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Chapter 1. General introduetion 

Chapter I 

GENERAL INTRODUCTION 

1.1 Introduetion 

Ever since Chemica! Vapour Deposition (CVD) was used for the manufacture of semiconductor 

devices, it was noticed that this technology could have a spin-off into other disciplines. The 

thin films that can be produced with the CVD process are either metals or ceramics. The with 

CVD applied metal and semiconductor layers (poly silicon, tungsten etc.) are capable of 

conducting current or store electrical energy, whereas the ceramic layers (Si3N4, Siüz, SiONz 

etc.) are used for proteetion of the devices. They have the beneficia! cerarnic properties such as 

high hardness, low density, wear resistance, oxidation and cocrosion resistance and high 

specitïc strength even at high temperature. 

A big drawback of ceramic layers or bulk monolithic ceramics is their disability to deform 

plastically under applied stress. Other weaknesses are the relatively low tensile strength, poor 

impact and thermoshoek resistance. The salution to overcome brittleness of a solid was 

discovered centuries ago. The discovery that the use of straw fibers in clay gives a "tougher" 

structure led to a new class of materials called composites. The straw fibers can absorb energy 

under stress and thus retard catastrophic failure and cause a more ductile deforrnation I. 

The topic of this thesis called Chemica! Vapour Infiltration (CVI) is a combination of CVD (i.e. 

deposition of a layer on a dense substrate) and ceramic composite technology, by depositing a 

ceramic layer not on a dense material but into the pores of a fibrous structure. Continuons 

deposition allows the complete filling of the fibrous structure -the so-called "preform"- with a 

cerarnic material and a Ceramic Matrix Composite (CMC) is forrned. 

Silicon carbide (SiC) ceramics are known for their relatively high oxidation and corrosion 

resistance at high temperature combined with large thermoshoek resistance and therrnal 

conductivity. A passive silica layer on the SiC surface protects it from oxidation. In 

combination with carbon or cerarnic fibers, one of the best high temperature ceramic materials 

will be obtained. 

Reinforcement of SiC with carbon or ceramic fibers is thus worthwhile to manufacture 

structural components that are su~jected to severe therrnal and mechanica! stresses. 
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1.2 Ceramic Matrix Composites 

Ceramic Matrix Composites (CMC's) are materials consisting of two or more distinct (carbon 

or) cerarnic phases combinedon a rnicro-scale. 

CMC's are relatively new. The diverse technologies to manufacture cerarnic composites and the 

mechanica! and physical testing of these materials is in development since the last decade. 

Applications of CVI components today are predorninantly aerospace type, such as nozzle petals 

and nose cones of the space shuttle aircraft etc. The strength and reliability of the components 

for these high temperature applications are of great irnportance and are very stringent. Increase 

of toughness of the ceramic is an approach to increase reliability without the loss of the 

beneficia! high compressive strength, wear resistance and high temperature properties of 

ceramic materials. This combination of properties is very interesting also for other applications 

e.g. burners, gas turbine nozzles, heat exchanger panels, shroud rings, filters for hot gases or 

liquid metals, brake disks and mechanica! seals. 

1.2.1 Properties of Ceramic Matrix Composites 

Different reinforcement materials and configurations are currently being compared to gain a 

material with high specific strengthand stiffness in an econornically attractive way. The main 

driving force is to reach a material with the properties of a cerarnic associated with an improved 

fracture toughness. 

However, the excellent refractory properties of structural cerarnics are a consequence of the 

strong covalent bonding of the elements2. This bonding interferes with fracture toughness, 

since the introduetion of a crack will disropt the chernical bond insteadof causing a plastical 

deformation (the Griffith model). Therefore, ceramic rnaterials are sensitive to defects and 

cracks and have minimal toleranee to mechanica! damage. New material concepts such as 

transformation toughening or the development of nanostructured composites provided some 

improvement although large tensile stresses (at elevated temperatures) still are a problem and 

because of these, catastrophic failure will occur too easily. 

In general the properties of these materials are not simply an average of those of the 

constituents, but they largely depend on the rnicrostructure of the composite materials and can 

be (very) anisotropic. In case of fiber reinforcements, the fiber content, the shape and 

dimensions of the fiber and the orientation within the composite structure determine the 

composite behaviour. 
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The reinforcement effect of whiskers and short fibers lies in the fact that processes such as 

crack arrest, crack deflection and crack bridging prevail. The carcinogenic effect of the 

whiskers however, limit their application. The introduetion of continuons fibers can 

furthermore enhance fracture toughness by additional energy absorbing mechanisms such as 

fiber pullout and fiber bridging. Since the strength of the specimen no longer depends on the 

stochastkal distribution of defects and resulting scatter in strength, the reliability (expressed in 

terms of the Weibull modulus) of composites is larger than of monolithes. See figure 1.1. 
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Figure l.I. Fracture toughness and specific bending 
strength of SiC ceramics as a function 
of temperature. 
Reprinted from ref. 7. 
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1.2.2 Processing of Ceramic Matrix Composites 

1500 
Temperoture I°C I 

The Iow density of ceramic composites and their ability to meet the stress requirements of 

specitïc applications -frequently tensile stresses-make them preferabie to monolithic matcrials 

despite their higher costs. Furthermore, cerarnic composites attain due totheir more "ductile" 

fracture mechanics a more reliable structural component as compared to monolithics. Also 

thermoshoek resistance, impact resistance, tensile strength and fatigue behaviour are improved. 

On the other hand, drawbacks of composites are their lower E-modulus, their anisotropy and 

-as mentioned before- their costs. 

The reinforcement material can be introduced into the cerarnic matrix by different processing 

methods3. The reinforcement can be of different forms and shapes, such as particulates, 

whiskers, platelets, short or chopped fibers or continuons fibers. In whatever form, 
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reinforcement and matrix must match both physically and chemicallyl,2,5. Furthermore, the 

fiber and matrix material must be chemically and physically stabie and crystalline in order to 

avoid crystallisation when the composite is subjected to high operating temperatures. 

The advantage of dis-continuous fiber reinforcement lies in the fact that classica! ceramic 

technologies such as sintering and hot pressing can be used for the manufacture of the 

composites. However, densification of a composite material containing more than 20 volume 

percent of fiber is -very difficult3. Also, through consolidation at high temperature ( and 

sometimes pressure), the integrity of the composite structure is lost when fiber and matrix 

chemically react, are intersoluble or form low melting eutectics. Moreover, the interface 

requirements between fiber and matrix are very specific and are critica! and essential in 

accomplishing "tough" cerarnic materials. lt is clear that similar as for monolithic ceramics, the 

selection of the proper processing route with mild densification conditions can play a key role. 

With the exception of carbon fibers, all of the inorganic fibers currently available suffer 

irreversible drops in strength at temperatures exceeding 1300 K, due to recrystallisation, 

oxidation and creep. Carbon fibers have a poor oxidation resistance and can not be used in 

oxidative environment above 900 K. The structural composite component containing the 

carbonfibersis therefore protected by a seal coating of either SiC or Si02. 

For the production of continuous fiber reinforeed ceramics several methods can be applied. 

However, most of these are limited to the manufacture of oxide or nitride based matrices. The 

Lanxide process, for instance, is a relatively new development and is based on the directed 

oxidation of a molten metal. Near net shape products of Al203 with 20 vol% of CVD coated 

Nicalon fibers have been reported with a bending strengthand fracture toughness a factor two 

higher as compared with average CMC values. High temperature properties, however, are poor 

due to the residual metallic phase4. 

For SiC matrix composites, the processing routes are very limited which is mainly due to the 

relatively high sintering temperature of SiC (> 2200 K). 

Processing techniques for the manufacture of continuous fiber reinforeed ceramics can no 

Jonger follow a classica! route. Liquid phase impregnation or gas phase infiltration of the 

porous preform that is made out of continuous fibers is used instead. In the former case, the 

preform is impregnated and heated so that the liquid -a carbon and silicon containing polymer 

or slurry- evaporates and the sintered ceramic remains. However, chemica! reaction between 

fiber and matrix, creating a poor interface, is difficult to overcome. Gas phase infiltration or 

Chemica] Vapour Infiltration is a proruising route to manufacture tough continuous fiber 

reinforeed composites yielding low porosity composites at relatively low temperatures without 

damage of the fiber or interactions between fiber and matrix3,6. Furthermore, an interface 

coating can be applied in situ. A third advantage is that it can be used to further densify 
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matcrials fabricated by other processes. The CVI process also allows the fabrication of 

complex geometries and does not apply high processing pressures. The ability to manipulate 

the deposited material composition, the stoichiometry, the crystal structure and orientation and 

the morphology of the deposit is beneficia!, because the fine grain controlled microstructure 

results in enhanced low and high temperature properties. 

A final advantage is that the purity of the matrix (no sinter additives are present) as in CVD, is 

superior to that normally obtainable with more common fabrication routes. 

Some drawbacks of the CVI metbod are the facts that (like CVD) it is expensive, whereas the 

reactantscan be toxic, corrosive and explosive and that deposition rates are low. The foremost 

issue is one of finding conditions by which uniform deposition can be achieved at acceptable 

high rates throughout the entire volume of the preform. 

1.3 Scope of this thesis 

The main objective of the research described in this thesis is to gain understanding in the 

principles of the Chemica! Vapour Infiltration process and to develop this process into an 

interesting route to manufacture fiber reinforeed Ceramic Matrix Composites. More specifically 

is meant, the understanding and development of different CVI processes e.g. ICVI and 

especially FCVI, their advantages and drawbacks and the distinction between the processes. 

The overall goal is to reach a commercially attractive way to manufacture fiber reinforeed SiC 

matrix composite matcrials with tough fracture characteristics. 

In the next sections, the basic principles of CVD and CVI are presented as a starting point of 

this study. 

1.4 Chemical V apour Deposition and Infiltration 

The chemica! reactions occurring during the CVD process, distinguishes it from other thin film 

deposition processes such as Physical Vapour Deposition (PVD) techniques e.g. evaporation 

or sputtering. During the CVD process, one or more pure gases containing the coating elements 

are introduced in a reactor chamber and are excited in a way that they will react to form a 

solid8.9. 

The reaction of the gas components can occur in the gas phase (gas phase nucleation) and a 

solid, fine grain, powder is formed. For thin film preparation, the gas molecules will adsorb on 
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the substrate surface and onto other hot surfaces and react to form a solid and gaseous by

products. The unreacted portion of the gaseous and the gas by-products will flow out of the 

system and what remains is a dense solid film. Coating rates for CVD processes are typically in 

the order of 0.1-10 Jlm per hour. 

Numerous types of CVD processing have been developed; here the discussion is limited to hot 

wall Low Pressure CVD (LPCVD), since this type is ciosest related to CVI. 

Low Pressure CVD, LPCVD 

PRESSUftE 

SENSOR 

3-20NE 
TEMPERATUftE 

CONTROL 

EHHRUST 

Figure 1.2. The schematic representation of a horizontal LPCVD reactor stacked with silicon wafers in vertical 
direction. Reprinted from ref. 10. 

The basis of the CVI process is the hot wall LPCVD process. Not only was the LPCVD 

process already known 11, but the knowledge of the principles of the CVD process allowed the 

researchers to develop the CVI technique. 

During the CVD process a solid layer is deposited unto a substrate which normally is dense 

and can be of complex geometry. The part is placed on a susceptor or hung in the reactor 

chamber and is heated up to deposition temperature either through resistance heating or through 

the use of radio frequency. In the first case, since both susceptor andreactor wall are hot, the 

CVD process is called hot wall and the Jatter case is called cold wall CVD because the 

susceptor is hotter than the reactor wall. 

The LPCVD process is known for its capability of conformal deposition i.e. depositing films 

of uniform thickness on complex geometries. In a commonly used three temperature zone 

horizontal LPCVD system, the depletion of the reactants along the reactor length can be 

counterbalanced by a slight increase in temperature yielding a uniform deposition rate (see 

figure 1.2). 
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Not always is thermal energy applied to drive the chernical reaction. Plasma activation (electric 

discharges) is also widely used in Plasma Enhanced CVD or photons in case of Photo CVD 

and Laser CVD. 

Applications of LPCVD thin films are integrated circuits, lasers, rnirrors, lens coatings, anti

reflection coatings, decorative coatings, corrosion-, erosion- or wear resistant coatings (for 

instanee on cutting tools). 

In the horizontal LPCVD reactor tube the gas mixture is flowing at low pressure. A laminar 

flow pattem will develop in the tube and according to the boundary layer theory, a boundary 

layer will be present just above a horizontally placed substrate plate11,12. In this boundary 

layer, mass transport is assumed to occur through diffusion whereas convective mass transport 

is absent. 

Several intermediate steps can be distinguished: 

1. Mass transport of reactant species from the gas inlet through the gas bulk towards the 

boundary layer. 

2. Diffusion of the species through the boundary layer to the substrate surface. 

3. Adsorption of the gas species unto the solid substrate surface. 

4. Surface diffusion and chernical reaction of the adsorbed species. 

5. Desorption of the gaseous reaction by-products. 

6. Diffusion of the gas species through the boundary layer. 

7. Convective mass transport of species in the bulk gas flow from the boundary layer to the 

exhaust. 

The principles of CVI are comparable to that of CVD. In the former case, aporous substrate is 

used instead and the goal is not to deposit a dense film, but to uniformly fill the pores of the 

substrate with a ( cerarnic) materiall3. 

The basic CVI concept has led to several different CVI processes6,14,15 e.g. 

isothermal isobaric CVI denoted in literature as ICVI or CCVI 

thermal gradient isobaric CVI 

isothermal forced flow CVI 

thermal gradient forced flow CVI denoted as FCVI 

microwave assisted CVI and plasma enhanced CVI 

pressure pulse CVI 
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Since the acronyms of these methods are very confusing, in this thesis IFCVI denotes 

Isothermal Forced flow CVI, ICVI: Isothermal isobaric CVI and TGFCVI denotes Thermal 

Gradient FCVL 

Figure 1.3. The principle of isothermal isobaric CVI 
Reprinted from ref. 15 

The ICVI metbod is based upon the ditfusion mechanism for species transport13. The gas 

components need to diffuse into the pores and preferably decompose and react to form the 

solid deep into the pore. To achleve this, the chemica! reaction rate needs to be centrolling the 

matrix growth. Generally, this implies low temperature and pressure and even then, the parts 

will contain density gradients. The outer surface can become overcoated and seal the inner 

pores from the reactant gases. Thick parts require periodic interruption of the CVI process for 

machining to re-open the pore entrances. Although weeks are required to complete filling of the 

porous preforms, the process is commercially attractive since large numbers of parts can he 

hung into a single reactor system using simple graphite fixturing. 

Thermal gradient isobaric CV!, TGICVI 

HOT 

__..... _..,.COLD_.,.. __..... 

Figure 1.4. Tbe principle of thermal gradient isobarie CVI 

The isobaric thermal gradient CVI process is neither used on commercial nor on research scale. 

The only reference found was dated 197014. The thermal gradient can be obtained by heating 

only a portion of the preform (the face of a plate or outside of a tube). 
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The part of the prefonn away form the heat souree is cooler due to the poor thermal 

conductivity of the porous structure. An even steeper thermal gradient can be obtained by 

deliberate cooling such as with water or air. The reactants are introduced at the cold side and 

they diffuse towards the hot surface. Since the chemical reaction is a function of temperature in 

an exponential fashion, appreciable amounts of solid only will deposit near the hot side of the 

preform. Due to the increase in the density at the hot side, the thermal conductivity of this part 

increases and consequently the deposition front will move from hot towards cold side. 

This metbod differs form the ICVI process in the fact that higher total pressures are employed 

(typically 105 Pa) and that the temperature of the hot side is increased step wise occasionally 

during the infiltration process in order to permit sufficiently large deposition rates at the other 

side. 

/sothermal Forcedjlow CV/, IFCV/ 

+ 
HOT 

HOT 

+ + + + 
Figure 1.5. The principle of isothennal forced flow CVI 

'The IFCVI processiS relies on the forced flow of reaetauts through a uniformly heated 

isothennal preform. The reactant gases enter the preform from one side at essentially the 

entrance concentration and exit via the other side where the reactant concentration is lowered 

due to internal reaction (depletion). Therefore, as the density rises at the gas inlet side, causing 

a blockage of the gases, the preform is no Jonger permeable for the gases and the process is 

terminated. The depletion effect of the reactants should thus be as small as possible to reach 

low density gradients in the composite. 

The preforms should be attached to a gas injector so that the gas is forced to flow through the 

preform and is not able to escape alongside. This fixture can be relatively simple of design 

(compare TGFCVI) and several (thin walled) preforms can be infiltrated in a large CVI furnace 

simultaneously with multiple gas injector systems. 
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Thermal Gradient Forcedflow CV!, TGFCVI 

t t t t 
HOT 

COLD 

+ + + + 
Figure 1.6. The principle of thermal gradient forced flow CVI 

This process3,16,17 is (combined with the ICVI method) best known and is suitable for the 

infiltration of thick walled structures of simple geometry (plate or tube). The prefarm is 

maintained in a fixture that is attached toa water cooled gas injector. The gases enter at the cold 

side and flow towards the hot side. Since at the cold section the concentration of the precursor 

is high, but temperature is low, deposition will hardly occur. Deposition will occur to a large 

extent at the hot side. As in TGICVI the deposition front moves from hot towards colder side, 

due to the increase in thermal conductivity of the structure. 

This TGFCVI method is known for its greatly reduced infiltration times i.e. I 0 times faster as 

compared with ICVI. 

Pressure pulse CV!, PPCVI 

t t + t 
Figure 1.7. The principle of pressure pulse CVI 

Pulsed flow is caused by cyclical evacuation and back filling of the CVI reactor chamber wîth 

reactants 18,19. 
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In this way, the reactants are rapidly transported into and produels gases out of the porous 

system by forced convection. During the holding time, a pseudo steady state is reached where 

mass transport is diffusion driven. 

The activities based upon the pulse CVI metbod are primarily of the modeHing type, although 

pulse CVI of smal! size samples is performed experimentally. The modelling predictions 

indicate that density gradients are a few orders of magnitude smaller as compared with ICVI 

and that also infiltration time is reduced. 

The scale up of this process, however, will be a difficult task, since large pump capacities are 

required to evacuate the reactor system in less than one second. 

Microwave assisted CV!, MACVI 

Microwave CVJ20,21 is one of the most recent developments. The heating characteristics of 

microwave energy are utilised to create thermal gradients in the preform which lead to "inside 

out" deposition. The centre core of the preform will be more hot than the circumferences and 

since the deposition rate is a function of both the reactant concentration and temperature, 

reactant depletion is counterbalanced by the increasing temperature as the gases diffuse towards 

the preform centre. The microwave power can also be applied as pulses. In this technique, the 

souree power is modulated in time with a specific period and duty cycle. During the low power 

cycle, the temperature decreases allowing the reactants to diffuse into the preform without 

reaction. During the high power part of the cycle the reaction takes place rapidly. Ignition of 

the process, however, seems to be difficult. 

With the CVI methods presenled above, a lot of fibrous preform architecture's and geometries 

of different type of fibers have been successfully infiltrated with different ceramic matrices 

using different precursors. Continuous fibers such as carbon, Nicalon (Si,C,O),. Tyranno 

(Si,C,Ti,O), Nextel (Si,AI,O) or chopped fibersof these, formed into a preform disk, have 

been used successfully. 

Some matrix materials have been C, SiC, Si3N4, B4C, TiC, HfC, BN, TiB2, AI203 and Zr02 

and infiltration temperatures in the order of 1000-1500 K using halide type precursors. 

In principle all kinds of matrices can be produced, but the uniform deposition becomes more 

difficult using two or more reactants. So will SiH4 and CH4 react to form SiC at high 

temperatures. The use of these precursors for ICVI purposes will cause premature dosure of 

the pore entrances due to rapid silicon formation, since the reactivity of SiH4 to form Si is 

much greater than that of C~ to form C. The use of one precursor containing all the matrix 

elements such as methyltrichlorosilane (SiCH3Cl3, MTS) for SiC and tetraethoxysilane 

(Si(OCH3)4) for Si02 deposition is thus desirable. 
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1.4.1 Transport and other physical properties of gases in a CVD system 

From both scientifical point of view as for industrial implementation of the CVD/CVI process, 

a complete description of the reactor system and process conditions is essential. Therefore in 

this section, the quantities are defined that are used to describe the process. For the description 

of the flow behaviour of the gases within the reactor, the different physical properties of the 

gas species used are required. If these properties are unknown it will be necessary to estimate 

them. Furthermore, a mixture of several gas species is generally presentso that the property of 

the gas mixture should be approximated. 

In the following, the definitions are based upon steady state laminar gas flow through a tubular 

hot wal! CVD reactor. Details are given in the appendices. 

Gas velocity 

The gas velocity uo [m.s-1] through an open tubular CVD reactor is dependent on the amount 

of gas that is introduced at the inlet side Ft# [m3 .s-1] (and is metered with the aid of a mass 

flow controller, STP), the reactor temperature T [K] and total pressure Pt inthereactor [Pa] as: 

[I.l] 

Here, A is the cross flow area [m2] of the tubular reactor and typically 0.25•7t•d2, with d being 

the reactor diameter [m] and 'fÛ and p10 are the standard temperature and pressure respectively. 

Concentration 

The concentration ofthe gas species A in the CVD system: CA [mole.m-3] is given by: 

XA Pt 
RgT 

[1.2] 

where XA represents the molar fraction of A in the gas mixture at the gas inlet and Rg is the 

gas constant [J.mole-l.K-1]. 

Molar gas flow rate 

Multiplication of the total gas flow rate Ft (eq. 1.1) and the concentration of A: CA, will yield 

the molar gas flow rate of A: QA [mole.s-1] as: 

[1.3] 
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Reaction rate coefficient 

The reaction rate coefficient k5 [unit depends on total reaction order n as molel-n.m3(n-2/3).s-1 

and is thus m.s-1 fora first order deposition reaction] is: 

[
-Ea Î 

k5 = k0 exp --1 
RgT 1 

[1.4] 

where ko is the pre-exponential factor [unit as k5] and is assumed to be independent of total 

pressure. Ea is the activation energy [J.mole-1] of the surface reaction. 

Frequently, reaction rates and their coefficients are expressed in termsof volume (kv) [s-1, for 

first order reaction] insteadof a surface (ks) and is expressed by: 

Ordinary gas phase dijfusion 

4 
=-k d s 

[1.5] 

For the estimation of the ordinary gas phase diffusion coefficient23, the Lennard Jones function 

is used. Fora binary gas mixture in which A diffuses through B the diffusion coefficient DAB 

[m2.s-l] is given as: 

[1.6] 

where mA,B are the molar masses of A and B [kg.kmole-1], T is temperature in K, p1 is the 

total pressure in atm and QD ÎS the COllision integral for diffusion and is a ratio giving the 

deviation of a gas with interactions compared to a gas of rigid elastic spheres (a dimensionless 

function ofthe temperature), cris the collisiondiameter between A and B [À]. 

