need to be traded off with the cost of fibres until 

they become cheaper. Another goal should be to investigate improving the 
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microwave absorption of the preform. This has been demonstrated in a number of 

publications through the addition of SiC nano-wires [403], reducing carbon impurities 

[404], using a BN or SixOxC interface and annealing of the fibres [401, 405]. This 

would be very beneficial; as it would make the process more energy-efficient as 

lower powers would be required to achieve operating temperatures, reducing the 

likelihood of arcing incidents and improving the reproducibility of the samples.  

The influence of shape on the processability of the MCVI is not well understood; in 

this research, only different sizes of cylinders were tested. The FDTD modelling 

carried out in this work will be particularly useful in the understanding of microwave 

field and subsequent temperature distribution in the materials. Shapes of particular 

interest are long thin tubes for nuclear fuel rod cladding applications [406], complex 

3D shapes, such as the blades and shrouds in the compressor of turbofan engines 

used by GE [407], and various unconventional form factors as seen in figure 5.1. for 

combustor liners used by NASA [408]. 
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Figure 5.1. (a) Nuclear fuel cladding rods, (b) GE CMC blade from LEAP engine and (c) 
various components of combustor liner for simulated gas turbine engine cycle. 
 

The potential key to unlocking technology for εCVI’s utilisation is the use of solid-

state microwave generators. The use of a solid-state generator would allow the 

operator to select specific high-coupling frequencies with low reflection coefficients to 

enable heating that is more effective. This ability, combined with measurements of 

dielectric properties of the constituents of the composite and the appropriate S11 

curves at different temperatures and dielectric properties, will enable ultimate 

process control and insight into the interaction of the microwaves with the system as 

densification proceeds. This, in theory, will be a very informative process that the 

user can modify accordingly based on intuitive feedback from the system, thus 

removing almost all the unknowns currently associated with the process.  
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6. Appendices 

6.1. Appendix I 

The findings of this research work have been disseminated in international scientific 

conferences: 

- 3rd Global congress on microwave energy applications, Cartagena, Spain (poster) 

- Material Science and Technology 2016 Salt Lake City, USA (poster) 

- ECerS 2017 Conference, Budapest, Hungary (talk) 

- Engineering conference international – High-temperature ceramic matrix 

composites – Santa Fe, USA (poster) 

- 42nd and 43rd International conference and exposition on advanced ceramics and 

composites, Daytona Beach, USA (talk and poster) 

- A review paper was also published in relation to this project [150] 

During the Ph.D, a three-month research exchange program has been carried out at 

Worcester Polytechnic Institute, MA under the supervision of Prof. Burt Tilley and 

Prof. Vadim Yakolev. This work was supported by Aerospace Materials for Extreme 

Environments program of the Air Force Office of Scientific Research (Grant number 

FA9550-15-1-04655) and the JECS Trust Foundation (Contract No. 2016124-3). The 

research activity was focused on the thermo-electromagnetic simulation of the MCVI 

process, the associated fluid dynamic problem related to porosity filling and closure 

in the SiCf/SiC composite two papers are currently being prepared. 
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6.2. Appendix II 

Table 6.1. All the input parameters for Hi Nicalon Type S, illustrating the effect of 
temperature 

T/℃ ℇ' ℇ'' S /  
m-1 

ΔH /     
J cm-3 

Cp /  
J g-1 C-1 

ρ / 
g cm-3 

 /  
W cm-1 C-1 

25.00 5.44 1.06 0.14 0.00 0.63 0.48 0.15 
100.00 5.47 1.15 0.16 0.63 0.79 0.48 0.16 
200.00 5.62 1.33 0.18 0.80 0.90 0.48 0.17 
300.00 6.02 1.58 0.21 0.93 0.95 0.48 0.16 
400.00 6.78 1.94 0.26 1.01 0.97 0.48 0.15 
500.00 7.93 2.46 0.33 1.06 0.99 0.48 0.15 
600.00 9.49 3.20 0.44 1.09 1.00 0.48 0.14 
700.00 11.39 4.28 0.58 1.12 1.00 0.48 0.13 
800.00 13.52 5.83 0.79 1.14 1.00 0.48 0.13 
900.00 15.77 8.06 1.10 1.14 1.01 0.48 0.13 
925.00 16.33 8.75 1.19 1.04 1.01 0.48 0.13 
950.00 16.89 9.51 1.29 1.04 1.01 0.48 0.12 
975.00 17.45 10.35 1.41 1.04 1.01 0.48 0.12 
1000.00 18.00 11.26 1.53 1.04 1.01 0.48 0.12 
1025.00 18.55 12.27 1.67 1.04 1.01 0.48 0.12 
1050.00 19.09 13.36 1.82 1.04 1.01 0.48 0.12 
1075.00 19.62 14.57 1.98 1.04 1.01 0.48 0.12 
1100.00 20.14 15.88 2.16 1.04 1.01 0.48 0.12 
1125.00 20.64 17.32 2.36 1.04 1.01 0.48 0.12 
1150.00 21.14 18.90 2.57 1.04 1.01 0.48 0.12 
1175.00 21.63 20.63 2.81 1.04 1.01 0.48 0.12 
1200.00 22.10 22.53 3.07 1.0 1.01 0.48 0.12 

 
Table 6.2. All the input parameters for Al2O3 foam, illustrating the effect of temperature 

T/℃ ℇ' ℇ'' S /  
m-1 

ΔH /     
J cm-3 

Cp /  
J g-1 C-1 

ρ / 
g cm-3 

 /  
W cm-1 C-1 

25.00 1.80 0.02 0.00 0.00 0.76 0.49 0.40 
100.00 1.93 0.03 0.00 0.78 0.90 0.49 0.32 
200.00 2.13 0.03 0.00 0.92 1.02 0.49 0.25 
300.00 2.34 0.04 0.00 1.05 1.10 0.48 0.19 
400.00 2.58 0.05 0.01 1.12 1.15 0.48 0.16 
500.00 2.84 0.07 0.01 1.17 1.19 0.48 0.13 
600.00 3.15 0.10 0.01 1.21 1.22 0.48 0.11 
700.00 3.50 0.14 0.02 1.23 1.24 0.48 0.10 
800.00 3.90 0.19 0.03 1.25 1.25 0.48 0.09 
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900.00 4.38 0.25 0.03 1.27 1.26 0.48 0.08 
925.00 4.52 0.27 0.04 1.27 1.26 0.48 0.08 
950.00 4.66 0.29 0.04 1.27 1.27 0.48 0.08 
975.00 4.80 0.31 0.04 1.27 1.27 0.48 0.08 
1000.00 4.96 0.33 0.04 1.27 1.27 0.48 0.07 
1025.00 5.12 0.35 0.05 1.27 1.27 0.48 0.07 
1050.00 5.29 0.37 0.05 1.28 1.27 0.48 0.07 
1075.00 5.46 0.39 0.05 1.28 1.27 0.48 0.07 
1100.00 5.65 0.41 0.06 1.28 1.28 0.48 0.07 
1125.00 5.84 0.44 0.06 1.28 1.28 0.48 0.07 
1150.00 6.05 0.46 0.06 1.28 1.28 0.48 0.07 
1175.00 6.26 0.49 0.07 1.29 1.28 0.48 0.07 
1200.00 6.49 0.52 0.07 1.29 1.28 0.48 0.07 

 
Table 6.3. All the input parameters for quartz, illustrating the effect of temperature 

T/℃ ℇ' ℇ'' S /  
m-1 

ΔH /     
J cm-3 

Cp /  
J g-1 C-1 

ρ / 
g cm-3 

 /  
W cm-1 C-1 

25.00 3.84 0.00 0.00 0.00 0.60 2.20 0.01 
100.00 3.84 0.00 0.00 0.60 0.86 2.20 0.01 
200.00 3.85 0.00 0.00 0.86 0.98 2.20 0.02 
300.00 3.86 0.00 0.00 0.98 1.04 2.20 0.02 
400.00 3.87 0.00 0.00 1.04 1.08 2.20 0.02 
500.00 3.88 0.00 0.00 1.08 1.11 2.20 0.02 
600.00 3.89 0.00 0.00 1.11 1.13 2.20 0.02 
700.00 3.90 0.00 0.00 1.13 1.15 2.20 0.02 
800.00 3.91 0.00 0.00 1.15 1.17 2.20 0.02 
900.00 3.92 0.00 0.00 1.17 1.18 2.20 0.02 
925.00 3.92 0.00 0.00 1.18 1.18 2.20 0.02 
950.00 3.93 0.00 0.00 1.18 1.19 2.20 0.01 
975.00 3.93 0.00 0.00 1.19 1.19 2.20 0.01 
1000.00 3.93 0.00 0.00 1.19 1.19 2.20 0.01 
1025.00 3.93 0.00 0.00 1.19 1.19 2.20 0.01 
1050.00 3.94 0.00 0.00 1.19 1.20 2.20 0.01 
1075.00 3.94 0.00 0.00 1.20 1.20 2.20 0.01 
1100.00 3.94 0.00 0.00 1.20 1.20 2.20 0.01 
1125.00 3.94 0.00 0.00 1.20 1.20 2.20 0.01 
1150.00 3.95 0.00 0.00 1.20 1.21 2.20 0.01 
1175.00 3.95 0.00 0.00 1.21 1.21 2.20 0.01 
1200.00 3.95 0.00 0.00 1.21 1.21 2.20 0.01 
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6.3. Appendix III 

Table 6.4. EDS VS WDS comparison table 

EDS  WDS  

Measurements found the 

codeposition of Si 

Measurements found the 

codeposition of C 

For Against For Against 

Free Si was 
detected by 

Raman 
Standard less 

Standards used 
calibration for 

better 
quantification of 

Si:C ratio 

Carbon 
concentration 
measured was 
high. This is 

unlikely due to 
associated 
processing 

temperatures. 

Homogenous 
deposit seen used 

HAADF 

Doesn’t separate 
out X-ray peaks so 

peak intensity 
overlapping is 

common 

Method of 
collecting and 

sorting X-rays is 
better 

Carbon formation 
does not correlate 

with 
thermodynamic 

calcs. 

Free Si seen in MS  
Carbon traces 
found in XRD 

No free carbon 
was seen in the 

Raman 
spectroscopy 

Faster sampling 
time so a larger 
data set can be 

collected 
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