DAB increases roughly as the 1.7 power ofT (see appendix l.A). 

The multicomponent diffusion of species of type A in a gas mixture of A, B and C can be 

estimated through: 

l
( f~ 

Dmulti = --+ 
DAB DAc 

[1.7] 

in [m2.s-l] where fB,C are the molar fractions of componentBand C relative to the total ofB 

and C, i.e. f'B = fB I (I-fA). 
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Meanfree path 

The mean free path ÀA [m] that a gas molecule A can travel before it collides with another 

molecule is defined as12: 

[1.8] 

with JlA is the gas viscosity of pure A [Pa.s] and defined later. 

Knudsen dijfusion 

The Knudsen diffusivity D Kn,A of pure A [m2.s-1] is _given as12: 

[1.9] 

Effective dijfusion coefficient 

The effective diffusion coefficient is defined here as a combination of the ordinary or Fickian 

diffusion and Knudsen type diffusion: 

[ J
-1 

1 1 
Deff = ---+--

Drnulti DKn 

Mass transport coefficient 

The diffusive mass transport coefficient kg [m.s-1] is approximated as: 

k =Den 
g D 

[ 1.10] 

[1.11] 

where D [m] represents the characteristic dimension through which mass transport occurs. 

Most frequently mass transport through the boundary layer is indicated with a kg where D 

equals the boundary layer thickness ö (defined later in this section). 

Dynamic gas viscosity 

The viscosity of a pure gas A [Pa.s] is calculated according to the relation of Chapman and 

Cowling23: 

JlA = 2.669 •10-6 • ~~AT 
cr nv 

[ 1.12] 
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where IDA is the mol ar mass [kg.kmo]e-1 ], 0' is the Lennard Jones collision diameter [À] and 

!lv the collision integral for viscosity [-] which is a tunetion of temperature. 

The gas viscosity can be assumed to be independent of total pressure if this is smaller than 106 

Pa. The viscosity of gases at low density increases with temperature with approximately 0.7 

power of the temperature. The gas viscosities of the gas components used are fitted as a third 

order polynomal and given in appendix l.A. 

The viscosity of a gas mixture is calculated according to the formula ofWilke23: 

( IIlA)-0.5 ( (!-!A)0.5 (II1A)0.25)
2 

1 +~- • 1 +- • -
~ 1-!B ~ 

[1.13] 

Where fA,B are the molar fractions of species A and B, 1-!A,B are the viscosities at system 

pressure and temperature and IDA,B are the molecular masses. 

Within a small temperature range of 900-1500 K and a gas mixture of 5-15% MTS, 50-75% 

H2 and remaining portion Ar, a polynomal fit is found and given in appendix l.A. 

Gas density 

The density of a pure gas A [kg.m-3] is given by: 

The density of a gas mixture containing N species is calculated according to: 

N 

Pmix LPifi 
i=l 

where fi is the molar fraction of the species i in the mixture. 

Boundary layer thickness 

[1.14] 

[1.15] 

The influence of frictional forces in a forced laminar flow is confined to a very thin layer in the 

immediate neighbourhood of the wall or susceptor. The flow velocity at the susceptor is zero 

and increases rapidly to the original value at some distance -the boundary layer thickness o [m]

from the solid wal!. 

Ditfusion is the mass transport mechanism of the gas species within this layer and the 

boundary layer thickness de termines the time necessary to reach the surface from the bulk gas 

flow. The reaction rate of the coating deposition can be determined either by the chemica! 



16 Forced flow Chemical Vapour lnfiltration 

kinetics of the deposition reaction or by the diffusion ra te across this layer. lts thickness can be 

calculated with the aid of12: 

[1.16] 

where z is the axial distance downstream [m]. Note that the boundary layer thickness is 

independent oftotal pressure (appendix l.B)! 

Dimension and description 

All the definitions given above can be used to dimensionally describe the CVD reactor system 

and to define the flow conditions. Obviously, the flow conditions are a function of 

temperature, total pressure andlor total gas flow rate of the gas in the system. The quantities 

used throughout this thesis are presented in appendix l.A. 

The order of these dependendes are summarised in appendix LB by a power Iaw. 

1.4.2 Dimensionless numbers for gas flow in a tube and through porous media 

Some dimensionless numbers can aid in the description of the CVD and CVI reactor system 

and their values give the range of process conditions used. 

For the description of gas flow through a porous structure, as is the case in CVI processing, 

the original definitions of the transport and physical properties of the gas flow in a hollow tube 

need to be adjusted. In this section the CVI definitions are presented; the preform is considered 

to be a packed bed which consists of moriodispersed pores and of fibers having a cylindrical 

cross section. Due to deposition within the pore network the dimensions of the pores change. 

Moreover, the whole microstructure changes. Therefore, the values of the dimensionless 

numbers are very much dependent on the stage of the inflltration process. 

The Knudsen number 

When the mean free path of the gas molecules is large compared to the reactor diameter, 

Knudsen diffusion is important since the molecule collides with the reactor walL When the 

Knudsen number Kn [-] defined as: 

Kn 
À 

d 
[ 1.17] 
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is ~ 10, the ditfusion is primarily Knudsen type and for Kn ~ 0.1 it is of the viscous flow 

type. In between these values transition type flow occurs. 

The Reynolds number 

The Reynolds number Rel2,23, indicative ofthe type of flow (either turbulent Re> 2100 fora 

hollow tube, or larninar Re< 2100) is defined as: 

Re= uop d = inertia forces 
11 viscous forces 

[Ll8] 

The physical properties and dimensionless numbers described above are all valid for fluid flow 

through a hollow CVD reactor tube. 

Other useful dimensionless groups are the Peelet number and the first and second Damköhler 

number and are defined as24: 

Pe = convective mass transport 

diffusive mass transport 

chemica! reaction ra te 
Dal=------------------

convective mass transport rate 

Dali = chemica! reaction rate 
diffusive mass transport rate 

[1.19] 

[1.20] 

[1.211 

The second Damköhler number is similar to the more commonly used numbers as: the 

Sherwood number, CVD number or the square root of the Thiele modulus. In all these 

numbers, the main difference is the characteristic length through which the mass transport has 

to take place. In CVD this is represented by the tube diameter, tube radius or boundary layer 

thickness. In CVI the ditfusion length is even Jonger, and a combination of both the external 

and internal gas path as demonstraled in figure l.8A and B. 

The steps in the CVD and CVI process can be divided into three principal growth rate 

controlling conditions i.e: 

• External mass transport from bulk gas stream towards boundary layer (CVD) or 

preform outer surface (CVI). 

• Internal mass transport in the boundary layer (CVD) or in the pores ofthe preform (CVI). 

• Chernical reaction at the surface. 
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Figure 1.8A. A schematic representation of the substrate during the CVD process and the different mass 
transportand reaction steps. 
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Figure 1.8B. A schematic representation of the porous substrate during the CVI process and the different mass 
transport andreaction steps. Reprinled from ref. 25. 
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The characteristic length in the secoud Darnköhler number for CVI purposes is represented by 

the intemal diffusion length only (pore diameter) and it is assumed that external mass transport 

is much quicker than the intemal mass transport (Appendix l.C). 

More generally stated, for CVI purposes, the definitions given previously need to be adjusted 

to account for fluid flow through the pores of the porous medium and thus should the 

characteristic length D used in the CVD definitions (the reactor tube diameter) be replaced by 

4IH for CVI; with fH being the hydraulic radius [m]. This latter is defined as12: 

e 
rH=---

av(l e) 
[1.22] 

Here is av [m-I] the specific surface area and e is the porosity of the porous preform [voL 

fraction]. Since the values initially are based u pon a raw preform, € is defined as 1-V f with V f 

the fiber content ofthe fibrous preform [vol. fraction]. 

Consicter a preform made out of continuous cylindrical fibers with length L, mantie area Sf 

[m2], volume V [m3] and diameter dr [m], then: 

av 
Sr 1t df L 

V f = 0.251t d~ L 

Combination yields: 

Edf 
1-e 

[1.23] 

[1.24] 

The gas velocity through a packed bed is represented by the interstitial tortuous velocity Ubed 

[m.s-1]: 

UO't 

ë 
[1.25] 

Here, uo is based upon the average pressure and the tortuosity 1: [-] of the pore network which 

is defined as26: 

[1.26] 

Leffis the length of the axial path line between the two ports that the fluid partiele travels, 

whereas L is the straight line between the two ports. 
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For a packed bed the general "tube" definition of the Reynolds number is adjusted and 

assuming that the tortuosity equals one, it is replaced by: 

Re= 4rH u bed p = dr uop 
ll (1-E)Il 

[1.27] 

The gas phase diffusion coefficient for gas diffusion through aporous medium is given by: 

[ 1.28] 

Here, the diffusion coefficient Dbed is based upon the outlet pressure. It would be more 

accurate to use the average pressure, but sirree in future TGFCVI experiments (chapter 6) this 

is unknown, the outlet pressure was used. 

Similarly, the other definitions of the dimensionless numbers for tube flow can be adjusted for 

gas flow through porous systems. The results are given in appendix l.C. 

For gas flow in hollow tubes, the values of the dimensionless numbers are known for 

transition between the two competitive transportor reaction phenomena. The transition values 

differ for CVI compared to CVD. Calculation of these transition values resulted in the table 

1A.6 given in appendix l.D. 

1.4.3 CVD reaction or growth rates 

The CVD growth rate of the solid film or matrix material can be governed by two cantrolling 

mechanisms: either the chemica! reaction rate at the substrate surface ( either adsorption, 

reaction or desorption) or the (extern al) mass transport rate of the species towards the substrate 

surfacell. 

Consider the simple decomposition reaction of type: 

[ 1.29] 

where B is deposited. 

Kinetically controlled reaction rate 

lf the reaction rate is limited by the chemica! reaction rate at the surface and mass transport to 

this surface is relatively fast then the growth rate ofB i.e. G~ [mole.m-Z.s-1] is expressed as: 



Chapter 1. General introduetion 21 

[1.30] 

with n,m being the partial reaction orders in A and CAs the concentration of A at the surface 

and CAeq the equilibrium concentration at the surface.ln general since CAeq << CAs. CAeq is 

neglected. Operation at kinetically controlled conditions implies that the concentration of A in 

the bulk gas phase CAb equals the concentration at the surface, hence: CAb= CAs and then eq. 
k n 

1.30 reduces to GB k5 CAb. 

Kinetically controlled thin film deposition coincides with 1ow temperature, low pressures and 

activation energies of the reaction larger than 100 kJ .mole-1. 

Dijfusion controlled reaction rate 

[1.31] 

where CAi the concentradon of A at the interface between boundary layer and bulk gas stream 

and kg is the external mass transport coefficient as defined in equation 1.11 with D being 

replaced by the external boundary layer thickness ö and D Dmulti· 

During diffusion controlled deposition CAs equals CAeq because all arriving species reach 

equilibrium when the surface reaction is relatively fast and CAi =CAb and CAeq <<CAb then: 

G~ = kg CAb is valid. 

F orced convection controlled reaction rate 

[1.32] 

where CAb is the con centration of A in the bulk gas. 

Convective controlled growth yields: CAi = CAeq and CAeq <<CAb thus: Gs = uo CAb· 

Convection controlled growth typically occurs at high temperatures and pressures and at 

activation energies smaller than 40 kJ.mole-1. 

In CVD, a commonly used unit for the growth rate of the thin film is !J.m.hr-1. This is 

calculated through: 

[1.33] 

where mB is the mo1ar mass ofB [kg.mole-1], GB is the growth rate ofthe film in mole.m-2.s-I 
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and PB is the density of B [kg.m-3]. Frequently, the theoretica! film density is used, since thin 

films densities are hard to detennine experimentally. 

The dependenee of the CVD growth rates presented above, on temperature, total gas flow rate 

and total pressure can be estimated and are given in appendix l.B table 1A.3. 

1.4.4 CVI reaction or growth rates 

In case of flow around (ICVI) or through a packed bed (FCVI) as is the case in CVI 

processing, growth rate principles are the same, but the conveetien and diffusion is not only 

along the substrate surface i.e. extemal mass transport, but through it as well i.e. internal mass 

transport. 

Furthermore, the surface area available for deposition (of the porous preform) is much largeras 

compared with dense CVD substrates. Therefore, reactant depletion effects are more severe. 

The porous preform is most simply described as a disc with continuous open pores in which 

chemica! reaction occurs on the pore wall and in which either diffusion or conveetien carries 

the species through it. 

For both situations an equation can describe the concentratien profile of A within a cylindrical 

pore of uniform diameter (open on both si des) where gas molecules flow from po re opening in 

axial direction only. 

In general the mass transport limited growth rate of solid B is described as10,27: 

[1.34] 

with Ç [-] is the effectiveness factor and represents the ratio of the actual rate within the pore 

with the rate if not slowed by mass transport limitations. 

The effectiveness factor Ç for a first order reaction (with Dali as given in appendix l.C and d 

repcesenting the pore diameter) where diffusion is the mass transport mechanism is27: 

Ç = tanh Dali 
Dali 

Kinetically controlled reaction rate 

[ 1.35] 

When the chemica! surface reaction is rate limiting, the deposition and mass transport into the 

pore is much faster than the reaction on the pore wall, hence depletion effects can be neglected. 

This implies a small value for Dali e.g. a short pore, slow reaction or rapid diffusion and 
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Equation 1.34 reduces in case of a first order reaction to: Gt = ks CAb and is the same as for 

CVD. 

lt will be clear that this is the growth regime in which to uniformly densify the CVI substrate. 

The pore filling will be complete up to the point where the pore diameter is getting so smal! 

(typically in the order of 10 J.lm) that the mean free pathof the gas molecules is camparabie to 

the pore diameter. Since the Knudsen diffusivity is a linear function of the pore diameter (eq. 

1.9) the uniform filling will stop and a layer gradient arises resulting in a blocking of the pore 

entrance(s). 

Dijfusion controlled reaction rate 

As internal diffusion is slower than the reaction rate at the surface, depletion from the pore 

entrance deeper into the pore occurs. The deposition at the pore entrance exceeds the deposition 

on the pore inner surface causing an early sealing of the pore and causing closed porosity. 

For large Dali (and Ç<l) the reactant concentration drops to zero on moving into the pore, 

hence diffusion strongly influences the rate of reaction. In this case: 

[1.36] 

Here, it is assumed that external mass transport is much faster than the internal diffusivity. 

Forced conveelion controlled reaction rate 

When forced convection is the rate cantrolling mechanism, the precursor concentration A will 

decrease deeper into the pore due to reaction on the pore wall. CA will thus be a function of 

distance in axial direction z. The concentration gradient or effectiveness factor is described 

byl0,28: 

[1.37] 

with Dal as defined in appendix l.C (laminar flow reactor) but uo replaced by up (i.e. the pore 

gas velocity). 

At small Dal ( Ç"' 1) again equation 1.34 reduces to Gt k5 CAb. At large Dal, the exponent is 

smaller than I and the growth rate is described by: 



24 Forced flow Chemica[ Vapour lnfiltration 

c [-Daiz) GB =ksCAbexp T (1.38] 

The dependenee of the CVI growth rates on temperature, total gas flow rate at STP and total 

pressure for gas flow through aporous bed are presentedinappendix l.D table 1A.5. 

1.5 Outline of this thesis 

This chapter presents an overview of ceramic matrix composites and CVI methods and the 

fundamentals of CVD and CVI processing. Chapter 2 deals with the SiC thin film deposition 

using methyltrichlorosilane and hydragen as the precursors. Chapter 3 describes the operation 

of the self designed FCVI apparatus that was used for the isothermal FCVI experiments that are 

presented in chapter 5. 

The theoretica! considerations that are given in chapter 4 are used to model the isothermal FCVI 

process. The objective was not to give quantitative information about the effects of the process 

conditions and initial prefarm microstructure on the infiltration efficiency (expressed in 

infiltration time and composite density), but merely to give insight into the process and to 

predict qualitative trends. In chapter 6, the Thermal Gradient FCVI experiments and results are 

described that were conducted at the Oak Ridge National Laboratory. 

A limited number of mechanica! test results are presented in chapter 7 and finally, discussion 

and comparison between the different CVI and alternative CMC preparation processes and 

some cornmercialisation aspects conclude this thesis in chapter 8. 
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Appendix l.A. Properties of some gases for CVD. 

Quantity Unit vrrs I Ar Hz 

Boiling point at 1 atm. K 

I 
339.55 87.25 20.38 

Me1ting point at 1 atm. K 183.2 83.77 13.95 

Critica! pressure Pa 3.28•106 48.7•105 12.8•105 

Crideal temperature K 515.2 150.7 33.2 

Gas density at STP kg.m-3 6.671 1.783 0.0899 

Molar volume at LBP m3.mole-1 1.27•10-4 2.87·10-5 2.85·10-5 

Collision diameter RT m 5.864•10-10 3.542•10-10 2.827•10·10 

dk K 390.48 93.30 59.70 

Molarmass kg.mole-1 149.48•10-3 39.948•10-3 2.016•10-3 

S0298K J.mole-1.K-l 351.147 154.845 130.7 

H0298K J.mole-1 -528.858 0 0 

Table lAl. The physica1 properties of the precursor gases. 
STP=standard temperature and pressure, LBP= Jiquid boiling point, RT=room temperature 

Quantity Unit aO al a2 a3 

Cp,MTS J.moie-1.K-1 5.765·101 1.861·10-1 1-1.260·10-4 3.232·10-8 

!-!MTS Pa.s -2.833·10-7 3.330·10-8 '-5.371·10-12 0 

!-!Ar Pa.s 1.581·10-6 8.121·10-8 -4.224•10-11 I 1.190·10·14 

I-!H2 Pa.s 1.255·10-6 2.896·10-8 -1.459·10-11 4.150·10-15 

!-!mix Pa.s 2.906·10-7 4.802·10-8 -1.589·JO-ll 3.247·10-15 

DMTS/H2 l 
m2.s-1 -2.372 1.404·10-2 1.613·10-5 0 

DMTS/Ar m2.s-l -3.692·10-1 2.714·10-3 4.019·10-6 0 

Table 1 A.2. The approximated polynoma1s for thees tirnation of heat capacity, gas vîscosity and 
diffusîon coefficients of the precursor gases. 
Approximation according to polynomal fit: 
cp,!!(T) aO +al • T + a2 • T2 + a3 • T3; T in K. 
D(T,p) (aO +al • T + a2 • T2) I p; TinK and pin Pa. 
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Appendix I.B. Transport properties and characteristic numbers for CVD. 

Power law dependenee on 

CVDProce l Symbol Unit T Pt ft# 

I [" Pa] [m3.s-1] 

Superficial gas velocity uo I m.s-1 1 -1 1 

Molar flow rate Q mole.s-1 -1 1 1 

Concentration c mole.m-3 -1 1 0 

Dynamic gas viscosity !! Pa.s 0.7 0 0 

Gas density p kg.m-3 -1 1 0 

Multicomp. gas diff. coeff. Dmulti m2.s-l 1.7 -1 0 

Knudsen diffusion coefficient Dr<n m2.s-1 0.5 0 0 
! 

m2.s-l Effective diffusion coefficient Deff I 0.5 1.7 0 -1 0 

Boundary layer thickness ö i m 0.25 0 -0.5 

Mean free path À m 1.2 -1 0 

Reaction rate coefficient ks m.s-1 $ 39* 0 0 

Mass transport coefficient& kg m.s-1 1.45 -1 0.5 

Reynolds number Re - -0.7 0 1 

Knudsen number Kn - 1.2 -1 0 

Peelet number "Fe - -0.7- 0.5 0 1 

First Darnköhler number "Dal - 38* 1 -1 

Secoud Darnköhler number "Dali I i 37.3- 38.5* 0-1 0 
! ' 

Growth rate kinetica! control $Qk I mo1e.m-2.s-1 
1 

38* 1 0 

I Growth rate diffusion control %(]d I mole.m-2.s-1 0.45 0 0.5 

Growth rate convection contr. ac mole.m-2.s-1 0 0 1 

Tab ie 1A.3. Dependenee of transport properties of gases through a tubular laminar flow CVD reactor on 
substrate temperature T, total pressure Pt and total gas flow rate Ft#. Sec list of symbols. 

*Approximated based upon ks between 1000-1500 K, Ea = 400 kJ.mole-1, ko=2.1•1Ql4 m.s-1 
$ for first order reaction 
"definition given in table 1A.4. 
& The external mass transport coefficient; equals Dmulti I o 
% based upon o as characteristic dimension. 
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Appendix l.C. Definitions of transport numbers for CVD and CVI systems. 

CVD/CVI Unit Laminar flow reactor * Packed bed reactor** 

transport 

parameter 

D m d edr 
4r =--

H (I-e) 

D m2.s-1 I [ [ [ ]I #--+-
Dmulti DKn 't 

u m.s-1 uo i! 
uo 't 

e 

kg m.s-1 D, ~ Deff(l- e) î 

d 'tdf 

Re 

I 
uopd 'P ;df 

I! (1-e)l..t 
i uod 

uodf 't
2 

Pe --
Deff I e(l e)Deff 

Dal - ~ I 
4k

5 
E 

uo 'tUO 
r-·-

4k
8

d 4k5 dr't Dali 

Deff Deff (1- E) 

Kn - À 'J..(l- E) -
d edf 

Table lAA Definition of transport numbers of 
and through a packed bed reactoL 
* without subscript. 

flow through a tubular laminar flow reactor tube 
list of symbols. 

** indicated with subscript "bed", assumed is a first order reaction. Packed bed is a 
preform consisting of continuons cylinder fibers. The gas viscosity remains unchanged 
whereas the gas density and diffusion coefficient is dependent on absolute pressure within the 
pore network. 
# called Deff (eq. 1.1 0). 
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Appendix l.D. Transport properties and characteristic numbers for 
CVI tbrough a packed bed. 

Power law dependenee on 

I 
I 

Ft# CVI Process parameter Symbol Unit T Pt I 
[K] [Pa] [m3.s-l] 

Tortuous gas velocity U bed m.s-1 1 -1 1 

Effective gas diff. coefficient &JJt,oo m2.s-l 1.7 -1 0 

Reynolds number Rebed - -0.7 0 1 

Peelet number &pebed - -0.7 0 1 

First Damköhler number Dalbed - 38* 1 -1 

Second Damköhler number &DaiJbed - 37.3* I 0 

Knudsen number Knbed - 1.2 -1 0 

Growth rate kinetica! control Qk mole.m·2.s-l 38* I 0 

Growth rate diffusion control Qd moie.m-2.s-1 0.7 0 0 

Growth rate convection contr. QC moie.m-2.s-1 "'38* ""I exp( -a/Ft#) 

29 

Table 1A.5. Dependenee of transport properties of gases flowing through aporous medium in a CVI reactor 
on substrate temperature T, total pressure Pt and total gas flow rate Ft#. See list of symbo1s. 

* Approximated based upon ks between 1000-1500 K, Ea = 400kJ.mote·l, ko=2.1•1014 m.s-1 
& Knudsen diffusion is neglected. 

Dimensionless Definition CVD *CVI 

group transition number transition number 

Re inertia forces 2100 1 
viscous forces 

Pe convective mass transport I I0-3 
diffusive mass transport 

Dal chemicalreaction rate I lQ-1 
convective mass transport rate 

Dali chemical reaction ra te 1 I0-4_ J0-3 
diffusive mass transport rate 

Kn mean free path 10 104- 1Q5 
diffusion path 

Table 1A.6. Transition values of the dimensionless groups used for the description of CVD or CVI process 
conditions and reactor geometry. 
* packed bed with 't' = 2, df = w-5 m, e 0.5, dpreform = 0.1 m. 
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Chapter· 2 

SILICON CARBIDE THIN FILM DEPOSITION 
FROM METHYLTRICHLOROSILANE 

2.1 Introduetion 

31 

Chemical Vapour Deposition (CVD) is a method to produce ceramic thin films which can be 

very pure by the use of high purity precursor gases. 

SiC CVD films can be produced by using different gaseous precursors containing the carbon 

and silicon atoms necessary for the SiC formation. Methyltrichlorosilane (CH3SiCl3) is most 

frequently used, because of the fact that it contains both carbon and silicon in stoichiometrie 

amounts and deposits crystalline SiC at relatively low temperatures (> 1225 K) as compared 

with other CVD precursors. If MTS is subjected to temperatures above approximately 1000 K, 

it will decompose and form solid SiC and different gaseous products such as chlorosilanes, 

aliphatic hydrocarbons, hydrochloric acid and hydrogen. 

This chapter describes the results of an attempt to study the SiC thin film deposition using 

methyltrichlorosilane (MTS) and hydrogen as the precursor gases in a carrier gas of (inert) 

argon. 

The main objective for the resolution of this data is its necessity for the description of the SiC 

growth rate in a porous structure i.e. CVI. In section 2.2 some general aspects of the SiC 

formation are presented. In section 2.2.1, the results of thermodynamic calculations are 

summarised. Some literature data is compiled and given insection 2.2.275. This results in a 

proposed reaction network of section 2.2.3. In section 2.3, the details are described of the 

experiments that were conducted in a vertical hot wall LPCVD reactor to elucidate the 

heterogeneaus kinetîcs of the SiC thin film deposition. In section 2.4 the way the thin films 

were analysedis descri bed. The results of the LPCVD experiments are presented in section 2.5 

as a function of process conditions82. In the discussion and conclusions (section 2.6), these 

experimental results are discussed and are compared with literature data. 
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2.2 Overall CVD SiC formation reaction 

In this thesis, silicon carbide is used as the ceramic material to fill a porous fiber network. It is 

formed by the reaction of SiCH3Cl3 (MTS) in the presence of Hz at a hot surface. 

The overall CVD reaction can be described by: 

[2.1] 

The overall rate of formation dSiC or growth rate Gsic ofthe SiC [mole.m-2.s-1] is given by: 
dt 

dSiC 

dt 
[2.2] 

with ks being the reaction rate coefficient [mole(l-x-yl.mJ(x+y-YJl.s-1] and CMTS and 

CH
2 

repcesenting the input MTS and Hz concentration at the partial reaction orders of x and y 

respectively. Recalling equation 1.4, k5 is a function of the temperature as: 

(-EaJ k8 = k0 exp --
RgT 

[2.3] 

Clearly, equation 2.1 is the overall reaction, but it consists of multiple homogeneous and 

heterogeneous steps. In general, however, an overall CVD reaction rate (such as eq. 2.2) can 

describe the thin film growth with sufficient accuracy for a limited range of conditions. 

The utilisation of an overall equation for the prediction of the SiC growth in a porous network 

-which is the main topic of this thesis- can only be accurate if homogeneaus reactions do not 

interfere with the overall assumed heterogeneous reaction at the surface. The effectiveness 

factor Ç of the SiC growth rate for CVI processing is not equal to one -which is the case in 

LPCVD conditions-, since the reactant(s) have to travelalong a large distance into a pore and 

are thus subjected to larger depletion (see section 1.3.4). Therefore, for the optimisation, up

sealing and modelling of CVI processes78, a thorough understanding -both qualitatively and 

quantitatively- of the reaction rates of the homogeneaus and heterogeneaus reactions that take 

place is essential. 

The reaction mechanisms of the various reaction steps and the overall reaction rate will depend 

on the reaction rate coefficients of these steps, the temperature and the partial pressures of the 

gaseous species. All these steps are usually unknown and if they are known, the information 

about the various reaction rate coefficients and partial reaction orders are often not available. 

The purpose of this study is to find an overall reaction equation that describes the SiC growth 



Chapter 2, Silicon carbide thin film deposition jrom methyltrichlorosilane 33 

rate in the fonn of an equation like 2.2. The activatien energy, the pre-exponential factorand 

the partial reaction orders thus need to be quantified. 

2.2.1 Thermodynamics of the SiC deposition 

A first approach to elucidate some of the expected reactions is the performance of 

thennodynamic calculations. Minirnisation of the Gibbs energy change of the reaction (~Gr) is 

the driving force for the reactions that can take place. The reaction having the lowest ~Gr is 

favoured thennodynarnically. 

The CVD equilibrium calculation programs such as 'SAGE' (fonner SOLGASMIX) are based 

on this principle. A distinction can be made between homogeneons and heterogeneons 

equilibrium conditions, since the SAGE program allows the user to suppress heterogeneons 

reactions to take place. At homogeneons equilibrium only gaseous species are present in the 

system and in a heterogeneons equilibrium, a solid is allowed to fonn. 

The SAGE program was used tor the calculation of the reactions that take place at equilibrium 

conditions. The species considered for the calculations (of which thermadynamie data is 

available) and the calculation results are summarised in appendices 2.Al-3 at the conditions 

specified. Here, the partlal pressures of the species involved are presented as a function of 

temperature. 

The results of the calculations demonstrate that many intennediates may be present in the CVD 

of SiC from MTS in hydrogen. The MTS can decompose in several carbon or silicon 

containing species and in species containing both. The first calculations with the SAGE 

program indicated the presence of -the not very likely- C4Hs and CsHs. The data in the 

database appeared to be erroneous and was replaced by more accurate thennodynarnic datal-3. 

The partial pressures of the gaseous products -or the equilibrium efficiency of these products 

expressed in mole fractions- can aid in the predietien of the most dominating species present in 

the system. At homogeneons equilibrium these appear to be: Hz, Ar, SiC}z, HCI, SiCl3, CH4, 

SiCl4, SiHCl3, SiHzClz and SiCH3Cl3 at temperature <1300 K whereas at high temperatures 

i.e. > 1300 K also CzHz exists at thennodynamic equilibrium conditions. 

At heterogeneons equilibrium these are : Hz, Ar, HCI, SiCI3, ~-SiC(s), graphite C(s), CH4, 

SiHCh and SiCl4 at temperatures <1300 K whereas at high temperatures i.e. > 1300 K also 

SiClz exists at thennodynarnic equilibrium conditions. 

From comparison of the homogeneons with the heterogeneons equilibrium plots (appendices 

2A.2 and 2A.3), it may be concluded that for the SiC deposition only SiCH3Cl3 (MTS), SiC}z, 

CH4 and CzHz are important under thennodynarnically controlled growth conditions. The 
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concentration of these species are reduced by two orders of magnitude when changing from 

homogeneous to heterogeneaus equilibrium conditions. 

Note however, that in CVD systems mass transport or kinetic limitations are often present so 

that therrnodynamic equilibrium is seldom reached. 

2.2.2 Literature data compilation 

Deposition conditions and SiC growth rates were compared4-73 and are summarised in 

appendix 2.C for hot wall type CVD reactors. Frequently however, process parameters or thin 

film analysis results were lacking. 

For the cold wall type reactors, the activation energy varied between 66-397 klmole-1. For the 

hot wall type reactor the activation energy ranged from 68-300 klmole-1. This large spread of 

activation energies is an indication of the complexity of the overall description of the reaction 

ra te. 

The partial re action order in MTS is one in all studies with one ex ception 19, but in this 

estimation of the partial reaction order, both the MTS concentration and the total gas flow rate 

were varied and this can result in an incorrect value. Furtherrnore, in almost all studies it was 

unclear if mass transport limitations were completely absent during the thin film growth 

experiments. The residence time of the MTS in the hot zone of the reactor was seldom 

mentioned so that the extent of prior decomposition in the gas phase was impossible to 

estimate. 

In roughly all studies hydrogen was used as the carrier gas. In case argon was used the 

activation energy of the SiC deposition reaction was generally Iower30,55, which could indicate 

that H2 acts as an inhibitor. Also, it was noticed that the deposited thin films were not of 

stoichiometrie composition in the absence of hydrogen. In some cases the intermediale gaseous 

decomposition species were detected in the CVD system or some guesses were presented 

conceming the nature of these species. SiCh, SiHCl3, CH4, SiCI4 and CH3 were most 

frequently mentioned. 

Langlais8,73 observed that the Arrhenius curve (logarithmic growth rate versus redprocal 

temperature) exhibited a rare three stage behaviour. At a H2/MTS ratio of approximately 6, he 

explained these phenomena by assuming two different deposition mechanisms e.g. at Iow 

temperature (T < 1150 K) and high temperature (T > 1300 K). 

Langlais stated that at low temperature, the MTS decomposes in the gas phase to a relatively 

smal! extent. 
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Here, the MTS adsorbs directly onto the substrate as a more or less intact molecule and forms 

the SiC deposit. A first order reaction is the consequence. 

Secondly, at high temperature, the MTS decomposes in the gas phase to fragmented pieces. 

Then, the decomposition products adsorb on the substrate surface and react to form SiC. 

Langlais stated that the SiC growth rate is controlled by the homogeneous decomposition of 

MTS in the gas phase. 

In between 1150 and 1300 K, SiC deposition appears to be relatively insensitive for increase of 

temperature, but no explanation was presented. 

2.2.3 A mechanistic reaction network 

After the performance of thermodynamic calculations and the compilation of lirerature data, the 

chemica! behaviour of the MTS molecule was studied76, 77. 

The bondenergiesof the various compoundsof the Si-C-Cl-H system have been summarised 

in appendix 2.B. It foliowed that because the bond dissociation enthalpy of the Si-C bond in 

the MTS molecule is lowest, it is most likely that this bond will break most easily4. The more 

stabie Si-Cl and Si-H bond can also break, but this is less probable. Molecules will form with 

high bond energies and low heats of formation ~Hf (i.e. the enthalpy of formation of the 

compound from its elementsintheir reference phases). 

A thorough comprehension of all MTS related publications resulted in the following 

conclusions. The MTS decomposes into SiClz, SiHCl3 and CH44,5_ The CH3 and SiClz 

species adsorb3Z on the surf ace, due to their radical or polar nature. HCI adsorbs reversibly on 

the surface as Cl and H, that both can act as poison5. Atomie hydrogen resulting from the 

molecular hydrogen carrier gas, acts as an inhibitor4. Both silicon and carbon form in separate 

events from respectively SiClz and CH33z. 

A possible chemica! decomposition path that the MTS molecule with the aid of Hz undergoes, 

is summarised in the following simplified proposed reaction network: 

In the gas phase (• denotes a radical): 

SiCH3Cl3 --7 SiCl3• + CH3• 

CH3•+Hz ~ CH4+H• 

SiC13• + H• --7 SiClz + HCl 

SiCl3• + H• --7 SiHCl3 

CH3• + H· --7 CH4 

MTS decomposes in the first step 

and Hz with the CH3 

AH radical reacts with SiCh to SiClz 

and reacts with SiCl3 to SiHCl3 

and also with CH3. 

[2.4] 

[2.5] 

[2.6] 
[2.7] 
[2.8] 
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At the substrate surface (0 denotes a free surface site): 

Adsorption: 

SiCb + e ~ SiChO 

H2 + 20 ~ 2HO 

HCl + 20 ~ HO + Cie 

CH3 +0 ~ CH30 

• Surface reactions and desorption: 

The fonned SiCh absorbs at the surface 

and the H2 carrier in atomie fonn 

and so does the HCl 

and the methyl radical of reaction 2.4 

SiChO + 20 ~ Sis + 2Cl9 + e The adsorbed SiCh reduces to solid silicon 

CH30+39 ~ C5 +3H9+9 

HO+ ClO ~HCI 

2HO ~ H2 + 29 

Sis +Cs ~Si Cs 

and the methyl in carbon 

adsorbed Cl and ·H react and desorb 

and hydrogen recombines and desorbs 

the solid Si and C react and fonn SiC. 

[2.9] 

[2.1 0] 

[2.11] 

[2.12] 

[2.13] 

[2.14] 

[2.15] 

[2.16] 

[2.17] 

A complete description of all these reactions would imply the rates of each individual step 

within the total reaction scheme. However, experimental kinetic data could not be found in 

literature. The rate lirniting step in the mechanistic reaction model is assumed to be step number 

2.14 according to literature32,76. This implies that the SiC growth rate is limited by the 

fannation of carbon. 

Langlais8 proposed a sirnilar reaction network based upon thennodynarnic calculations only. 

He proposed the fannation of C2H2 at high temperatures since the entropy con tribution to the 

Gibbs ehergy becomes more dominating (compared to the enthalpy). The presence of the C2H2 

species in the gas phase was, however, only validated by Ivanova38 in 1968. Langlais 

proposed: 

Figure 2.1. Assumed reaction mechanism of the SiC deposition from MTS in H2 by Langlais. 
LT = low temperature T < 1300 K, HT =high temperature T > 1300 K. 
Enthalpy of reaction at 298 K, 101 kPa [kJ.moJe·l ]: I = 404.9; 2A = -146.7; 2B 89.4; 
3A = 761.6; 3B = 573.3 
Equilibrium constant at 1200 K, 101 kPa [-]: I= 1.1•10-4; 2A = 7.8•103; 2B = 1.8•Io2; 
3A l.6•Io4; 3B = 7.2•105. 
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According to the values of the equilibrium constant at 1200 K (see figure captions), all reaction 

equilibria lie to the right with the exception of the fission of the Si-C bond in the MTS molecule 

(reaction 1). Yet, these proposed reactions were based upon thermodynamic calculations and 

may not be the real reactions that occur or control the formation of SiC. 

In this study, it was tried to use kinetic reaction rate data to build areaction scheme for the SiC 

deposition from MTS and H2. The lack of kinetic data however, enforced the use of a very 

simple reaction scheme for the SiC deposition reaction at a hot surface: 

Figure 2.2. Assumed simplified reaction mechanism of the SiC deposition from MTS in H2. 

Enthalpy ofreaction at 298 K, 101 kPa [kJ.mole-1]: l = 404.9; 2 -519.1; 3 = 1003.0 
Equilibrium constant at 1200 K, !OI kPa [-]: 1 1.1•10-4; 2 2.5•106: 3 = 5.0.101. 

The kinetic reaction rate of this reaction is given in literature by Burgess and Lewis23, i.e. 

reaction 2.18 about the homogeneaus decomposition rate of MTS and H2 into SiHCI3 and C~ 

at temperatures between 970-1120 K, H2/MfS between 4 and 24 and at 101 kPa total pressure: 

[2.18] 

The rate of disappearance of MTS or formation of trichlorosilane and methane [mole.m-3 .s-I] is 

given by: 

-dCMTS =7.6 • 10t4ex !. -336•10 cl ( 3) 
dt p\ RgT MTS 

[2.19] 

and is first order with respect to MTS and is estimated to be zero order with respect to 

hydrogen. 

Since the recombination of two radicals is very fast (reaction 2 in figure 2.2), it is assumed that 

the reaction rate eq. 2.19 (series reaction 1 and 2) is in fact controlled by the rate of reaction 1. 

Because this reaction rate is the only kinetic data available for the MTS-SiC system, it is -as a 

compromise- assumed that the SiC formation from MTS in hydrogen follows the reaction 

sequence of figure 2.2. 

Whether this is true, is not discussed and should be evaluated in a more extendedstudy. 
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2.3 Experimental details 

Raw materials 

The measurement of the SiC growth rate was performed using alumina (Ah03) substrate plates 

of 2.54 • 2.54 cm2 and fused silica (quartz) plates of 1 • 1 cm2. They were hoiled and 

ultrasonically cleaned in ethanol and subsequently dried at 390 K. It was assumed that both 

alumina and fused silica were chemical1y inert towards the deposition rate of SiC. A piece of a 

polisbed doped silicon wafer (1 • 1 cm2) was used as a substrate for determining the 

composition of the deposited layer by Electron Probe Micro Analysis (EPMA). For this 

purpose the substrate must be electrically conducting. The substrates were weighed and were 

positioned onto a graphite substrate hol der. In this -100 mm long- bolder, grooves were carved 

in which the alumina, fused silica and silicon substrates were clamped. The holder was 

positioned vertically in the central axis of the reactor during the LPCVD experiment. The 

alumina substrate was located ciosest to the gas inlet whereas the silicon and the fused silica 

were located respectively 30 and 50 mm more downstteam (relative to alumina). 

The precursor gases that were used for the experiments are summarised in table 2.3. After the 

deposition experiment the substrates were weighed again. 

Gas type Supplier Quality 

N2 Hoekloos I >99% 

H2 Air Products > 99.999% 

Ar Hoekloos >99% 

MTS Merck >99% 

Table 2.3. Tbe quality of the precursors used at the LPCVD reactor system. 

Deposition experiments 

Figure 2.4 illustrates the experimental set-up of the LPCVD reactor system. The LPCVD 

reactor is a vertical cylindrical quartz tube that is heated by a cylindrical fumace. The reactor is 

1.2 m long and has an inside diameter of 0.055 m. The argon and hydragen gas flow through 

the reactor by forced convection as a result of a pressure gradient that is maintained by the 

vacuum pump (Leybold D40 A). The gas flows are controlled by mass flow controllers (type 

Brooks 5850E, calibrated for the type of gas). The MTS liquid is maintained in a glass 

container that is immersed in a temperature controlled water bath. The MTS is vaporised and a 

metered flow of hydragen is introduced above the liquid surface, that carries the MTS vapour 

into the reactor system. The flow rate of the MTS gas is kept constant by a separate controller 
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that controls the carrier gas flow in between the reactor and the bubbler. The setpoint of the 

MTS flow rate was calibrated as a function of carrier flow rate and bubbler pressure at constant 

temperature of the liquid MTS. Before each experiment, the setpoint of the carrier flow was 

calculated. The actual amount of MTS used in an experiment was measured by weighing the 

bubbler before and after the experiment. 

6 

Figure 2.4. A schematic layout of the LPCVD reactor system. 
I. fused silica reactor tube, 2. reactor furnace, 3. cold trap, 4. vacuum pump, 5. P.C. data logger, 
6. thermocouples, 7. graphite susceptor with substrate plates, 8. pressure gauges, 9. manual valve, 
JO. bubbler in thermoslat bath, 11. check valve, 12 mass flow controller, !3. mass flow meter, 
14. thermometer, 15. vacuum manometer, 16. controller device of mass flow meter, 
17. manual valve, 18. manual bypass valve, 19. manual needie valve, 20. optional gas inletjet. 

The teflon and stainless steel tubes between the bubbler and the reactor are heated by a heating 

ribbon which is kept at a temperature 5 K higher than the bath temperature (which is approx

imately 330 K) to prevent condensation of the MTS. 

The pressure in the reactor is measured with a Pirani pressure gauge (Balzers TPG 300, for 

reactor pressures < 0.27 kPa) and a baratron pressure sensor (MKS Instruments type 122A, 
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for reactor pressores > 0.27 kPa). Both are placed at the gas inlet side of the reactor. The 

alurnina substrates are placed on the graphite susceptor in the centre core of the hot zone of the 

reactor at 46 cm from the bottorn gas inlet flange. The temperature of the substrates is measured 

with two thermocouples (type K) that are placed at 2.4 and 5.8 cm below the top in the centre 

core of the graphite substrate holder. A third thermocouple is placed in between the fumace 

wal! and the reactor tube and is connected with the temperature controller of the fumace. 

The gaseous reaction praducts flow out of the reactor tube into a cold trap (filled with liquid 

nitragen) where the corrosive gases (essentially HCl) condense. The condensed praducts are 

neutralised with sodium hydroxide. 

The experiment is started by positioning of the substrates in the reactor hot zone. The reactor 

was heated up to pracess temperature at a rate o( 300 K.hr I under a flow of nitrogen. 

Temperature was stabilised for at least 30 minutes under a flow of hydragen to remove oxides 

fram the substrate surface. Subsequently, the argon gas and the hydragen gas through the 

bypass around the bubbler vessel, were introducedat the appropriate flow rates. The argon gas 

was added to allow both control of the H2/MTS ratio and total gas flow rate. The reactor 

pressure was adjusted through insertion of nitrogen before the pump, to thrattle lts pumping 

capacity. After stabilisation of the total pressure, the hydrogen flow was shifted from bypass to 

bubbler and MTS gas was carried into the reactor. After the experiment, this procedure was 

performed in the opposite order. 

Experimentalset-up 

The objective of this study is to elucidate the overall reaction rate equation of the CVD of SiC 

fram MTS. Through the measurement of the SiC grawth rate as a function of the temperature 

and MTS partlal pressure, the overall growth rate equation wastried to be deduced82. 

The experiments were divided into two ranges of deposition conditions e.g. at low temperature 

andlor residence time of the MTS in the gas phase and at high temperature andlor residence 

time. By assuming that the reaction rate of Burgess and Lewis23 (eq. 2.19) could be 

extrapolated into LPCVD conditions, it was anticipated that both situations could be 

experimentally simulated through varlation of the amount of MTS decomposed in the gas phase 

prior to the substrate. 

Therefore, the residence time of the MTS species in the hot zone was varled -through varlation 

of the gas velocity- in order to simulate a certain extent of MTS depletion and to allow 

homogeneaus reactions to take place. 

According to the reaction rate of Burgess and Lewis23, the local amount of MTS still intact 

[mole fraction] was calculated by integration of equation 2.19 and assuming plug flow: 
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CMTS,z = exp(-ks tr) 
CMTS,O 

41 

[2.20] 

where CMTS,O is the MTS concentration at the gas inlet, CMTS,z is the local MTS concentration 

[mole.m-3] in axial directionzat the corresponding residence time tr [s] and ks [s-1] at 

temperature T [K]. At the substrate z=s. The residence time is calculated with the aid of: 

L 
t =_!R 
r 

uo 
[2.21] 

where uo is the superficial gas velocity [m.s-1] as defined in equation 1.1 and Lhz is the length 

of the hot zone or heated section [m] where the gas remains during the time lap tr. 

Large MTS conversion in the gas phase 

For more or less complete decomposition of the MTS molecules in the gas phase, the mean 

residence time of the gas prior to the substrate should be relatively long, so that low gas 

veloeities are preferred. Furthermore, the temperature must be high enough, whereas it should 

not be too high to preetude mass transport limitations. The constraint was selected that the MTS 

must be decomposed for more than 80% before it reaches the alumina substrate. 

For the calculations of the amount of MTS that is decomposed (before the gas mixture strikes 

the susceptor) at the various process conditions, the following dimensions were used. A length 

of the heated section (Lhz) before the substrate was 0.2 m at the selected deposition 

temperature. The inside diameter of the reactor tube was 0.055 m. The gas velocity uo was 

calculated according to equation 1.1. 

Low MTS conversion in the gas phase 

In this SiC growth regime, the mean residence time, the MTS molecules spend in the hot zone 

must be sufficiently short to prevent decomposition of MTS prior to the substrate. These 

constraints imply a low hot zone temperature in combination with high gas velocity (e.g. low 

total pressure or high total gas flow rate). The substrate temperature should however not be too 

low to prevent low yields of SiC or the formation of Si or C rich SiC layers. With the reactor 

as used for the first set of experiments i.e. at large MTS conversion, it appeared to be 

practically impossible to avoid premature decomposition of the MTS. 

The residence time the gas molecules spend in the hot zone was reduced through increase of the 

gas velocity with the aid of a small diameter jet. A 9.5 mm inside diameter fused silica tube was 

positioned in the centre core of the LPCVD reactor, in the bottorn flange upstream of the 

substrate holder (figure 2.4 ). Clearly, the u se of the jet drastically changes the mass and heat 
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transport in the LPCVD reactor. Several constraints must be met in order to use the jet without 

disturbing gas flow behaviour. 

The di stance between the exhaust of the jet and the substrate holder must be selected so, that 

the parabolic velocity profile and the temperature profile are fully developed as the gas strikes 

the susceptor. Therefore the distance between the exhaust of the jet and the substrate holder 

must not be too small. For the calculations of the total gas velocity (total gas flow rate and total 

pressure) at the selected constraint that the MTS should be decomposed for less than I 0% 

before reaching the substrate, the following assumptions were used. 

It was assumed that the pressure in the jet equals the reactor pressure. Furthermore, it was 

assumed that the temperature profile is linearly increasing from gas inlet at 340 K to the hot 

zone which equals the jet outlet temperature at approximately 1200 K. It is noted that this is 

only a rough estimation. The length of the hot zone Lhz of 0.05 m and a reactor diameter of 

0.055 m at the deposition temperature were selected. 

Calculations -using an average temperature of 770 K and pressure in the jet of 3.3 kPa at a gas 

flow rate of 1.7 sim- indicated that the jet should have a length of at least 37 cm to avoid 

premature MTS decomposition. A jet of 41 cm length was selected resulting in a distance 

between the outlet of the jet and the alumina substrate of 7.5 cm. Gas flow is of the laminar 

type, since the Reynolds number in the jet and the reactor are respectively 200 and 17 (eq. 

L 18). Both thermal and velocity profiles are fully developed as the gas stream hits the 

substrate surface. 

After the elucidation of the boundaries of the experimental LPCVD conditions, the experiments 

could be performed. First, temperature was varied in order to obtain the activation energy of 

the SiC growth rate at both the low and large MTS conversion regime. Thereafter, experiments 

were executed as a function of the MTS concentration to obtain the partial reaction order in 

MTS. 

2.4 Characterisation of the thin films 

SiC growth rate determination 

The SiC growth rate was deterrnined on the alurnina and fused silica substrates. The thickness 

of the deposited layer was deduced with the aid of respectively an optica! microscope and by 

measurement of the mass increase of the substrate. 

The fused silica substrates were measured and weighed before and after the experiment on an 

analytica! balance with an accuracy of 0.05 mg. The alumina substrates were broken in halves 
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and the thickness of the SiC layer was measured perpendicular to the substrate with the aid of 

an ocular with a calibrated scale at a magnification of 1000. 

With these methods the growth rates GsiC [mole·m-2·s-1] were estimated by: 

GsiC 
apsic 

tdepmSiC 
or 

~m 
GsiC = ------

Actep tdep msiC 
[2.22] 

with a is the thickness of the deposited SiC layer [m], tctep is the deposition time [s], PSiC is the 

theoretica! density of SiC [kg·m-3], msiC is the molecular mass of SiC [kg·mole-1], ~m [kg] is 

the mass increase of the substrate due to deposition, Actep [m2] is the area available for 

deposition. 

Analysis of the thin film composition 

The composition of the deposit was examined by Electron Probe Micro Analysis (EPMA). In 

EPMA the deposit is attacked by electrons. As a result of this attack, X-ray radiation is 

generated from the deposit that is characteristic for the elements that are present in the coating. 

The content of silicon, carbon and oxygen were determined quantitatively since these were the 

elements most likely to be present in the thin films. Chlorine cou1d not be detected 

quantitatively because it wil! evaporate from the thin film as soon as it is subjected to X-rays. 

Qualitatively no chlorine was observed. 

2.5 Results 

Reproducibility 

In order to examine the reproducibility of the LPCVD experiments, three consecutive 

experiments were performed under the same process conditions for each of the two 

experimental set-ups viz. with jet and without jet. The results are presented in table 2.5. 

Exp. T Pt CMTS 1-
CMTS,S GsiC 

set-up [K] [kPa] [mole·m-3] CMTS,O [mole·m-2·s-1] 

without 1208 10.09 1.53 • I0-1 78.2% 9.31 • 10-4 
jet (0.05) (0.4) (3.7) (0.6) (6.0) 
with 1197 3.33 1.05. I0-2 5.6% 5.47 • I0-5 

jet (0.09) (3.9) (2.8) _(6.0) 

Table 2.5. Reproducibility of LPCVD experiments, withoutjet (exp no. 105 f-h) and 
withjet (exp no. 200 a-c). Figures in parenthesis are standard deviations Sn-1 in percentage. 
When no error is given, it was negligible. 
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It can be concluded from these repeated experiments that the growth rate is reproducible within 

6 % with or without the jet set-up. This was assumed to be sufficiently accurate to allow 

accurate measurement of the effects of the various process conditions on the SiC growth rate. 

Temperafure gradient along the substrate holder 

The temperature gradient over the substrate holder was measured with two matched type K 

thermocouples that were placed at 2.4 and 5.8 cm below the top in the centre core of the 

substrate holder. The temperature gradient was measured at nine different furnace setpoint 

temperatures at a hydrogen flow rate of 2 sim. 

lt appeared that the temperature along the holder differed maximal 5 K, but was generally 2 K. 

This is assumed to be sufficiently small to exclude thei:rnal effects during deposition. 

Analysis of the deposit 

The Electron Probe Micro Analysis (EPMA) technique was used for the quantitative analysis of 

the SiC thin films. EPMA is not suited for quantitalive analysis of SiC layers with thicknesses 

less than 0.6 J.l.m, using an acceleration voltage of 6 kV. X-ray radialion will also be generated 

from the silicon substrate, resulting in a erroneous larger Si/C ratio. 

An excess of silicon was present in all of the SiC thin films. In the experiments conducted 

without the jet, two deposits contained oxygen in considerable amounts (> I 0 atom % ), 

probably due to air leakage in the CVD system. lt was anticipated that this oxygen forms the 

thermodynamically stabie Si02. Therefore, the atomie percentage of oxygen was added to the 

amount of carbon to compensate for this gas leakage. The corrected Si/C atomie ratio varied 

between 1.02 and 1.36. The mean Si/C ratio was 1.2±11 %. No chlorine was detected. 

For the thin films made with the jet set-up, Si/C atomie ratios were between 1.05 and 1.10. In 

average this ratio was 1.1±2%. Oxygen content was < 2 atom % and no chlorine was found in 

the deposits. 

Microscopie analysis of the SiC layers deposited onto the silicon substrates, showed that the 

thin films made without the jet at a temperature > 1260 K were not smooth, but consistedof 

dendritic shapes. Locally on the substrates, these shapes were also observed at experiments 

performed with the jet above 1200 K and rnight be due to local impurities of the substrate. 

2.5.1 Effect of the total pressure 

The effect of the total pressure on the growth rate of SiC was not specifically exarnined in this 

study. As it appeared later, this effect is essential for the understanding of the absolute growth 
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rates as a function of the various ranges in process conditions. Therefore, figure 2.6 is 

presented in which experimental results from Besmann and Langlais are demonstrated. 

-------- Besmann 
500 --e- Langlais 

400 

300 

200 

100 

04-~~~rrrr--~~~~~~~nrL 

w·l 
Total pressure [kPa] 

Figure 2.6. Literature data about the effect of total pressure on the SiC growth rate. 
Besmann (ref 5): T=l392 K, Ft#= 550 seem, H2fMTS 10 

Langlais (ref 73): T=1373 K, Ft#= 50 seem, H21MTS 5 

Two stages can be distinguished in figure 2.6, which were also present in observations of 

Fedou74 at a higher total gas flow rate (i.e. 200 seem). At low pressure -typically below 

approximately 5 kPa- the SiC growth rate is increasing with an increase of total pressure. At 

total pressures beyond 5 kPa, the SiC growth rateis decreasing. 

The explanation of this behaviour is given by the following. At low pressures the gas velocity 

is high, giving the MTS insuftkient time to dissociate. At high total pressures, the residence 

time of the gas species is relatively large, thus allowing the MTS to form other silicon and 

carbon containing species in the gas phase. 

Unfortunately, in these two studies both the MTS concentration and the total pressure have 

been varied. Experimental results of the effect of the total pressure (i.e. residence time of the 

gas in the hot zone) at constant MTS con centration were not found in literature. 

2.5.2 Estimation of the activation energy 

Figure 2. 7 presents the Arrheniusplot for the two sets of experiments conducted with or 

without the jet. All conditions were kept constant and only the substrate temperature was 
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varied. Since the concentration is a function of temperature (eq. 1.2), the MTS concentration 

was kept constant through adjustment of the MTS fraction in the gas mixture. 

The result of the LPCVD experiments performed on two types of substrates i.e. alumina and 

fused silica are presented with the results as reported by Langlais 73 in the same plot. 

large.,._ __ _ MTS conversion ------J ... low 

-8.3 

-10.3 

-12.3 

14.3 I 
- • with jet; fused silica I 
- a without jet; fused silica I 

16.3 -lil- without jet; alumina 
~ with jet; alumina 

_
18

_
3 

-~ -Langlais; graphite 

6.60 w·4 7.90 w-4 9.20 w-4 

Temperature·1 [K- 1
] 

Figure 2.7. Arrheniusplot of the hot wall LPCVD of SiC from MTS in H2 and Ar. 

1.os w-3 

Withjet: CMTS = 0.0151 mole·m-3, Pt =3.33 kPa, Ft#= 1.7 sim, H2/MTS=I2.06. 

Without jet: CMTS = 0.17 mole-m-3, Pt =10.10 kPa, Ft#= 1.1 sim, H21MTS=4.42. 

Langlais73: Pt 25 kPa; Ft#= 38.3 seem; H21MTS 5.7. 

This tigure demonstrates that the results of the experiments of this study are very similar to the 

results reported by Langlais73. A three stage growth ra te is observed in all cases. At low 

temperature, the reaction rateis heavily affected by temperature. At medium temperature, there 

appears to be no effect of increase of temperature, whereas at high temperature, the growth rate 

starts to increase again. It is also interesting to note that these three stages remain present with 

or without the jet. The transition points between the consecutive phases are however altered. 

The different stages are: 

Without jet: 

Low MTS conversion at T < 1120 K; MTS decomposed < 10 % 

Intermediate MTS conversion at 1120 < T < 1180 K; 10 <MTS decomposed < 50% 
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Large MTS conversion at T > 1180 K; MTS decomposed > 50% 

Withjet: 

Low MTS conversion at T < 1185 K; MTS decomposed < 3.5% 

Intermediate MTS conversion at 1185 < T < 1220 K; 3.5 <MTS decomposed < 6% 

Large MTS conversion at T > 1220 K; MTS decomposed > 6% 

Langlais*: 

• Low MTS conversion at T < 1080 K; MTS decomposed < 3 % 

Intermediate MTS conversion at 1080 < T < 1250 K; 3 <MTS decomposed 90 < % 

Large MTS conversion at T > 1250 K; MTS decomposed > 90%. 
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The calculated amounts of MTS decomposed (eq. 2.20) are strongly influenced by the way the 

length of the hot zone and its temperature are defined. Comparison of the extent of the MTS 

decomposition between different reactor set-ups is therefore not allowed. 

It can be observed that the SiC growth rate as measured on alumina is higher as compared with 

that on fused silica. This is due to depletion of the MTS, because the silica substrates have been 

positioned more downstream from the gas inlet and the alumina substrates. The excessive large 

growth rate on fused silica with the jet at 1210 K is not understood. This data point represents 

two experiments. 

From the slope of the 1inear parts of the curves (which equals -Ea/Rg), the activation energies 

were calculated and were compared with the activation energiesas reported by Langlais73_ 

At relative1y low temperature, an excessive high value for the activation energy of 1035±300 

kJ·moie-1 was calculated for both situations e.g. withor without the jet and both types of 

substrate materiaL However, in this temperature range, only 2 to 3 experiments were 

performed and results are therefore relatively inaccurate. Langlais reported an activation energy 

of 170±50 kJ-mole-1 at T < 1080 K. It is speculated that this bas been a poor fit of the data. 

Using appropriate curve fitting, an activa ti on energy of 340±75 kJ·moJe-1 was estimated from 

Langlais data. 

In this study, at intermediate temperature, withor without the jet the activation energy equals 

zero. Langtais reported an activation energy equal to zero at temperatures in between 

approximately 1080 and 1250 K. 

At high temperatures, the activation energy is equal to 230±75 kJ·moJe-1 withor without the 

jet. The growth rate as measured on fused silica with the jet set-up however is an exception and 

a much larger activation energy was calculated of similar order as for the low temperature 

regime. Langtais reported an activation energy of 100 kJ·mole-1 at temperatures larger than 

* percentage of MTS decomposed is calculated using Lhz 6.5 cm and diameter reactor= 3.4 cm (ref 73) 
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1250 K. Linear curve fitting of his data -to check this value- resulted in an activation energy of 

90±10 kJ·moie-1 and thus coincided. 

In genera!, the SiC growth rate at low temperature is much larger as compared to the growth 

rate at high temperature. 

It can be concluded that the trends observed by Langlais are in concordance with the results of 

this study. That the absolute growth rates and the transition between the consecutive stages do 

not coincide, is due to the differences in reactor geometry, process conditions, the residence 

time the MTS spends in the hot zone and the influences of the substrate material and flow 

behaviour around it. 

2.5.3 Estimation of the partial reaction order in MTS 

The partial reaction order x in MTS (eq. 2.2) can be estimated by the so called "method of 

excess"80. The partial reaction orderyin Hz was not estimated in this study; y is assumed to 

equal zero because of the large excess of hydrogen carrier gas present in the system compared 

to the amount of MTS. Burgess and LewisZ3 studied the effect on the homogeneous reaction of 

MTS (eq. 2.18) and found a zero order with respect to Hz. 
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Figure 2.8. Plots of ln GsiC versus In CMTS· 

With jet: T = 1200 K, Pt 3.33 kPa, Ft# = 1.7 sim, Hz/MTS > 6, MTS decomp: 5.8 - 6.0 % 
Without jet: T = 1208 K. Pt 10.18 kPa, Ft#= 1.0 slm, Hz/MTS> 4, MTS decomp: 77- 81 % 
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The SiC growth rates were measured at various mole fractions (i.e. concentrations) of MTS*. 

The mole fraction of Hz, the substrate temperature, the total pressure and the total gas flow rate 

are kept constant. The fused silica substrate temperature was approximately 1200 K. The 

results of this exercise are presented in figure 2.8. 

The partial reaction order x in MTS is the slope of the curves. The intercept equals (In ks + y In 

CH2). A partial reaction order in MTS between 0.5 and 1 was found for both set-ups i.e. with 

or without the jet. 

Clearly, the exact partial reaction order is very much dependent on the way the data points are 

fitted. The relatively large scatter of the data points makes the quantification of the slope rather 

subjective. 

Since the two sets of data points follow a similar trend, it may be concluded that all the 

experiments of figure 2.8 are valid for the same reaction mechanism. Through comparison of 

these data with the growth rates on fused silicaat 1204 Kin tigure 2.7, it is likely that these 

experiments have been performed in the intermediate MTS conversion controlled region. 

From figure 2.7, the condusion might be drawn that there is no additional effect of total 

pressure on the SiC growth rate on fused silica in this intermediate MTS conversion regime. 

That the growth rates are equal however (at 0.0151 and 0.17 mole.m-3 at 1204 K), is merely 

coincidal. Figure 2.8 indicates that there is an additional effect of total pressure on the SiC 

growth rate after all. This is also confirmed by the growth rate measurements on alumina 

( tigure 2. 7). As total pressure is increased from 3.33 to 10.18 kPa i.e. a factor 3, the growth 

rate decreases a factor of roughly exp(0.6)=1.8 in tigure 2.8. Hence, the pressure effect can be 

quantified roughly from: 

(3pt)q = exp(-0.6) 
P{ 

and yields a value for q of -0.5. 

lntennediate MTS conversion 

Summarising, experiments in the intermediate growth regime show that: 

G C0.5 to I -0.5 
SiC oe MTS,O Pr 

[2.23] 

[2.24] 

* The concentration can also be changed by variation of the total pressure. Clearly. this is not the appropriate 
way to estimate the parrial reaction order, since homogeneous decomposition rates can be influenced by 
alleration of the total pressure, due to change of the residence time. 
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This equation is valid at a total pressure between 3-10 kPa. Hot wall temperatures are 

approximately in between 1120 and 1180 K. The activation energy of this reaction equals 

approximately 0 kJ.mole-1. LoumagnelO proposed areaction order in MTS between 0- 0.1 

and also observed the SiC growth to be thermally non-activated. It is noted that in his 

experiments both MTS concentration and total pressure were varied. 

Low MTS conversion 

Assurning that there is no additional effect of the total pressure ( other than through the MTS 

concentration) on the growth rate of SiC in the regime of low MTS conversion, asecondorder 

reaction in MTS was derived from figure 2.8. This is explained in more detail in section 2.6.2. 

2.6 Discussion 

At first it was anticipated that the three different growth rate mechanisms could be due to 

change from kinetic towards mass transport limited growth conditions. However, the 

conesponding pseudo first order reaction rate coefficient relative to the mass transport 

coefficient was calculated to be smaller than one for all experiments. Also, the order of 

magnitude of the activation energies of both the low and high temperature regimes coincide 

with kinetically controlled growth. 

Therefore, the three reaction stages must be explained in another way. A possible reaction 

mechanism is presented in the following. 

2.6.1 A proposed overall reaction model 

MTS is known to decompose rapidly. The extent of this decomposition in the gas phase is 

determined by the residence time of the MTS in the gas phase at the local temperature. 

Assume the simplified reaction scheme: 

[2.25] 

where A denotes a silicon containing gas species (e.g. SiHCI3, SiChor other) and Ba carbon 

containing gas species (e.g. CH3• or CH4 or other). 

The rate of formation of A and B is equal to the rate of disappearance of MTS [mole.m·3 .s-1] 

hence: 
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-dCMTS _ dCA _ dCn _ k C 
------- g MTS 

dt dt dt 
[2.26] 

Combination with equation 2.20 yields (assuming plug flow): 

dCA s ( ) ~ = kg CMTS,O exp -kg tr,s 
r,s 

[2.27] 

with CA,s is the concentration of A at the substrate "s" and tr,s is the residence time of the gas 

between gas inlet ( denoted as 0) and substrate. 

Integration of equation 2.27 results in: 

CA,s = CMTS,O (1- exp( -kg tr,s )) [2.28] 

and is similar for the species of type B. 

Low MTS conversion 

At low temperature and residence time little MTS is converted into A and B. In this regime, 

kgtr,s is small and equation 2.28 reduces to CA= Cn"" kg tr,s CMTS,O· 

lf assumed that th~ A and B that is formed, adsorb according to: 

A + 9 ~ A9 with KA: equilibrium constant of the adsorption process of species A and 

B + 9 ~ B9 with Kn: equilibrium constant of the adsorption processof species B. 

[2.29] 

then combination with equation 2.28 for small kgtr,s and small KA and Kn results in: 

[2.30] 

where the superscript 'ad' denotes the species adsorbed at the substrate surface. 

The growth rate of SiC [mole.m-2.s-1] is presented by GsiC = kr C~ C~d (see eq. 2.25) and 

hence: 

[2.31] 

with k,r = kr KA Kn in [mole-l.m2.s-1]. 

The SiC growth rate is thus second order in MTS at low MTS conversion conditions (see 

section 2.6.2). 
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Large MTS conversion 

On the other hand, when temperature and residence time of the MTS is relatively large i.e. at 

high kgtr, CA= CB = CMTS,O· As a consequence: 

C~ "' KA C MTS,O and C~d "" KB C MTS,O [2.32] 

Hence, the reaction rate 2.3 I reduces to: 

Gsic [2.33] 

when the species of A and B formed in the gas phase adsorb and react. Again, the reaction rate 

is second order in MTS. 

At low MTS conversion (eq. 2.3 I), the activation energy of the SiC rate of formation equals 

two times the one reported by Burgess (eq. 2.19, i.e. 672 kl.mole-l (ki)) plus the activation 

energy of k,r. The activation energy experimentally determined for k~ (i.e. the Ea for the high 

temperature regime) was 230±75 kJ.moie-1. This adds up toa value of 902±75 k:J.mole-1. 

Experimental results indicated an activation energy of 1035±300 k:J.moie-1, which would be 

representative for the series reaction or k'rkg2 of the assumed reaction scheme and is in good 

concordance with the former value. 

2.6.2 The effect of HCI on the SiC growth rate 

At the intermediale and high MTS conversion regime of SiC growth, there is another 

intertering phenomenon. From the Arrhenius plots it can be deduced that within these two 

growth regimes a decrease of MTS concentration and total pressure results in an increase of the 

SiC growth ra te. According to the reaction model (sec ti on 2.6.1) the growth ra te should be 

second order in MTS. The resulting negative effect on the growth rate should therefore be an 

effect of the increase of the total pressure, that is, when the model is correct. 

As can be deduced from the global reaction stoichiometry, within the range of medium and 

large MTS conversions, HCI is formed in a Jarger extent compared to low MTS conversion 

conditions. HCl formation is stimulated through the increase of total pressure since 

homogeneaus decomposition reactions of MTS are enhanced. At high pressures, MTS 

conversion into smaller fragmented pieces and into HCI is more favoured. This is also 

confïrmed by thermodynarnic calculations 75. As such, the ratio of CMTsiCHci decreases with 
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increase of pressure at these temperature regimes and the effect of HCl can no longer be 

neglected. 

The effect of HCl on the formation of SiC can be represented by two possible mechanism i.e.: 

there is an equilibrium between the growth rate and the etching of the SiC by HCl or 

the active sites of the substrate surface are occupied by HCl (H• and Cl·) and adsorption of 

Si and C containing species is hindered and obstruct SiC growth (eq. 2.11). Desorption of 

HCl can become rate limiting. 

The effect of etching or inhibition of HCI was demonstrated by Besmann5, who deliberately 

introduced additional HCl to the precursor gases and observed a decrease in SiC growth rate at 

1392 K, Pt of 98 kPa and HCl volume fraction at input between 0- 10 %. Above 10 vol.%, 

Besmann observed that no SiC was formed, which means that the rate of formation of SiC is 

as fast as the rate of inhibition or etching. 

A. HCl inhibition 

The decrease in growth rate with increase of total pressure may be due to inhibition of the 

surface by HCI. HCI -having a high tendency to adsorption as Cl• and H•- can occupy active 

sites, resulting in inhibition of the surface. SiC formation will hence be more difficult. 

Such a mechanism would imply the adsorption of HCl according to equation 2.11: 

HCl + 29 ~ He + CW with Kc equilibrium constant of the adsorption process 

of species of HCl [2.34] 

The resulting growth rate of SiC accounting for the effect of inhibition of the surface through 

HCl would have the form: 

[2.35] 

The Arrhenius behaviour of figure 2.7, however, can not be explained with this kind of 

mechanism (see appendix 2.D). It would yield an activation energy in the low MTS conversion 

(low temperature) regime that is smaller than the activation energy of the large MTS conversion 

(high temperature) regime. This obviously conflicts with the results of figure 2. 7. 

Assume that etching of SiC through HCl occurs. No kinetic rates nor reaction mechanisms 

were found in lirerature concerning the etching of SiC through gaseaus HCI. 
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The etching of SiC by HCI is proposed according to the thermodynamically most favoured 

reaction: 

[2.36] 

. h h 'l'b . K CsiC14 CcH4 w1t t e eqm 1 num constant eq = 4 
CHCI 

[2.37] 

Here, Keq varies with total pressure as pc2. 

The overall SiC rate of formation accounting for the effect of etching of SiC through HCl is: 

[2.38] 

with n being an unknown positive reaction order in HCL 

The Arrhenius behaviour in figure 2.7 can be explained by the etching through HCI when Ear 

(i.e. the activatien energy of the formation reaction) is larger than Eaetch and is explained in 

more detail in the next sections. 

Low MTS conversion 

At low MTS conversion hardly any HCI is present and the activatien energy of the overall 

reaction rate approaches that of k' ( eq. 2.31 ). The effect of increase of total pressure 

resulting in an increase of HCI species will have a negligible effect 

When these speculations are correct, the partial reaction order in MTS -from the Arrheniusplot 

in figure 2. 7- can be calculated. Through extrapolation of the 'linear' low temperature parts of 

the curves in figure 2.7, it was found that when the MTS concentratien increases 

approximately a factor 11.3 i.e. from 1.5•10-2 to 1.7•10-1 mole.m-3 the growth rate increases a 

factor between exp(4.8) and exp(6). Hence: 

(4 8) < (11.3 CMTS? • (3pt)
0 

< (6) exp . _ x 0 _ exp 
CMTS Pt 

[2.39] 

A partial reaction order x in MTS of 2-2.5 was calculated from equation 2.39 in the low 

temperature range viz. at low MTS conversion. This estimated order in MTS between 2 and 

2.5 at low temperatures is in good correspondence with the partial reaction order of 2.5 in 

MTS, which was determined experimentally by LoumagneiO. Furthermore, thesecondorder in 

MTS coincides with the proposed reaction scheme of section 2.6.1. 
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lntennediate MTS conversion 

As the MTS is converted to a larger extent, the rate of etching of SiC by HCl becomes a 

significant effect on the total reaction rate. According to the experimental results this should 

reach a stage where the rate of growth reaches an equilibrium with the rate of etching (eq. 2.36 

and 2.37). Since the SiC growth rate does not increase with temperature within this regime, 

ketch and kdep must be of similar constant order of magnitude. Calculations with the SAGE 

program indicated that Keq for the reaction 2.36 is 0.43 at 1200 K. Increase of total pressure 

will increase the concentratien of HCI and rate of etching and suppress the growth of SiC. 

Large MTS conversion 

At large MTS conversion at high temperature and/or residence time of the MTS in the hot 

section befare the substrate, the rate of formation is getting larger than the rate of etching. The 

difference between the two rates is increasing with temperature in favour of the rate of 

formation of SiC, since the HCl concentratien is maximal at complete conversion of MTS. 

The overall apparent activatien energy reaches that ofk'r (eq. 2.33). 

In conclusion, comparison of these two mechanisms reveals that etching of SiC through HCI is 

more probable as compared to inhibition by HCl through adsorption of this species on the 

substrate surface. 

2.6.3 Thin film composition as a function of MTS conversion 

Loumagne 10 and Langlais 73 reported that the composition of the deposited thin films at low 

temperature conditions i.e. < 1080 K consisted of pure silicon. As such, the kinetics they 

reported for this temperature growth regime are only applicable for the formation of silicon 

fromMTS. 

In this study no corre1ation could be detected between the thin film composition and the growth 

regime (or temperature) in which the film was deposited. 

• Low MTS conversion: Si/C 1.2 ± 12% 

• Intermediale MTS conversion: Si/C 1.2 ± 15% 

• Large MTS conversion: Si/C 1.3 ± 22% 

In general a codeposit of Si and SiC was observed. This is explained by the fact that silicon 

formation is preferred to that of carbon and was also reported in literature32,76. 
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The assumed etching of SiC by HCl at intermediate and large MTS conversion conditions, 

appears to have no significant effect on the thin film composition, that is, if compared with the 

film composition of the low MTS conversion regime. 

2.7 Conclusions 

The results of the experiments in this study have shown that the deposition mechanism of SiC 

from MTS in hydrogen is very complex and consists of three SiC growth ranges that occur 

when the MTS conversion (i.e. depletion) is varied. 

It appeared that the quantitative evaluation of the kinetic rate law(s) requires more than the 

simple LPCVD equipment that was used in this study. The relatively large error in the data 

made it futile to estimate the pre-exponential factors of the three growth regimes. All partial 

reaction orders in MTS could not be obtained since it appeared that homogeneous gas phase 

reactions play an important role and that gas phase products such as HCI can negatively 

influence the SiC growth rate. 

An overall reaction model was proposed in which the main species determining the SiC 

formation are a silicon containing A, a carbon containing species B and HCl. This latter 

becomes especially important at medium temperature. Most likely the negative effect of HCI on 

the SiC growth rate is a result of the reaction of SiC with HCI to a chlorosilane species as for 

instanee -the thermodynamically stable- SiCI4. 

The competition between the adsorption and surface reaction of the silicon and carbon 

containing species A and B relative to the etching of SiC by HCI determines the SiC growth 

rate at the various process conditions and positions in the reactor. As such, the local HCI 

concentration in the gas phase and thus the MTS conversion plays a dominant role. The 

homogeneaus conversion of MTS is affected by the local temperature, the residence time of the 

MTS gas at high temperature and thus total pressure. 

The proposed model reaction scheme prediets the reaction to be second order in MTS at all 

process conditions and is in good agreement with the ex perimental results. Through increase of 

the HCl concentration at relatively high temperature, etching can suppress the overall reaction 

rate and cause a decrease of the apparent activation energy and apparent partial reaction order in 

MTS. 

Unfortunately, the m0del could not be validated thoroughly due to the limited amount of 

reliable experimental data. The limited amount of kinetic results that could be quantified are 

presented in table 2.9. 
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Exp. Temper x q #:MTS 

set-u -1] [-] [-] decom .[%] 

< 1185 1035 ± 300 2 0 <3.5 

Withjet 1185 1220 0 0.5- 1 - 0.5 3.5-6 

> 1220 230± 75 2 <0 >6 

< 1120 1035 ± 300 2 0 <10 

Withoutjet 1120 1180 0 0.5- l - 0.5 10-50 

> 1180 230± 75 2 <0 >50 

Table 2.9. Estimated kinetic factors for the three temperature ranges between 3 10 k.Pa. 
x is partial reaction order in MTS and q is the order in total pressure. 
Figures in italic are proposed etching model results (see section 2.6.2B). 
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The amount of the MTS (table 2.9) that is decomposed in the gas phase into trichlorosilane and 

methane (assumed to represent respectively A and B) used in this study was calculated with the 

aid of the Burgess and Lewis23 relation. 

Extrapolation of this decomposition rate into low pressure conditions, must be performed with 

care. The exact value of the MTS fraction of the gas that is decomposed in the section before 

the susceptor depends on the way the temperature of the hot zone is described and requires 

numerical 2D and 3D modeHing of the exact reactor system and velocity and temperature 

profiles. 

For the preparation of composites using the ICVI or IFCVI process (chapter 1, section 1.4), it 

is noted that the SiC deposition i.e. infiltration should preferabie be performed at conditions 

within the regime of intermediate MTS conversion. Here, the growth rate is constant and is not 

influenced by temperature. When the reaction rate is zero order in MTS as reported by 

LoumagnelO, it would be possible to achieve uniform deposition within aporous network 

containing long pores. Unfortunately, according to the results of this study areaction order 

between 0.5 and 1 was found at the medium temperature regime. Depletion of MTS along the 

pore length is hence unavoidable or should be counterbalanced with an increase of total 

pressure (along the pore). 

Final remarks and recommendations 

The thin film deposition of the silicon carbide formation from methyltrichlorosilane in the 

presence of hydragen appeared to follow a complex reaction scheme. lt involves multiple 

parallel and series homogeneaus reactions before the heterogeneaus SiC deposition reaction 
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takes place. For a complete understanding of the chemica! path of the gaseous species in a 

LPCVD reactor system as a function of process conditions, a more thorough study is 

recommended. 

The effects on the SiC growth rate of total pressure and partial pressure of hydrogen and 

hydrochloric acid should be examined. In such a study, care must be taken to alter total 

pressure, but leaving the gas velocity (MTS conversion) unaffected. This would enable the 

quantification of the partial order in the MTS concentration at constant MTS conversion. 

Such a study would require sophisticated equipment by which it is possible to measure both 

qualitatively and quantitatively all reactions that are involved. 

Also, it should be noted that the accurate measurement of the SiC layer thickness and the 

analysis and characterisation of the deposited layer are of utrnost importance. 
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Appendix 2.Al. Thermodynamic calculations of the SiC deposition from 
methyltrichlorosilane. 

H2 SiCh Si(CH3)2Cl Si(C6Hs)Cl3 SiH(C6Hs)Cl2 

SiCl4 CsHs# Cl C6H6 

HCI C2H4 SiH C4H6 

SiHCl3 CH3Cl C3Hs SiH 

CH4 C2H6 Ch C2H 

Si(CH3)Cl3 SiH(CH3)2CI C3H6 Si(CH3)4 

SiC}J CH3 CH2Cl2 I C4H10 

SiH2Clz C4lis # C3H4 C7Hs 

SiH3Cl 

I 
H SiC I Si 

SiHCH3Clz C2H2 Si(CH3)3Cl CH2 

C6H14 
I 

c C7H16 Si(C6Hs)2C)z 

I 
I 

CCl4 C2Cl4 

I 
Si3 CsHts 

SiC Si2 CsHt6 CsHt4 

C7H14 C3 c2 C9H16 

Ar I 
Table 2A.l. Equilibrium gaseous species considered in the MTSIH2/Ar system. 

#data is modified (appeared to be incorrect). 

C (graphite) Si CgHw ! C7H14 

I 
SiC C6H6 C6H5Cl CCl4 

C (diamond) C7Hs C6H12 C7H16 

SiC4 Si2H6 C6H14 I CsHts 

CHCI3 

·C2HsSi 

C6HsSi 

CsHw 

C6H12 

Si2C 

CCI3 

CH 

CCh 

CwH22 

C2Cl6 

C2H6o 

C9H2o 

CsHt6 

CwH22 

C9H2o 

Table 2A.2. Equilibrium condensed species considered in the MTS/H2/Ar system. 

5 10 

Table 2A.3. Calculation conditions in the temperature range of 1100-l500K and ·constant ratio 
ofH21MTS and (Hz+Ar)/MTS. 

61 
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Appendix 2.A.2. Thermodynamic calculations of the SiC deposition from 
methyltrichlorosilane. 

--6-
' +--

---- .• -----------
-·-

-----·----

-~-:--:- /s 

~·-<-

·---
---- -·---- --

--B--H2 

-Ar 
~-HO 

--x SiCI4 

-- +- - SiHC13 

SiCI3 

e--CH4 

----SiC12 

+-- Si(CH3)CI3 

: J~~:xn 
w-s+--+--+--+---+--+---,--+-+--'---+-t--1--11--1--t---l------'-----+----+-'

llOO 1200 1300 

Temperature [K] 

1400 1500 

Figure 2RL Results of calculations with the SAGE program for the thermodynamic heterogeneaus equilibrium 
of the CVD of silicon carbide from methyltrîchlorosilane in hydrogen at Pt = 10 kPa, H21MTS= 5 
and (H2 +Ar) I MTS = 10 as a function of temperature. 
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Appendix 2.A.3. Thermodynamic calculations of the SiC deposition from 
methyltrichlorosilane. 

l0° ~;i;::::'=.;;;;;;!;;::~j;;;::jd=t:::±:::M;=±;;:±:;;;;;;!;;;;;;;±:::;fiJ=±==!===~=W ---B- H2 

---B- Ar 
- o- HCI 
- -)f- SiCl4 

-+- SiHCl3 
--~:.- SiCI3 

----------- --~~=-~------..-Cr----
~,::...- -"'-·---=--- - -l!s- - -- - -

--•- CH4 
___.-- SiCI2 
-- -+- - Si(CH3)Cl3 
----.t.--- SiH2Cl2 
-o-H 
----& SiHCH3Cl2 
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- EB- SiH(CH3)2Cl 

JO-5--+----t----;-----t 

llOO 

- -o- C2H4 
-o- C2H2 
- o-- C6H6 
-o-SiH3Cl 
-[} CH3 

+--+--+--1--F-t---'.,_+--+-----"l--+--+--t----+--+--1-----+- ------ o-- Si(C6H5)CI3 

1200 1300 

Temperature [KJ 

1400 1500 

Figure 2B.2. Results of calculations with the SAGE program for the thermodynamic homogeneous equilibrium 
of the CVD of silicon carbide frorn rnethyltrichlorosilane in hydrogen at Pt"' 10 k:Pa, Hz!MTS:o 5 
and (H2 +Ar) I MTS= 10 as a function of ternperature. 
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Appendix 2.B. Bond energy, boiling points and heat of formation of some 
Si-C-H-Cl compounds. 

Gaseous 

Si(CH3)Cl3 

SiHCl3 

SiHzClz 

SiH3Cl 

SiCI4 

SiCI3 

SiClz 

Si Cl 

CH3 

CH4 

HCI 

CzHz 

Hz 

H 

Cl 

Si 

c 
SiC solid 

Tb t.Hr,298.l5K 

339.6 

304.9 

281.5 

242.8 

330.8 

109.2 

188.3 

307.9 

20.2 

[kJ.mole-1 

-576.9 

-485.3 

-311.9 

-134.8 

-663.2 

-318.2 

-151.6 

158.3 

146.1 

-74.9 

-92.3 

226.7 

0 

218.1 

121.4 

449.7 

716.7 

-73.2 

Bond energy at 298.15 K 

Table 2B. L The bond energy of MTS related molecules inttie (Si-H-C-Cl) system 
[ref no. 4, 70, 76, 77, 79, 81]. 
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Appendix 2.C. Compilation of hot wall CVD Iiterature data on the SiC 
growth rate from methyltrichlorosilane. 

~ 
Pt i XMTS Carrier flow Ft# GsiC 

] [kPa] l [%] [seem] [seem] [!lm.hrl] 
l.U-25 I 1 uz, 50-300 20-500 1.8-15 

9 1023-1473 16, 25 ! 1-15 I Hz 40220 
22 1100-1273 101 25-28 I Hz 24000 < 155 
21 1398 0.2 2.5 I H,, 100 800 5-12 
61 1423-1723 1-100 Hz 
19 1190-1340 3.3 10 Hz, 250-103 300-1050 3.6-21 
20 1083-1373 101 30-50 Hz, Ar 3-6 
26 1283-1923 101 14 Hz, Ar 165-3330 200-1700 
27 1523-1873 930 3 Hz 3100-62001 3.7-280 
34 1173-1273 15-50 50 Hz, Ar 
41 1473-2273 101 2.5-6.7 Hz, 6000 6150-6430 
62 1673-2073 101 0.02-1.5 Hz 6-60 
71 1573-2073 0.6 Hz 130-1520 
31 1073-1373 0.2-100 17 Hz, 83 100 
45 1323 101 Hz, 16 
58 1373-15731 101 100 none <10 1.2 
46 1773 1 101 Hz, Ar:I03 
53 1273-1473 1.3-101 1.4-7.5 Hz, Ar 72-282 -30 
52 1173-1473 101 0.3-2.5 Hz, Ar 210 
48 1473-1773 4.7 0.6 Cl4; Hz, 4030-4085 18-56 

6611173-1473! 101 
4000 I 

1.3 Ar+Hz 13500 3-20 
5 '1310-1497,0.53-98 4.2-9.1 Hz,250-I03 275-1100 0.042-35.7 

i HCI, 15-75 
6 1573 20 9.1 Hz, 300 330 9-72 
10 1098-1323 1-10.2 Hz+Ar 200-480 0.3-25 

Table ZC.l. The reaction rate parameters of SiC growth from MTS and Hz. 
x, Ea and ko are defined in equation Z.Z and Z.3; y=O. 

x Ea ko 
[k:J.moJe~ l] 

167 
120-210 

1 229 

0 188±52 9.6•108 
I 120 1.0•106 

i 

i 250 
68±21 

1 225 1.8•1011 

I I 

1 

I 
16.4•106 I 188±52 

z.s, >300 ! 5•10S 
160±40 t 
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Appendix 2.D. The inhibition of the SiC growth through HCI adsorption on 
the substrate surface. 

The overall growth rate is defined by: 

The apparent activatien energy Eapp of this reaction can be calculated through: 

Eapp d 
--=-lnks 
RgT2 dT 

Combination of 2D.l and 2D.2 yields: 

E d I ) 

app2 = -lln k 2ln( 1 + 2~Kc CHCl ) 
RgT dT r 

Rewriting yields: 

Eapp = ~lnk 
RgT2 dT r 

. d~Kc ~ dlnKc d 
wlth --- = ----- and -lnkr 

dT 2 dT dT . 

[2D.l] 

[2D.2] 

[2D.3] 

[2D.4] 

The van 't Hoffs equation -with Kc is the pressure independent equilibrium constant for the 

HCI adsorption process and ó.Uc [k:J.mole-1] is the change in reaction energy of the same 

equilibrium- is given by: 

[2D.5] 

Chernisorption processes are exotherrnic and the energy of adsorption is in the order of 40-400 

kJ .mole-1. The reaction energy is thus negative. 

Since it is known that: 
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[2D.6] 

equation 2D.4 reduces to: 

[2D.7] 

At low MTS conversion and occupation of the surface with H• and Cl· i.e. eH + eCl ~ 0, the 

apparent activation energy Eapp is approximately 1000 kl.mole-l (determined experimentaHy). 

On the other hand when eH+ e0 ~I at large MTS conversion, Eapp-1000 2..1U kJ.mole-1. 

This latter results in an activation energy that is higher as compared with the activation energy 

at low MTS conversion. 

Apparently, this is not in concocdance with the Arrhenius behaviour of figure 2.7 and thus it 

may be concluded that inhibition through HCI at the surface is not very likely. 
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Chapter 3 

THE FCVI EQUIPMENT 

3.1 Introduetion 

In this chapter the FCVI apparatus is described that was used to carry out the isothermal FCVI 

(IFCVI) experimentsof chapter 5. 

For the infiltration of a porous preform using the thermally activated CVD process, equipment 

is necessary that is capable of operation at both high temperatures and low pressure. The high 

temperature (typically exceeding 900 K) is required to activate the precursor gas molecules so 

that the CVD reaction takes place. Vacuum conditions need to be applied for the evacuation of 

the reactor chamber prior to the deposition process which ( optionally) can also take place at low 

pressure conditions to enhance gas diffusion rates. 

This combination of high temperature and low pressure is in a practical sense a difficult one, 

since vacuum sealing can become a problem. In case of a conventional hot wall type CVD 

reactor sealing is not very tedious since it can take place at the cool parts (flanges) of the 

reactor. During the similar isobaric CVI process, the porous substrates hang in the reactor 

chamber and the introduced gases can flow readily around the substrates and exit the reactor 

after their tra vel. 

The performance of the isothermal or thermal gradient FCVI process differs from the isobaric 

CVI process because a pressure gradient needs to be applied across the preform. As the gas is 

introduced from one side of the preform, it must not get the chance to flow around the preform 

but must be forced to flow through the pores. A gas sealing problem can occur in the regime 

where the preform is heated to its process temperature. Conventional rubber 0-ring sealing is 

thus not applicable. 

The following section, 3.2 describes the isothermal FCVI equipment which was developed 

within this thesis framework. It is also described how slight modification can allow thermal 

gradient FCVI operation. 
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3.2 Description of the isothermal FCVI apparatus 

In co-operation with Tempress* the original version of the FCVI equipment was designed and 

developed according to available literature1-6. A schematic presentation of the reactor system is 

given in figure 3.1. This apparatus consistsof five parts i.e. 

1. the gas cabinet that contains the gas lines, the mass flow controllers (MFC's) for the gas 

control and valves. 

2. the reactor chamber with its fumace and temperature controller. 

3. the preform assembly that is located in the hot zone ofthe reactor. 

4. the exhaust system which contains the pump, pump valves, partiele trap and pressure 

controller. 

5. the data logging system. 

N2 

N2 
C2H4 --c.--;~ I L-o-Ar 

H2 

9 

l 
I 
I 
I 

16 I 
I 
I 

Figure 3.1. A schematic layout of the FCVI reactor systern. 
I. bel! jar reactor, 2. pump, 3. partiele trap, 4. digital process and ternperature controller, 
5. P.C. data logger, 6. gas mixing box, 7. vapour souree controller, 8. ternperature controlled MTS 
bubbler, 9. pneurnatic valve, 10. mass flow meter, 11. controller device ofrnass flow meter, 
12. mass flow controller, 13. pi;essure gauge, 14. autornatic nitrogen injection, 15. manual needie 
valve, 16. rnanua1 valve, 17. vacuum manometer, 18. check valve. 

* Tempress, Hoogeveen. The Netherlands. 
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The gas cabinet 

The precursor gas botties are connected to the MFC's using a two step cylinder regulator where 

the gas pressure is adjusted at I•I os -2•105 Pa over pressure. The gas flow can be shut off 

through the use of the pneumatic vaive in front of the MFC. 

The gas cabinet contains 5 gas lines e.g. for hydrogen (H2), nitrogen (N2), argon (Ar) and 

ethylene (C2f4). The purity of the gases and liquid used for the IFCVI experimentsof cbapter 

5 are given in table 3.2. 

Gas type Supplier Quality 

N2 Hoekloos >99% 

Hoekloos 99.999% 

Ar Hoekloos 99.998% 

MTS Merck j >99% 

Table 3.2. The quality of the precursors uscd at the IFCVI reactor system. 

After flowing through the MFC (Brooks type 5850E, calibrated for tbe type of gas used) the 

gases are mixed in a mixing chamber in whicb perforated plates are present to enhance the 

mixing. The check valves must prevent back flow of the gas mixture into the MFC's. 

The precursor gas methyltrichlorosilane (MTS) is a liquid at room temperature and atmospheric 

pressure. A vapour souree controller (VSC: Tylan SOURCE V, calibrated for MTS) is used for 

its reguiation. The MTS container is made of fused silica and equipped witb manual valves and 

a vacuum manometer. The MTS Iiquid is maintained at a constant temperature by a temperature 

controller (Shumacber STC Il5 type) to provide a constant vapour pressure. The bubbier is 

filled in between the FCVI experiments and flusbed for 5 minutes with nitrogen to remove the 

trapped air in tbe bubbler. Tbe teflon lines that conneet the bubbler with the pneumatic vaives 

of the gas cabinet are flusbed with nitrogen after re-installation of the bubbier. 

Tbe VSC used can introduce a constant gas flow into a low pressure reactor system. Ho wever, 

the actual flow will deviate from the setpoint. To overcome tbis problem, a needie vaive is 

inserted in between tbe outlet side of tbe VSC and tbe mix box. Througb adjustment of tbis 

needie vaive, tbe pressure in tbe bubbler container is set at a constant value (typically between 

3•104 to 7•I04 Pa) but exceeds the injector pressure during the entire run. 

As the infiltration process proceeds, tbe injector pressure rises and tbe VSC will need more 

hydrogen carrier gas to maintain a constant MTS flow and consequently the total gas flow rate 

will change. Since the effect of the total gas flow rate on the inflltration process is a topic of the 

study of this thesis, it is necessary to keep the hydrogen flow constant throughout the duration 
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of the experiment. Therefore, the original MFC was replaced by a mass flow meter (MFM type 

MKS Instruments 1259 C) and a separate controller device (MKS lnstruments) electrically 

connected with each other. In between the MFM and the controller, the gas line is T-branched 

in a carrier gas flow line towards the bubbler and a back up flow line into the mix box. In this 

way both the total gas flow rate is constant, whereas the ratio of carrier/back up is increasing 

with time. Care was taken that during an experiment the total hydragen flow never exceeded 

the carrier flow. 

The reactor chnmber 

Since the original version of the apparatus was not capable of operation above 1100 K 

substrate temperature, this part of the system was modifled. A whole new reactor chamber with 

modified temperature controller and furnace allowed operation till approximately 1450 K. 

The reactor chamber is made of an alumina bell jar with a height of 0.5 m and an inside 

diameter of 0.16 m. A schematic presentation is given in figure 3.3. 

The bell jar is glued onto an anodised aluminium flange with a heat resistant and gas tight 

silicon rubber cement. The bell jar can be raised with a pneumatic Iifting machine to install the 

preform in its holder into the reactor chamber. 

The chamber is sealed through a rubber (viton) 0-ring that is present in between the stainless 

steel base plate and the aluminium flange. This 0-ring needs no cooling if the hot zone is below 

1300 K. 

The top side of the bell jar (0.22 m) is heated by means of a resistance heated furnace which 

contains ·8 super Kanthal elements and has a total power supply of 10 kW (Koeken Ovens). 

Two alumina sheathed S type spike* thermocouples are used for the measurement of the beii jar 

waii temperature of which the top thermocouple is used forthe control of the one zone fumace. 

The regulation of the bell jar temperature is performed through the digital temperature controller 

(DTC) of the system. The temperature of the graphite holder (and approximated to equal the 

prefarm temperature) is measured with a bendable i nconel 600 shielded S type paddie 

thermocouple that is protected from the corrosive gas through an alumina tube. The tip of the 

thermocouple is inserted into a smal! hole that is drilled in the bottorn of the graphite hol der. 

The paddie thermocouple enters the reactor chamber from the bottorn base plate and is sealed 

with an 0-ring. 

To avoid large heat losses in between the furnace and the beii jar, alumina insulation wool is 

applied around the bell jar over a 0.1 m height underneath the fumace. The thermoshoek 

* a "paddle" thermocouple is inserted into the vacuum system whereas a "spike" thermocouple is Jocated outside 
the system. 
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resistance of alurnina is known to be poor, therefore the fumace can only be heated and cooled 

with a rate of 120 K.hrl. 

8~ 

10 

Figure 3.3. A schematic presentation ofthe reactor chamber. 
1. furnace, 2. heating element, 3. gas injector pipe, 4. fused silica exhaust tube, 5. graphite preform 
bolder, 6. preform positioned unto graphite supponing rings, 7. graphite feit layer, 8. spike 
thermocouple, 9. radiation shield, I 0. 0-ring in stainless steel base plate, 11. aJumin a wool, 
12. paddie thermocouple, 13. alumina belljar, 14. anodise<l aluminium flange. 

The injector and outlet pressure is measured with two baratrons (MKS instruments type 122 

A). The outlet pressure is maintained at a constant value through a pressure controller that 

allows extra injection of nitrogen gas via an automated needie valve to regulate the pump 

capacity. For operation at a total pressure exceeding 1333 Pa, a pinhole disk in front of the 

pump was used for further reduction of the pump capacity. 
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In case the preform is densified the remaining portion of the gas can be removed from the 

injector through opening of the bypass valve (fig. 3.1). 

For isotherma1 infiltrations, a graphite injector tube with an inside diameter of 0.01 m is used. 

Replacement of this graphite tube is required after several experiments since deposition on the 

inside of the injector wal! will eventually fill the injector tube. 

In case a thermal gradient neects to be applied across the preform, a stainless steel or inconel 

600 type gas injector can be used through which water is forced to flow. To prevent 

condensation of the MTS gas that flows through the injector, the cooling water temperature 

should be at least 5 K higher as compared with the bubbler temperature. 

The prefonn assembly 

The porous substrate is located in the centre ofthe hot zone. It is placed in a graphite holder 

(Graphite EC 17, Southem Graphite Services Ltd.) on top of the gas injector tube. A gas tight 

sealing using a layer of carbon paper (grafoil) prevents gas leakage so that all gases are forced 

to flow in axial direction through the pores of the preform and into the exhaust system. 

Since the reactor chamber is made of alumina, silicon carbide deposition on the wall of the bell 

jar can cause stresses and is therefore reduced through the use of a fused silica exhaust pipe so 

that most of the unreacted MTS and HCI (i.e. areaction product) will be removed from the hot 

zone. During the infiltration experiment, deposition takes place not only in the preform but also 

in the bolder. This can cause the preform, the supporting graphite rings and the lid to "glue" 

together so that the lid of the holder cannot be removed. After some first trials, a design proved 

to be effective in reduction of this glueing effect so that it can be reused approximately 10 

infiltration runs. The graphite rings that support the preform need replacement more often since 

the cooling and heating causes stress causing the rings to crack as the holder is opened. 

The exhaust system 

The effluent gas mixture exits the reactor chamber through the fused silica tube and reaches the 

pump. It flows from the reactor chamber towards the pump through a container in which 

alumina wool is packed to trap the eventually formed particles before it can reach the pump. 

The pump (Leybold D40 BCS) is equipped with chemica! filters and a nitrogen purge that 

proteet the pump for the corrosive HCI. 

The effluent stream deposits a colourless liquid in the exhaust rubber lines which is very 

pyrophoric and corrosive. The rubber hoses are flusbed with water after each run causing a 

reaction with the liquid into a white solid. The hoses are replaced when the build up of the solid 

is too extensive. 
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The data logging system 

Deposition rates at low pressure conditions are k:nown to be slow and therefore it will take 

several hours if not days to densify aporous preform. Ovemight processing is thus required to 

reduce the effort. 

The infiltration experiment is completely controlled with a digital process controller (DPC) in 

which a recipe is programmed so that the whole infiltration run is automated and protected 

against hazardous situations. 

A self designed data logging system was attached to the DPC and DTC of the FCVI apparatus 

to monitor the process settings. An IBM 386 personal computer logs the temperatures, 

pressures and gas flows every five minutes. 

The IFCVI equipment described above can also be used to carry out thermal gradient FCVI 

experiments. Modification of the injector is necessary in a way that it allows water or air 

cooling. 

Although infiltration of a porous preform in this apparatus is relatively expensive, it can be 

enlarged so that several preforms can be densified simultaneously. This is described in chapter 

8 in more detail. 
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Chapter 4 

ANAL YSIS AND MODELLING 
OF THE ISOTHERMAL FCVI PROCESS 

4.1 Introduetion 

When reactive precursor gas is forced through a heated porous fibrous preform, a chemica! 

reaction takes place on the fiber surface and a solid matrix material is deposited onto the fibers: 

the Forced flow Chemica! Vapour Infiltration (FCVI) process. 

As the material is growing onto the fibers, the density of the preform increases and the pores 

get smaller. The preform microstructure is thus changing with time. 

In principle, the preform can be visualised simply as a cylindrical plate in which cylinder holes 

(pores) are present. Through these pores the gas flows, due to the pressure gradient that is 

present across it. The ditfusion due to concentration gradients along the pore axis can be 

neglected, because it is much smaller than the mass transport of the species due to the pressure 

driven convection. 

The FCVI process is dependent on two kinds of parameters i.e. the process conditions such as: 

Temperature of the preform 

Total pressure 

Gas velocity 

Precursor concentration 

and the microstructural properties of the starting preform such as: 

Preform permeability 

Preform porosity 

• Average pore size and pore size distribution 

• Preform thickness 

Preform tortuosity 

• Specific surface area available for deposition. 

For a complete understanding of the FCVI process is it necessary to know the effect on the 

infiltration process when one or more of these parameters are varied. 
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The purpose of this chapter is to gain more onderstanding in the infiltration behaviour and 

describes the effect of the different process conditions and microstructural properties of the 

preform under isothermal conditions. Although the model presented is a simplification of 

reality, it can provide insight into the basic principles of the FCVI process. 

First, in section 4.2 some general mass transport phenomena are presented for forced flow 

compared to isobaric ç:vi. The effectiveness factor for both CVI processes are given. 

Subsequently, (sec ti on 4.3) the IFCVI process is analysed. Convective mass transport in 

combination with a deposition reaction in a model preform is described. The growth rate 

equations of the solid matrix material on both the gas inlet and gas outlet side of the model 

preform are derived. 

The effect of the raw preform microstructure is given in section 4.4. In the next section 4.5, 

three principle differential equations are presented. Simultaneous numerical solution results in 

the description of the influence of the diverse process parameters on the relative bulk density of 

the infiltrated composite and the infiltration duration (section 4.7). Finally, in the discussion 

and conclusions (section 4.8) the optimum process variables of the isothermal FCVI process 

are given that willlead to the goal of obtaining a dense composite in a rapid way with a 

homogeneous matrix distribution. 

4.2 One-dimensional analysis of the isothermal CVI process 

The three dimensional raw fibrous preforms used in this study and described in chapter 5, 

contain pores of three size ranges and contain an average total porosity of 50 vol%. The 

smallest pores are smaller than 0.01 !liD, bigger pores between 2-30 !liD represent the pores 

within the bundies and large pores with a diameter between 100-1000 !liD are the voids 

between two crossing tows and the pores between the tows. 

When it is assumed that the relative contribution in void space of the two smallest diameter 

pores is negligible, then the porosity will depend on the large pores only. As such, the 

infiltration time and densification of the preform is dependent on these large pores, since they 

determine the preform permeability and pressure drop and thus the moment that the process is 

terminated i.e. when the poreentrances of these big pores are (almost) closed due to matrix 

deposition. 

For the description of the CVI process, the preform can then be represented simply as a plate 

with continuous monosized pores of 500 !liD in diameter under isothermal conditions. The 

pores are straight and open on both sides. 

Such a model preform is visualised in figure 4.1. 
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Figure 4.1. The cross section of the reactor tube with aporous model preform consisting of n monosized 
cylindrical pores. Known initia! adjustable process and microstructural parameters are indicated. 
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Distinction should be made in the way the gas species are transported into the pore cavity. 

During Isothermal isobaric CVI (ICVI) processing, the gas flows around the model preform 

and the gas species are transported into the pores by diffusive mass transport. 

On the other hand, in case of lsothermal Forced flow CVI (IFCVI), the gas mixture enters the 

preform from one si de and flows in axial direction due to forced convection. 

For both ICVI and IFCVI densification, silicon carbide (SiC) is deposited onto the pore wall as 

aresult of a heterogeneaus decomposition of methyltrichlorosilane (MTS). The deposition rate 

of SiC is controlled by either the chemica! reaction rate or one of the two mass transport 

mechanisms. 

Two dimensionless numbers i.e. the mass Peelet number (Pe) and the Damköhler (Da) 

numberl.2 describe the competition between the chemical reaction rate at the fiber surface and 

the mass transport rate of the precursor species into the pore. Both have already been 

mentioned in chapter 1 and defined in appendix l.C. 

The Peelet number describes the ratio of mass transport due to convection into the pore relative 

to diffusi ve transport. The Damköhler number is the ratio of the chernical deposition rate of the 

matrix material relative to the rate of mass transport into the pore. Fora porous preform 
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consisting of cylinder pores in which deposition takes place, these Pe and Da numbers for a 

cylindrical pore are defined as: 

Pe 
convectivemass transport 

diffusi ve mass transport 
[4.1] 

Derris the effective gas diffusion coefficient [m-2 .s-1 ], dp is the pore diameter at the gas 

entrance side [m] and up is the average superficial gas velocity for laminar flow within a 

horizontal cylindrical straight pore [m.s-1] and will bedescribed later on. 

At low Peelet numbers, diffusion is the mass transport mechanism whereas at large Pe norn

bers convection is dominant. 

The Damköhler number is dependent on the mass transport mechanism and therefore 

distinction is made between the first and second Damköhler number (resp. Dal and Dali). For a 

first order reaction (in MTS) on the pore wall, these are defined as: 

chemica! reaction ra te 
Dal= = 

convective mass transport rate 
[4.2] 

Dali= chemicalreactionrate = _4_k_s_d_P 
DaiPe [4.3] 

diffusive mass transport ra te 

Here, ks is the first order reaction rate coefficient basedon surface area in [m.s-1] (equation 

1.4). 

When the Damköhler numbers are small, the chemica! reaction is rate limiting whereas at large 

values the rate of mass transport is cantrolling the SiC growth. 

Four idealised extreme cases can be given: 

1. The growth rate is mass transport limited and mass transport is dominated by: 

a. gas phase diffusion; Pe small, Dali high 

b. forced convection; Pe high, Dal high. 

2. The chemica! reaction rate is limiting the growth and mass transport is due to: 

a. gas phase diffusion; Pe small, Dali small 

b. forced convection; Pe high, Dal small. 

Cases la and 2a are conditions during the ICVI process (isothermal and isobaric CVI, low Pe) 

and lb and 2b (high Pe) are common for FCVI. In the former cases, the gas flows around the 

substrate and the concentra ti on gradient is the driving force for the diffusion of the precursor 
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gas into the pores. In the latter cases, a pressure gradient across the substrate forces the gas to 

flow through the pores. 

For both situations an equation can be found for the MTS concentration profile ( or 

effectiveness factor Ç, chapter 1) within a cylindrical pore (open on both sides) where gas 

molecules enter the pore from one side. 

For ICVI (cases la and 2a), diffusion and reaction3-5 the effectiveness factor is: 

L-z 
cosh-- vlDall 

dp 
L 

cosh- vlDall 
dp 

[4.4] 

HereLis the pore length [m] and z is the axial distance into the pore [m]. z=O represents the 

pore gas entrance. 

For FCVI (cases lb and 2b), forced convection and chemica! reaction (appendix 4.A) in a 

straight pore, the effectiveness factor is defined as: 

Cz [-4k5zl [-Dalzl - = exp --- = exp ---
C0 dp Up dp 

[4.5] 

The relative thickness layer gradient or precursor conversion (depletion) along the pore axis 

from opening (z = 0) to end (z = L) can be represented by .ó., defined as4: 

[4.6] 

with G being the first order SiC growth rate [mole.m-2.s-1] and is: 

[4.7] 

For ICVI, the relative layer gradient or depletion can be expressed as4: 

.ó. = 1- = 1- -----.L---
coshL ~ cosh-viDall 

Deff dp dp 

[4.8] 
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and for FCVI: 

A=l exp --5
-

[
-4k Ll 
dpup 

1 
[
-DaiL] exp ---

dp 
[4.9] 

Fora unifonn deposited layer, A equals zero. As the precursor conversion is low, the SiC layer 

unifonnity and composite density will thus be large. 

For both ICVI and FèVI this means that respectively Dali and Dal should be small. Infiltration 

should therefore be perfonned in the reaction rate limited growth regime to enhance unifonn 

deposition and hence coincides with remarks made in chapter 1. 

Furthermore, for ICVI a small A implies a large diffusion coefficient and pore diameter and 

small pore length. The modelling of the ICVI process is performed by many4-8 and is no topic 

of this thesis. 

4.3 Effect of the IFCVI process conditions on the infiltration behaviour 

In this sec ti on, some general relations are derived that are applicable for the description of the 

IFCVI process. The FCVI process bas been modelled by many, using complex and powerful 

computer modeJs9-12. However, basic insight in the controlling phenomena of the FCVI 

process is often lost and the model is a black box where a certain input will yield an output that 

is not well understood. Furthennore, these models often are based upon process variables that 

are impossible to alter in real experiments. 

The operator of the IFCVI process is only able to vary four input process conditions i.e. 

prefonn temperature: T, total gas flow rate at STP: ft#, total pressure at the gas exit si de of the 

preform: PL and the reactant mole fraction in the gas mixture at the gas inlet side: xo. 

Furthermore, the shut off point of the process can be adjusted. This is a certain pressure 

difference between the pressure at the gas inlet side at t=O -and is determined by the absolute 

pressure and the gas permeability of the raw preform structure- and the pressure at the same 

location after a densification time period. 

In the next section, some simple analytical tools are presented that can aid in predicting trends 

in matrix growth rate at gas inlet and outlet position of the preform. 

First, the effects of the four input process conditions are examined. Subsequently, a correlation 

of the microstructural parameters of the raw (uninfiltrated) prefonn on the infiltration behaviour 

is presented in section 4.4. 
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4.3.1 General description of the growth rate during FCVI in a cylindrical mod

el pore 

The growth rate Gz [mole.m-2.s-l] ofthe solid matrix material SiC in axial directionzin the 

poreis given by ( reeall 1.38): 

[4.10] 

As infiltration proceeds, the poremouth-of diameter dp [m] (at z=O)- will grow smaller due to 

deposition, hence: 

d = d -noot i Gomsic 
Pt Po PsiC 

[4.1 I] 

Here, msic is the molar mass of SiC= 0.040 kg.mole-1 and PsiC = 3.2•103 kg.m-3, ti is the 

infiltration time [s]. 

4.3.2 Kinetically controlled matrix growth 

At very large gas veloeities (up-> infinity), equation 4.10 reduces to Gz = Co k 5 , indicative of 

kinetically controlled growth. Within this growth regime, 8 (eq. 4.9) equa1s 0. Equation 4.10 

combined with equations. 1.2 and 1.4 yield equation 4.12: 

XoPo [-EaJ =k0 --exp --
RgT RgT 

[4.12] 

Clearly, neither the gas pore velocity nor the total gas flow rate affect the growth rate within the 

pore. Increase of total inlet pressure po, temperature T or molar fraction of the precursor xo, 

will increase the growth of SiC. 

Deposition layer uniformity is optima! under all process conditions. Co equals CL and thus 

8=0. Theoretically, compared with kinetically controlled growth during ICVI, FCVI will not 

allow complete densification of the prefarm due to the imposed pressure gradient that yields a 

deposition gradient. 
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4.3.3 Forced convection controlled matrix growth 

The effect of the process conditions in case of mass transport limited SiC growth, is not as 

straightforward as for kinetically controlled growth. For each process variable, principal 

relations are derived and the effect on infiltration rate and layer uniformity are predicted. 

Gas velocity 

Clearly, the gas velocity is of prime importance during convective mass transport. The gas 

velocity de termines the mass transport rate of the MTS and depletion along the pore axis. This 

pressure driven velocity of the precursor species is represented by the superficial gas velocity 

Up of the gas through a pore of the preform. As a starling poin~, fora hollow cylinder tube of 

constant diameter, the superficial gas velocity [m.s-1] basedon the mass flux of the species is 

defined as (recall eq. 1.1): 

Ft 
uo 

A 
[ 4.13] 

Here, ft# is the total gas flow rate at STP conditions [m3.s-l], A is the cross flow area of the 

cylindrical tube and is thus 0.25n:d2 [m2], dis the tube diameter [m], T0 and p0 are the standard 

temperature (273 K) and standard pressure (105 Pa) respectively, pis the arithmetic mean or 

average pressure across the prefarm width [Pa]. 

This description of the gas velocity in the reactor tube or pore is linearly dependent on the gas 

inflow rate Ft. 

As a first approximation it is assumed that the pressure within the pore deercases linearly from 

gas inlet to outlet of the prefarm and the gas velocity through the pore is the gas velocity based 

upon the pore mouth diameter. In other words, these assumptions imply that the pore grows 

smaller, but remains of uniform diameter. 

The average total pressure in the pore p [Pa] is: 

Po+PL 
2 

[4.14] 

where PO is the pressure at the gas inlet si de of the prefarm and PL the pressure at the gas outlet 

side [Pa]. 

The average gas velocity according to the Hagen-Poiseuille relationshipl for a hollow 

cylindrical straight pore up [m.s-1 ), where laminar flow is present and the gas density is 

constant (incompressible flow) is given by: 
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[ 4.15] 

Here L [m] is the pore length and equals (in this case, figure 4.1) the preform thickness, J.L 

[Pa.s] is the gas viscosity of the gas mixture flowing through the pore, and L1p [Pa] is the 

pressure drop across the pore or preform: 

[4.16] 

The pore gas velocity (i.e. the average gas velocity through each of the total of n single 

monosized straight pores) is linked with the superficial gas velocity through a hollow IFCVI 

reactor tube uo, through the preform total porosity E: 

uo 
u=

p t 
[4.17] 

The preform porosity E [volume fraction] is derived from the total pore volume equation. The 

total pore volume Vtp [m3] of a preform equals n • V por E • V preforrn and hence the number of 

pores n, with constant diameter dp is: 

[4.18] 

where Lpreforrn can be considered to equal Lp, when the tortuosity of the pore equals one. V p is 

the single raw pore volume [m3], Vpreforrn is the total raw preform volume [m3] and dpreforrn is 

the preform disc diameter [m]. 

Since dp in this equation represents a pore of constant diameter it can only be applied for the 

estimation of the initia! (t=O) amount of pores n in the raw preform and is a constant. The 

preform diameter remains relatively unchanged whereas the porosity changes during 

infiltration. Due to deposition on the pore wall and depletion of the precursor from the gas 

mixture at mass transport limited conditions, the pore diameter gets larger from the gas inlet 

side (z=O) further down the pore and thus will the pore diameter bedependenton z. This effect 

is visualised in figure 4.2 (section 4.5). 

Combination of [4.13] with [4.17] gives the velocity through one pore up [m.s-1]: 

Ft 
Up=-A--

t preforrn 
[4.19] 
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During the FCVI process, the driving force for the gas flow is dominated mainly by forced 

convection due to a pressure difference. In the first equation of the gas velocity ( 4.13) the 

driving force is represented by Ft# I p , while in the Hagen-Poiseuille relationship ( 4.15), the 

ratio 8p I L presents the driving force. Since these gas veloeities equal each other, one may 

conclude that up = uo for a hollow pore and hence: 

[4.20] 

with Kt and K2 are constants i.e. no function of the gas velocity. 

The pressure drop wiJl decrease with increasing PL, due to the increase of the pressure at the 

gas inlet side PO· The gas pore velocity is reduced when the average total pressure is increased 

or total gas flow rate or pressure drop is decreased. 

The FCVI operator can only adjust the total gas flow rate Ft# and the outlet pressure PL to gain 

a certain up setpoint. Consequently, the inlet pressure po ( or the pre ss ure drop and the average 

pressure) wiJl develop and their values are dependent on the microstructure of the preform. 

Through relation 4.21, the necessary PL can be calculated to achieve a certain pore gas velocity 

at a constant Ft# ( combination of 4.15 and 4.19) and is given by: 

PL [4.21] 

with L denoting the preform thickness or pore length. 

This can be rewritten to yield an expression for the pore gas velocity, similar to the Hagen

Poiseuille relation, in terms of outlet pressure: 

[4.22] 

Here, the term within brackets times PL· equals the pressure drop across the pore. 

T otal gas flow rate 

Through the increase of the total gas flow rate Ft#, the gas velocity is increased in a linear 

fashion. As the gas velocity is increased, the relative concentration CziCo in the pore is 

increased as well, hence depletion is less severe (eqs. 4.5 and 4.6). 

Furthermore, the pressure drop is increased with Ft# as demonstraled in equation 4.20. 
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The infiltration time is dorninated by the growth rate at the front side (Go) of the preform which 

is always the highest, since the concentration is highest (i.e. Cz/Co ~1). 

As the gas entrance of the pore is blocked, further infiltration is prevented. Increase of the gas 

velocity or total gas flow rate is thus increasing the internal mass transport of the MTS 

molecules towards the deposition surface and reducing depletion .!l. 

On the other hand the initial starting pressure drop across the preform, will be larger at higher 

flow rates, which will enhance a more rapid pore entrance dosure due to the local higher 

precursor concentration. 

A crucial point is therefore the ratio between the growth rate on the front side of the sample and 

the growth rate in the pores of the internal structure of the preform. Obviously, this ratio 

should be as small as possible. 

Total pressure 

The effect of the total outlet pressure PL (which is the adjustable pressure parameter), on the 

infiltration behaviour is noticed through change in both the gas velocity and the precursor 

concentration. 

The reaction ra te coefficient ks is considered to be independent of the total pressure within the 

range of infiltration conditions. The "fall off' effect is thus neglected. 

In genera!, for the description of the effect of the total pressure on the infiltration behaviour 

both the Ft# and the total pressure at the outlet side PL should be used, because than p0 [Pa] is 

known. After expressing the constauts Kr and K2 in equation 4.20 and rearrangement a 

formula for po as a function of PL and Ft# is found. 

[4.23] 

The calculation of the initia! pressure drop .!lp across the raw preform and p is now possible, 

because both PL and po are known. 

Initially in the first stage of the infiltration process, when dp is large, PO"'PL but as infiltration 

proceeds, the pore will grow smaller and consequently po will start to rise due to the 

contri bution of the second term on the right hand side (e.g. decreasing dp). 

The concentration of the precursor CMTS [mole.m-3] in the pore is a function of the local 

pressure Pz (recall eq. 1.2) by: 

Pz [4.24] 
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where XMTS is the mole or volume fraction of MfS in the gas mixture as a function of axial 

distance in the pore z (from gas entrance side to exit). 

The infiltration time is reduced when the total pressure Pz (and thus the concentration CMrs.z) 

is increased due to increase of the re action rate. 

According to equation 4.22, Up is a function of outlet pressure as: up IX apL { J1 + p~ 1}, 

with a and b repcesenting constants. 

The gas velocity can vary between PLO (ifblpL2 << 1) and PL-1 (ifblpL2>> 1). Calculation of 

b indicates that the latter is valid. Therefore, depletion will decrease as the outlet pressure is 

reduced. 

Temperafure 

The pore temperature affects the concentration, the reaction rate coefficient and the gas velocity. 

As the preforrn temperature is increased, the growth rate will increase (eq. 4.12). 

Also, increase of the temperature causes a change of the gas velocity. According to equation 

4.22, up IX aT-0·7 { ~1 + bT1.7 -1} the gas velocity is a positive increasing function of 

temperature between T0.15 (ifbTL7 >> 1) and Tl (ifbTL7 << 1). Calculation of b indicates 

that the forrner is valid. 

The growth rate Gz is dependent on temperature in a complex way: 

[4.25] 

Where b = Po ko , f = Ea , c = 4 
ko , with al is a coefficient of gas velocity as up(T) = 

Rg Rg aldp 

al•T0.15, Ea = activation energy [J.mole-1], Rg =gas constant [J.mole-l.K-1], ko pre

exponential factor [ s-1]. 

The exact dependenee on temperature is determined by the value of the constants, but in general 

between 900 and 1500 K, Gz will depend on temperature as exp(-cons)4). Increase of the 

temperature of the preforrn wil! increase the growth rate of SiC within the pore. The growth 

rate on the front side of the preform will become so large that depletion effects become 

considerable at high temperature. 

At low temperature it is anticipated that the growth rateis slow, that depletion on the other hand 

is low, (since Cz/Co "'1) and hence the distribution of the SiC matrix within the poreis to be 

relatively homogeneous. 
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Precursor mole fraction and concentration 

The growth rateis assumed first order in the precursor concentration (eq. 4.7) so that increase 

of the mole fraction of this precursor in the gas mixture will reduce the infiltration time. As 

such, the absolute concentration bas no effect on the relative concentration CzfCo inside the 

pore and so the depletion along the pore axis remains unchanged. 

The concentration on either side of the preform Co and CL can be adjusted by changing the inlet 

fraction of the reactant in the gas mixture xo, the outlet pressure PL or to a lesser extent the total 

gas flow rate Ft# or temperature T. 

The combination of the equations 4.5, 4.23 and 4.24 yields CL as a function of these three 

parameters. 

[4.26] 

The uniformity ofthe SiC layer profile will thus be unaffected by the precursor mole fraction. 

Pressure drop shut off point 

The FCVI run is shut off as a certain pressure difference is reached between the initial po and 

final po. As the pores are growing smaller, the gas permeability of the structure decreases 

which causes the pressure drop to increase as a function of time. Obviously, longer infiltration 

will yield a larger composite density as more matrix is allowed to form in the structure. 

4.4 Effect of the preform microstructure on the infiltration behaviour 

The effect of the microstructural properties on the infiltration behaviour can be made through 

correlation of these properties with the gas velocity, since this is the prime process parameter 

for the description of the layer uniformity and thus density during mass transport limited 

growth. 

In the next section, the microstructural properties are presented in detail with their effects on the 

infiltration behaviour of the preform. 

The microstructure of the preform changes with time due to deposition within the pore 

network. Unless stated otherwise, the initia! (t=O) microstructural parameters of the raw 

preform are meant in all cases. 

The total description of the initial preform microstructure is performed through the definition 

of: 
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Preform permeability, indicative of the resistance of the preform for gas flow 

Preform open porosity, the totalopen pore volume of the preform that is to be filled with 

matrix material 

Diameter of the pores, giving the size of the openings through which the gas flows 

• Deposition area, giving the total surface area available for deposition 

Preform thickness, the length of the path the gas molecules have to travel 

Tortuosity, giving the complete path length in case of curved pores. 

Preform permeability 

The permeability K [m2] is defined asthefluid conductivity of the porous materiaJ15,16, 

The permeability of aporous system is supposed to be a constant in Darcy's law. 

In case the fluid is an incompressible Iiquid, K is indeed a constant. In the case of gases, the 

fluid does not stick to the wall of the pores as required in Darcy's law which assumes 

Poiseuille type flow and a phenomenon termed "slip" occursl4. This slipping of the fluid along 

the pore walls gives rise to an apparent dependenee of permeability on pressure and is called 

the Klinkenberg effect. 

More details about gas permeability are given in chapter 5 section 4.5. 

For FCVI purposes the relevant gas permeability of the preform Kg is dependent on the 

absolute average pressure p. Because of this fact and because the liquid permeability K1 is not a 

realistic useful FCVI quantity, it is necessary to express the preform microstructure in other 

more suitable parameters like porosity, pore size, thickness and to be more complete also in 

terms of tortuosity. 

The permeability of the preform is despite the facts mentioned above, still the only sole 

parameter that gives an impression of the resistance of the structure to the gas flow. 

A constraint of infiltration however, is that the permeability of the structure should be 

sufficiently large to be able to force the gas through it, without ha ving the pressure at the inlet 

side reaching excessive high values in a short period of time. 

lnitial prefarm porosity 

The open porosity E [volume fraction] of the raw preform is the total po re volume V tp devided 

by the totalpreform volume Vpreform (recall equation 4.18). 

As the porosity of the porous system is increased (i.e. the number of pores n is increased) and 

the total gas flow rate ft# is kept unchanged, the interstitial (or pore) velocity will decrease (eq. 

4.19) and thus negatively affect both the uniformity of the layer profile and density. 
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The infiltration time will slightly increase as the porosity is increased. This is due to the fact 

that as the pore volume of the starting preform is increased, the PO is lowered and also the 

pressure drop across the preform (4.23) and Go, which latter is linearly dependent on PO· 

Initia[ po re size distribution 

If the initia! pore diameter dp [m] is increased without affecting the preform total porosity, the 

number of pores 'n' is reduced (n•dp2 is constant) so that Ap remains unchanged at t=O and the 

gas velocity through the pores is constant. The gas velocity will consequently increase (see eq. 

4.22) when dp is increased and the deposition uniformity is positively affected. 

The infiltration time will increase, because as the pore diameter is larger it will take more time 

to fill the pore entrance. 

When the pores are monosized and evenly distributed across the preform plate, the gas flow 

will spread in equal parts. As the porosity is not uniform, densification will take place in the 

most porous sections first, since the gas will take the path of the lowest resistance. 

Subsequently, the gas is forced to flow through the remaining open sections. 

If the pores are not monosized, but a multimodal distribution of pores exists, this effect can be 

beneficia] to smaller pores. These small pores can be reached by the gas if bigger pores are 

present adjacent to them. 

Initial prefarm deposition area 

The surface area available for deposition Aclep [m2] is a function of the open porosity e and the 

pore diameter dp. For one cylinder pore, the deposition area equals 7tdpLp. 

The total deposition area in the preforrn is (for straight pores i.e. 't 1): 

[4.27] 

Increase of the pore diameter at constant porosity will yield a decrease in deposition area, since 

a few large diameter pores have a lower deposition area as compared to a large number of small 

diameter pores. Furthermore, when the porosity or preforrn thickness are increased the 

deposition area will rise. 

As the total pore volume is constant, but the deposition area is increased, the infiltration time is 

reduced. 
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Initia! prefonn thickness 

When the preform thickness L [m] is increased, whereas the total gas flow rate Ft# remains 

unchanged, the gas velocity through the pores will decrease slightly. The infiltration time will 

decrease, because the pressure drop increases due to the larger thickness of the sample (and 

thus larger Go). The uniformity of the deposited layer wil! decrease, since the deposition has to 

take place across a larger distance and depletion effects are more pronounced. The relative 

composite density is therefore lowered with increase of preform thickness. 

Initia/ prefarm tortuosity 

The tortuosity of a porous material T [-], is defined as the ratio of the average distance 

traversed by a partiele of fluid, Leff to the direct distance through the preform, Lpreform and 

hence (Lerr1Lpreform)2 (eq. 1.26). The mean tortuous velocity through the bed Ubed [m.s-1] is 

(recall eq. 1.25): 

[4.28] 

Where uo is the superficial gas velocity. 

It is hard to anticipate what the effect of the tortuosity wil! be on the density of the composite 

after infiltration without knowing the exact rnicrostructure. As a first approximation it is 

anticipated that a preform with T > l can be compared with a thicker preform and that effects 

are sirnilar. Large tortuosity will yield low density. 

As the pores are not straight and uniform in diameter, the section with the largest resistance 

(small diameter or high angle) can cause early blocking of the pore resulting in early 

termination of the infiltration process and thus low density. 

4.5 The relative composite density as a function of process and microstructural 

parameters 

During the densification process, matrix material is deposited onto the pore wall and the layer 

thickness ofthe matrix wil! decrease exponentially with z. See figure 4.2. 

Obviously, during the infiltration process, the deposition behaviour changes due to the 

reduction of the pore size and non uniform deposition on the pore wal!. 

Modelling of the infiltration process is therefore more accurate when all conditio os and pore 

dimensions are described both time and position dependent 
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The simple equations derived in the previous sections are no longer sufficient. Although 

-through the use of these equations- for each pore diameter the corresponding gas velocity and 

concentration -and thus growth rate- can be calculated for pore mouth and gas outlet, a constant 

gas velocity is assumed throughout the pore. Obviously, this is not coinciding with reality. 

For position dependence, some basic differentlal equations were derived. They are described in 

appendix 4.B. In summary, fora pore of length L [m] and radius r [m] at temperature T [K] 

where MTS (denoted with S) reacts at the pore wall, the three principal equations are: 

• [4.29] 

[4.30] 

[ 4.31] 

0 
with K = Tpo [Pa] and x[-] is the dimensionless axial distance in the pore. 

T 
Simultaneous solution of these equations with the variables Px [Pa], Csx [mole.m-3] and rx 

[m], allows the calculation of the evolution of the pore diameter as a function of time and 

position in axial direction. After the simulated infiltration process has ended the resulting 

composite microstructure can be estimated. 
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The open volume V0 within the preform after infiltration [m3] is given by the general 

expression for a solid of revolution: 

[4.32] 

with nis the number of pores in the preform and rx represents the pore radius after infiltration. 

The mass of the total amount of deposited matrix in the preform Min [kg], is the matrix volume 

multiplied by the theoretical density of the SiC matrix material (3.2•103 kg.m-3). 

[4.33] 

where Vp is the volume of one pore and equals 1trp2L. 

Furthermore, the SiC matrix is not only deposited in the porous preform but moreover, on the 

front surface of the preform as wel!. The mass of the deposited SiC on its front side can be 

estirnated with: 

[4.35] 

with ra the radius of the pore mouthafter infiltration [rn] and rp the radius of the uninfiltrated 

pore [m]. The porosity of the preform after infiltration Ec [vol%] is: 

V preform 
[4.36] 

Here, V preform is the volume [m3] of the raw preform (without the coating on the front side). 

The relative composite density is defined here as: 

[4.37] 

4.6 The model set-up 

General assumptions and model input 

In the simulation results described in section 4.7, assumptions are made in order to gain a 

model that can be solved easily and is easy to use and understand. 
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These assumptions are: 

I. Mass transport of the gaseous species takes place by forced convection in axial direction 

only. Axial dispersion and radial convection or ditfusion (either ordinary or Knudsen) are 

nottaken into account. This model is thus ID. 

2. The forced convection takes place in the viscous laminar flow regime. Slip flow or Knudsen 

flow* is not modelled. 

3. Steady state is assumed and thus dC/dt = 0 and the gas behaves ideally. 

4. Stefan flow due to the reaction stoichiometry is neglected since dilution of the precursor 

compound in the gas mixture is generally large. 

5. The surface kinetics follow a first order relationship with respect to the MTS concentration. 

The reaction rate coefficient is assumed to be independent of total pressure. 

6. Homogeneaus gas phase reactions do not occur. 

7. The gas flowing through the preforrn behaves as an incompressible fluid. 

8. The initia! pores are cylindrical and monosized and the tortuosity equals 1. 

The required input parameters for the modelling are: 

Initia! preforrn porosity [volume fraction], initial preform thickness [m], diameter of the 

preforrn disc [m], activatien energy of the first order deposition reaction [J.mole-1 ], pre

exponenrial factor [m.s-1], preform temperature [K], outlet pressure [Pa], precursor inlet molar 

fraction, total gas flow rate [m3.s-l] and pressure shut off point [Pa]. 

The only input microstructural parameter that is required and initially unknown is the pore 

radius rp at t=Ü [m]. Through comparison of experimental infiltration duration's and simuiatien 

results, this rp can be fine tuned to gain a matching between experiments and model. 

Calculation algorithm 

After input of the process conditions, the constauts are calculated: k5, fl at the selected 

temperature (eq. 1.12) and the number of pores n (eq. 4.18). 

An initia! pore diameter is selected and an initia! iteration step of 5 seconds was chosen. At 

these conditions, the pre ss ure within the pore as a function of position is calculated through 

numerical integration of equation 4.29. Hereto, the total pore is split into 40 equal length 

segments. Simultaneously, the MTS concentration (eq. 4.30) within the pore is calculated 

numerically and allows the estimation of the deposition rate in the pore and the local reduction 

in pore radius (eq. 4.3I). 

* Slip flow: molecular mean free path is comparable to the tube diameter. 
Knudsen flow: mean free path exceeds the tube diameter. 
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With this reduced pore size, a next time step is selected and again the pressure, concentration 

and growth rate are calculated for each of the 40 segrnents. 

As the inlet pressure starts to increase more rapidly, the time step is reduced with a factor of 

two to gain higher accuracy. 

The whole iteration is terrninated when the selected shut off pressure drop setpoint is reached. 

At the final pore dirnensions, the relative density or porosity of the preforrn, the deposited rnass 

of SiC in and on the preforrn and final pore rnouth radius are calculated. 

The results of the model calculations as a function of process conditions are presented in 

section 4.7. 

4. 7 Modelling results 

Due to the large arnount of assurnptions and sirnplifications made, this model can only sirnulate 

rough trends in infiltration time and cornposite density as a function of time and process or 

rnicrostructural conditions. lt is thus not intended to give quantitative inforrnation. 

Nomina! simulation conditions 

In the next figures the results are surnrnarised of the sirnulations perforrned at norninal process 

conditions using a standard preforrn model plate: 

Ternperature: 1273 K, outlet pressure: 50 torr, total gas flow rate: 1 sim, MTS inlet rnole 

fraction:0.15, preform porosity: 50%, initia! preforrn thickness: 3 rnrn, preforrn diameter 8 

cm, initia! pore diameter: 500 !liD, pressure shut off difference: 100 ± lO torr, activation 

energy: 400 kJ.rnoie-1 and pre-exponential factor: 2.1•1014 m.s-1 of the first order reaction. 

The dynarnic viscosity of the gas mixture is estirnated through equation 1.12 as a function of 

ternperature (listed in appendix LA. table 1A.2). 

Initial iteration step size: 5 s. 

JFCVJ processas a function of time 

As infiltration proceeds and the pores grow smaller, the process conditions change. 

In figure 4.3A, the sirnulated change in inlet pressure and inlet and outlet MTS concentration 

are presented. The outlet pressure rernains constant at 6.65 kPa 50 torr). Initially the inlet 

pressure hardly rises, but as soon as a critica! pore size is reached, the pressure increases 

rapidly. According to equation 4.23, Po = PL {t7, so that Po""' PL if aldp4 << 1 and dp is 
v 



Chapter 4. Analysis and nwdelling of the isothermal FCVI process 97 

large, whereas po "' bpL/dp2 if aldp 4 » 1 when dp is small. 

Combined with the increase of the inlet pressure, the inlet concentration and the gas velocity are 

increasing. 

In general, more uniform deposition occurs due to the increase in gas velocity through the 

pores so that depletion effects are less severe in a later stage of the infiltration process. 
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Figure 4.3A. Sim u lation result of the i niet pressure, 
the inlet and outlet MTS concentration 
(respectively CMTS,O and CMTs,L) of a 
model preform at nomina! conditions. 
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Figure 4.3B. Simulation result of the composite 
porosity e and inlet and outlet pore 
radius (respectively ro and TL) of a 
model preform at nomina! conditions. 

This effect is demonstrated in figure 4.3A by the increase of CMTS,L· Clearly, as the pore 

diameter is growing smaller, the porosity decreases. At first, decreaseis rapid, but due to the 

reduction of the deposition (pore mantle) area, porosity is only decreasing relatively slowly 

later on. 

Total gas flow rate 

Increase in total gas flow rate and thus increase of the mass transport rate, yields a larger matrix 

growth rate (fig. 4.4A). Subsequently, the uniformity of the layer profile is enhanced, since the 

gas velocity is enlarged. 

When the kinetics are becorning ra te controlling, further increase of Ft# bas no longer an effect 

on the layer uniformity, but the increase of the initial pressure drop at large Ft# will yield a 

reduction in GL/Go ratio and thus increase the composite porosity. In summary, a minimum 

will exist in composite porosity. 
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lnitial pore size 

When Lldp is relatively small, matrix growth is lirnited by the chernical reaction (eq. 4.10) and 

thus occurs at large rp. lncrease of rp as demonstrated in figure 4.4B, linearly increases 

intiltration time, whereas composite porosity decreases through the increase of the gas velocity 

(eq. 4.15). 
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Pi gure 4.4A The simuialed infiltration time and 
composite porosity after infiltration 
of a modelpreformat nomina! 
conditions versus total gas flow rate. 
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Figure 4.4B. The simuialed infiltration time and 
eomposite porosity after infiltration 
of a model preform at nomina! 
conditions versus initia! pore radius. 

Similar as in tigure 4.4A, in tigure 4.5A an optimum (at 6.65 kPa outlet pressure) in composite 

density is found when the outlet pressure is increased from 13.3 to 1.0•105 Pa (0.1 to 760 

torr). 

At high outlet pressure (i.e. ~ 1.33 kPa), the gas velocity. is low so that deletion of the 

precursor gas is high along the pore length. Non-uniform deposition is the consequence. 

At low outlet pressure (PL=0.133 kPa) and thus at large gas velocity, the pressure drop value 

across the preform is of similar magnitude as the outlet pressure. The large gas velocity will 

yield large density, but on the other hand when po > PL and thus Go > GL uniformity will be 

poor. It is speculated that growth is limited by the chemica! kinetics at these large gas 

velocities, since mass transport to the surface is very fast. Here, the matrix growth is not 

dependent on the gas velocity but on the local total pressure only. 

Infiltration time is reduced if the total pressure and thus concentratien is increased, because 

matrix growth is enhanced. 
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Temperafure 

At low temperature, deposition is kinetically controlled. Increase of temperature deercases 

infiltration time rapidly, whereas growth becomes mass transport limited infiltration time is less 

severely reduced (fig. 4.5B). As stated before, kinetically controlled growth is preferred 

because depletion (at low T) is low and uniformity is high. 
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composîte porosity after infiltration 
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conditions versus total outlet pressure. 
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conditions versus preform temperature. 

Increase of the MTS fraction in the gas mixture has no effect on the relative composite density. 

In relative terms, the urüformity is not affected by the absolute value of the MTS portion within 

the gas mixture, neithe~ in the mass transport limited nor in the kinetically controlled regime, as 

coincides with theoretica! considerations. 

However, infiltration time is reduced inversely proportional with the MTS fraction due to the 

increase of precursor concentration. 

Preform porosity 

The raw preform porosity is changed by alteration of the amount of pores. The gas stream is 

split into smaller portions, that when the porosity is increased will have through flow to a 

larger pore area. This reduction in gas velocity yields a larger composite porosity in an almost 

Iinear fashion. 

At low mass transport rate (high porosity) infiltration will take more time. 
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Initia[ prefarm thickness 

A thicker preform disc will be infiltrated in the same time as a thin disc as long as the 

deposition rate in the pore mouth is unaffected i.e. Po remains unchanged. 

A thick preform will however yield a larger initial pressure drop across the preform as 

compared to a thin preform at the same flow rate. Depletion of the MTS from the gas mixture is 

however more severely affecting the composite density when the pores are Jonger. 

Priform diameter 

As the preform diameter or cross flow area is getting larger, the gas velocity is decreased (eq. 

4.13). Subsequently, composite porosity is increased. As a consequence, the infiltration time 

will enlarge since mass transport of the gas species is reduced. 

4.8 Discussion and conclusions 

Despite the betterand more comprehensive numerical2D models used by others, the developed 

simple 10 model gives a good insight in the relative complex FCVI process without using a 

black box approach. 

The simulation variables correspond to the process variables that can be adjusted by the 

operator providing a direct correlation between experiments and model. 

composite density 

Parameter increase inflltration time kinetically convection 

controlled controlled 

· Gas velocity Up J, -!. Î 

Total gas flow rate Ft# J, -!. Î 

Outlet pressure PL J, Î J, 

Temperature T J, * - J, 

Precursor mole fraction XMTS i J, 

Preform pore size dp I 
Î - Î 

Preform diameter dprefonn J, - J, 

Preform open porosity e I Î - J, 

Preform thickness L J, - J, 

Table 4.6. The infiltration behaviour parameter dependenee on initia! process conditions and raw prefonn 
structure. The matrix growth is either limited by the surface kinetics or the mass transport rate. 
* assuming a first order reaction. 
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The capability of this model is to predict trends in infiltration time and composite density that 

might be expected as process conditions or preform structure or dimensions are varied. 

The general model trends are summarised in table 4.6. 

The simulation results show that uniformity of the matrix deposition can be improved by 

allowing a large pore gas velocity in combination with a low inlet to outlet pressure ratio. 

Also, it is demonstrated, as in chapter 1, that the ftrst Damköhler number should be small. This 

implies operation where the gas velocity is so fast that matrix growth is just within the 

kinetically controlled growth regime. This generally occurs at: 

medium total gas flow rate 

medium outlet pressure 

low temperature 

• arbitrary precursor content in the gas mixture. 

The preform microstructure that is best suited for FCVI processing to gain a large composite 

density has a low open porosity, is thin and contains pores of large diameter. In general the gas 

permeability of the porous structure should be sufficiently large to enable the gas to flow 

through the structure easily. The beststarting preform microstructure implies: 

low porosity 

thin walled structures 

large pore diameter 

straight continuous pores 

sufficient permeability. 

For economical reasons, the infiltration time required to reach a certain homogeneaus density 

should be kept as low as possible. Obviously, a high matrix growth rate across the entire pore 

length is essential. lncrease of the matrix growth rate can be tailored by increase of the 

precursor mole fraction in the gas mixture without affecting the uniformity of the deposition 

profile. lncrease of the temperature will also enhance densification rates, but will negatively 

affect the uniformity of the matrix distribution. Rapid infiltration is also enhanced through 

increase of the gas velocity. Lowering the total pressure will negatively affect the matrix 

growth rate and thus is increase of the total gas flow rate better suitable for this purpose. 

In summary, the global optimum process settings for both rapid and dense composites are thus: 

high total gas flow rate 

medium outlet pressure 

medium temperature 

high precursor molar fraction 
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the best starting preforrn microstructure implies: 

low porosity 

• thin walled structures 

• straight continuous pores 

medium pore size 

suftkient perrneability. 

Forced flow Chemica/ Vapour lnfiltration 

Unfortunately, it can be concluded that rapid densification does not coincide with high com

posite homogencity and density. 

For industrial application of the FCVI process, the real processing optimum depends on the 

specification of the desired composite material, especially its density. A high density can be 

achieved, but the time consumption will be large. This extra energy and material consumption 

should thus be compared with the extra value of the material for the specitic application. 
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Appendix 4.A. Time dependent precursor concentration in a cylindrical 
model pore 

The cy1indrical model pore can be assumed to be a steady state plug flow reactor in which 

forced convection is present and chemical reaction takes place on the pore wal!. 

This frrst order (elementary) chemical reaction is: 

Stefan flow is neglected since the dilution of the SiCH3Cl3 in the carrier gas (hydrogen) is 

high. lf it is assumed that the pore gas velocity is constant throughout the pore and independent 

of axial position, the following simplified analytical solution of the concentration of MTS 

within the pore can be derived. 

The mass balance fora differential element of the pore with volume dV: 

[4A.1] 

where 'S' denotes SiCH3Ch, Fsz the molar flow rate of S [moles.s·l] and equals Csz Uz Az 

since the SiCH3Cl3 is heavily diluted in the carrier gas. Csz, Uz and Az are respectively the 

concentration of S [moles.m-3], the gas velocity [m.s·l] and the cross flow area [m2] at a 

location in axial direction z within the pore. Also: 

Fso (1- Xsz) 

UzAz 

where Xs is the conversion of S. 

The reaction rate of S [moles.m-3 .s-1] on the pore wall is: 

-rs 

where kv is the volumetrie reaction rate coefficient for the first order reaction [s·l]. 

Rewriting 4A.l yields: 

-dFsz = Fso dXsz = -rs dV 

and combination with 4A.3 gives: 

[4A.2] 

[4A.3] 

[4A.4] 



104 Forced flow Chemica/ Vapour lnfiltration 

After grouping of the tenns and with dV = Adz for a straight pore: 

I
Xsz l 

---dXs 
o l- Xsz z 

rz kv dz 

Jo Uz 

[4A.5] 

[4A.6] 

Here, the reaction rate coefficient kv is based on the volume of the pore. In tenns of surface 

area ofthe pore ks [m.s-1] is calculated through: kv V= ks A with Arepresenting the deposition 
or mantie area of the straight pore [m2]. kv is thus 4ksfdp, where dp is the pore diameter of 

the straight pore [m]. 

Equation 4A.6 can be integrated from pore mouth to length zand combined with (eq. 4A.2): 

[4A.7] 

to yield: 

[4A.8] 

This equation reduces to a simpler one when the pressure across the pore axis is assumed to be 

linearly decreasing from PO towards PL and the pore is straight so that Uz and dpz are 

independent of z. At constant pressure and for an incompressible gas, the continuity equation is 

PzUzAz = pouo;\o. A very rough estimation of the con centration profile is: 

[4A.9] 

where up and dp are used at entrance pore diameter conditions (z=O). 
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Appendix 4.B. Time and position dependent precursor concentration in a 
cylindrical model pore. 

The cylindrical model pore can be assumed to be a steady state plug flow reactor in which 

forced convection is present and chemica! reaction takes place on the pore wall. 

This first order (elementary) chemica! reaction is: 

1t may be clear that due to non-uniform deposition on the pore wall (as a consequence of 

depletion and the pressure gradient), the total gas flow rate, total pressure, MTS concentration 

and pore radius are all a function of position along the pore axis z. 

As a first approximation, the equations derived in sections 4.1 to 4.4 give an impression of the 

infiltration of the pore as a function of process conditions. 

However, more accurate and realistic modeHing can only be achieved through position 

dependent modeHing and taking the diverging pore channel into account. The next section 

presents the derivations of the differential equations that allow such a description and are: the 

total gas flow rate, total pressure within the pore, the MTS concentration and the pore radius as 

a function of position in axial direction. These equations are solved simultaneously using a 

Mathematica@ numerical routine based u pon the Runge Kutta method. 

Reeall the inflow gas velocity [4.13]: 

and the Poiseuille flow equation 4.15 as: 

-rz 2 dpz 
u =----

pz 811 dz 

[4B.l] 

[4B.2] 

Rewriting the equations in terms of dimensionless axial di stance x: x = t => dz = Ldx, 

equation 4B.2 becomes: 

[4B.3] 

@Mathematica is (an Apple Macintosh) software of Wolfram Research Inc. 
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Combination of 4B.l and 4B.3 yields the position dependent pressure differential equation: 

dx 
T o 

with K=~ 
T 

[4B.4] 

Por a single (n=l) straight pore with rx = r, equation 4B.4 can be rewritten to yield the 

pressure at the pore mouth (x=O): 

JPL d = -SJ.tLKFt # Jld 
Px Px 4 X 

Px 1tr x 
[4B.5] 

Integration yields: 

1 ( 2 21_ -SJ.tLKFt# (l x) 
2 PL -px)- 4 

1tf 
[4B.6] 

and with ~(Pt- p~ J = (PL Px)P equation 4B.6 reduces to: 

Px 
# 

SJ.!LKFt (l ) PL + 4 _ -x 
1tr p 

[4B.7] 

which coincides with previous derived equation 4.23 when x=O and n=l. 

The mass balance fora differential element of the pore with volume dV: 

[4B.8] 

where SiCH3Cl3 is denoted as 'S' and Fsz is the molar flow rate of S [moles.s-1]. 

The first order reaction rate of disappearance of S, rs [moles.m-3.s-1] on the pore wall is: 

[4B.9] 

Here, the reaction ra te coefficient kv is based on the volume of the po re. In terms of surface 

area of the pore, ks [m.s-1] is calculated through: kv V= ks A. where A represents the 
2k 

deposition (or pore mantle) area [m2] and thus kv = _s. Rewriting 4B.8 yields: 
rz 
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[4B.l0] 

àFsz =-k8 Csz 21tr z àz with àz = Lêlx [4B.l 1] 

[4B.12] 

Fsx equals Csx Ux Ax if the dilution of S in the carrier gas is high. Csx, Ux and Ax are 

respectively the concentratien of S [moles.m-3], the gas velocity [m.s-1] and the cross flow 

area [m2] at alocation in axial direction within the pore. It is knovm that: 

Fsx 
Csx =-- [4B.13] 

where Fsx is the molar and Ftx is the volumetrie flow rate and equals UxAx and Px is the total 

pressure in the pore as a function of x. Differentiation on both sides yields: 

àFsx 

dx 
= 

d Csx 

K__Rx_ 
dx 

and with the chain rule: 

êiFsx 

dx 
# [ 1 êiCsx Csx 

Ft K ----
Px dx 

Combination of equations 4B.l2 and 4B.15 yields: 

hence: 

dCsx 
dx 

C~x dpx] 2 k L C • - 1t. s r x Sx 
p; êlx 

combination with equation 4B.4: 

[4B.14] 

[4B.15] 

[4B.l6] 

[4B.l7] 

(4B.l8] 
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with the boundary condition that at x=O: 

Cso Pso = 
RgT RgT 

[4B.l9] 

For the change in pore radius due to deposition on its wall equation 4.11 is: 

- -msic kc 
- s Sx 

dt Psic 
[4B.20] 

4B.4, 4B.l8 and 4B.20 are the three principal equations that depend on the three variables Px, 

Cx, rx and can be solved simultaneously as a function of both position x and timet to yield the 

development of the matrix deposition within a cylindri~al pore. 
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5.1 Introduetion 

Chapter 5 
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109 

The earliest report of CVI for ceramic fabrication was a 1964 patent of the infiltration of fibrous 

alumina with chromium carbide 1. Hereafter, enhancement of the CVI technique resulted in the 

development of the relatively fast ( compared to Isothermal isobaric CVI e.g. ICVI) Thermal 

Gradient Poreed flow Chemica! Vapour Infiltration2-5 (TGFCVI) technique someten years 

ago. The Thermal Gradient FCVI (TGFCVI) technique can he used for the densification of 

thick walled structures but bas the great drawback that for each different sample geometry, a 

new fixture needs to be developed by which a thermal gradient can be applied across the 

fibrous preform. 

The Isothermal FCVI (IFCVI) method does nothave this problem, because the fixture can have 

a much simpler design. For thin walled structures like hot gas filters, heat shields, bumer 

tubes, seal rings and heat exchanger panels, this isothermal method can thus provide a great 

improvement towards industrial application of the FCVI technique. 

The modelling of both ICVI and FCVI processes is a topic of much effort. However, the 

experimental validation of these models (especially FCVI) is still very limited. As far as 

known, there are no publications on the effect of the different process variables of the FCVI 

process on the infiltration efficiency in terms of composite density and infiltration time. This 

study is an attempt to fill this gapandreach a better understanding in the IFCVI ( described in 

this chapter 5) and the TGFCVI (chapter 6) process. 

First, the details ofthe IFCVI experiments are presented insection 5.2. The way the "raw" and 

infiltrated preform is characterised is described in section 5.3. Thereafter, in section 5.4 the 

results are given of the study on the effect of each process variabie on the infiltration time and 

composite density. These experimental results are compared with the theoretica] considerations 

-that are presented in chapter 4- in section 5.5 where also the general conclusions are 

summarised. 
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5.2 Experimental details 

During the IFCVI of a porous carbon fiber preform, a CVD reaction takes place on the hot fiber 

surface. In this study, methyltrichlorosilane (MTS) was used as both the silicon and carbon 

donor for the silicon carbide matrix. In the presence of a large amount of hydragen it is known 

to form stoichiometrie SiC6. 

The CVD reaction is: 

[5.1] 

Raw materials 

Disc shaped substrates with a diameter of 80 mm and a thickness of approximately 3 mm are 

used for the infiltration experiments. They were manufactured at DASA Aerospace 7, Germany. 

They consist of Torayca T -300 fibers (see table 5.2) plain woven layers that are stacked upon 

each other in a 0/90° orientation and woven together through a tow in the z direction. This 

orthogonally woven preform, contains fibers in a 3 D configuration. The Torayca fiber is a 

typical high tensile strength (HT) and intermediate modulus (IM) fiber, made by the 

graphitisation of polyacrylonitrile (PAN) at a temperature around 1673 K. The microstructure 

of such a preform is presented in figure 5.1. 

Figure 5.1. A top view of the weaving structure of a preform plate. bar= 5 mm. 

Since the preform is very sensitive to handling and has a low stiffness, it is prefixed through 

impregnation with an alkali free liquid phenolic resin (after cleaning with acetone to remove the 

sizing) and compressed. The fiber content and preform thickness is controlled through this 

compression. Hereafter, pyrolisation of the resin takes place. The fiber plate is heated at a rate 
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of 60 K.hr l to 973 K in a horizontal tube furnace under a nitrogen flow and kept at that 

temperature for one hour. Then the p1ate is heated to 1373 K for one hourand cooled toroom 

temperature at the same rate. This treatment results in stiff fiber plates with a pyrolised resin 

content between 5 and l 0 weight %. After tbe pyrolysis, the plates are cut into discs of 80 mm 

diameter using a water cutting machine. 

The carbon fiber content of the preforms varied from approximately 40 to 55 vol.% with 

respective thicknesses of 3.2 to 2.5 mm. 

Carbon fiber type 

No. filaments per tow 

Filament diameter [m] 

Filament density [kg.m-3] 

Specific surface area [m2.kg-l] 

%carbon 

sodium + potassium [ppm] 

Torayca T-300 

3000 

7. I0-6 

1.75 • 103 

8550 

93 

<50 

Table 5.2. Properties of Torayca T-300 type fiber based upon commercial data. 

lnfiltration experiments 

In chapter 3, the reactor is described in detail that is used for tbe IFCVI of tbe carbon fiber 

preform plates. Before infiltration, the preform plate is wasbed ultrasonically in acetone for 15 

minutes and then positioned into a graphite holder (on top of a graphite support ring) which 

allows forced gas flow in the axial direction only. This holder is placed on top of a graphite 

injector tube through which the gases enter the holderand after flowing through the preform, 

exit via the exhaust tube and pump. 

The graphite injector and holder are situated in a vacuum tight reactor chamber which is kept at 

a constant pressure and temperature by external resistance heating. This reactor is checked for 

leaks prior to each run. 

The preform is heated under a flow of nitrogen to 1203 K overnight at a rate of 120 K.hrl and 

thereafter ramped to process temperature. After temperature stabilisation of at least 30 minutes, 

the process is started through introduetion of tbe CVI gases at the process pressure. 

The preform temperature is monitored by a thermocouple that is located in the bottorn of the 

bolder. All process settings (temperatures, pressures, gas flows) during the infiltration are 

monitored by a data logging system attached to the FCVI apparatus which logs at five minute 

intervals. 
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The methyltrichlorosilane (MTS) precursor flow rate is controlled by a vapour souree 

controller. The MTS bubbler is weighed before and aftereach run to check the MTS flow rate. 

The "weighed" MTS flow is used as the actual MTS flow value. The total amount of hydragen 

gas (i.e. the carrier gas for the bubbler and the bypass) is kept constant during the entire 

infiltration duration and additional argon is added for obtaining both a constant Hz/MTS ratio 

and total gas flow rate. The ratio of input Hz/MTS is approximately 6 for all experiments. 

The pressures at the injector and outlet side are monitored with two baratrons. The pressure in 

the outlet is maintained at a constant value during the entire infiltration experiment. When the 

pressure in the injector at startand the pressure at end differs a certain shut off value, typically 

9.44 or 26.6 kPa, the infiltration is terminated and the gas flows are shut off. The prefarm is 

cooled to room temperature at 120 K.hr-1 under a flow of argon. 

In table 5.3, the standard IFCVI process conditions are summarised. 

Prefarm temperature [K] ! 1273 

Outlet pressure [kPa] 6.65 

MTS bubbler temperature [K] 288 

Total gas flow rate [slm] 

Hz fraction at inlet [vol.%] 

Ar fraction at inlet [vol.%] 

MTS fraction at inlet [vol.%] 

Hz/MTS ratio at inlet 

Shut off pressure difference [kPa] 

54 

37 

9 

6 

9.44 or 26.6 

Table 5.3. Standard IFCVI process conditions. 

5.3 Characterisation of the preform 

Raw prefarm 

The outer dimensions and the weight of the disc shaped carbon fiber substrates with an initia! 

diameter of 80 mm and a thickness of approximately 3 mm were measured before and after 

each run with respectively callipers and an analytica! balance. For the calculation of the fiber 

content Vr [volume fraction] of the preform, relation 5.2 was used in which the small amount 

of pyrolised resin was neglected. 

V f = MjJreforrn 

V preforrn Pc 
[5.2] 
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Here, Mpreform [kg] is the mass of the raw preform and V preform is the volume of the raw 

preform disc in m3 and pc is the density of the carbon fiber (table 5.2). 

Hereafter, the theoretica! ideal density Pi [kg.m-3] of a densified prefarm where the total pore 

volume is completely filled with silicon carbide matrix material (Pm = 3.2 • 1Q3 kg.m-3) can be 

calculated according to*: 

Pi=Vrpc+(l Vf)pm [5.3] 

The initial deposition area Actep [ m2] is the weight Mpreform [kg] of the raw preform multiplied 

by the specific surface area Sc [m2.kg-l] of the carbon fibers (table 5.2). Assuming that there 

is no trapped porosity: 

Actep = Sc Mpreform [5.4] 

Permeability 

The preform permeability K, is defined as the conductance of the preform for the gas flow. The 

initial permeability of the raw preform is dependent on its microstructure only and thus 

dependent on its fiber content. 

The gas permeability Kg [m2] of aporous structure is given by Darcy's law as 9: 

K = g Ap 

L 
[5.5] 

where L is the preform thickness [m], uo is the average superficial gas velocity [m.s-1 ], j.t is 

the dynamic gas viscosity [Pa.s] and APis the pressure difference across the preform plate 

[Pa]. This form of Darcy's law has however a very narrow range of validitylD. 

The permeability of a po rous system is supposed to be a constant by definition *. In case the 

fluid is an incompressible liquid and inertial effects can be neglected 11, Kis indeed a constant. 

In the case of gases, especially at low total pressure, the fluid does not always stick to the wall 

of the pores as required in Darcy's law (Poiseuille type flow) and a phenomenon termed "slip" 

can occur. This slipping of the fluid along the pore walls gives rise to an apparent dependenee 

of permeability on pressure. This dependenee is called the Klinkenberg effect and occurs typi

cally at low total pressure and corresponding Koudsen numbers12 (for laminar flow reactor, 

appendix l.B.) between 0.1 and 1. 

* Note that a fiber content of 50 vol% results in a percentage of the ideal density of approximately 70%. 
* It is noted that as K is to remain a constant even at high temperature, the pressure drop should increase with 
the power 1.7 with temperature due to inerease in gas viscosity and veloeity. 
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In appendix 5.A , the adjusted Darcy's law is derived to account for this effect. 

Because the gas permeability is thus dependent on the pressure (drop) and not solely a 

microstructural constant, for sake of comparison within the range of a process condition, it is 

necessary to express the evolution of the preform microstructure during CVI in other 

parameters like porosity, pore size, fiber diameter, fiber arrangement and wall thickness and to 

be more complete also in terms oftortuosity. 

Still, the permeability of the raw preforms is measured as a function of fiber content (and 

preform thickness), outlet pressure and total gas flow rate to obtain an order of magnitude of 

the conductance to gas flow. 

Hereto, argon gas was flowed through the raw preform in the IFCVI apparatus at a temperature 

of 1273 K. The argon flow rate was varied from 0 to 2 slm at 2.66, 6.65 and 9.31 k:Pa outlet 

pressure and the pressure drop across the preform plate was measured using two pressure 

gauges. 

lnfiltrated prefonn 

After the infiltration experiments, the composite discs were weighed to calculate the overall 

MTS conversion or total yield of MTS: 11 [%] in the preform into solid matrix material. 

This 11 is estimated by: 

Mm,dep 100 11 = • 
Mm,max 

[5.6] 

where Mrn,dep [kg] is the total deposited mass of matrix material and Mrn,rnax [kg] is the mass 

of matrix material that would be deposited at a complete conversion of MTS. Note that 

(reaction 5.1) 1 mole of MTS yields 1 mole of SiC. 

This definition of 11 is very similar toA (eq. 4.6), whereas the first represents the conversion 

based upon the whole preform volume and the latter one represents the conversion across the 

lengthof a cylinder pore. This similarity implies that large Tl will yield low density due to low 

uniformity of the deposited matrix in axial direction. 

After weighing of the composite preforms, they were cut into bars. Out of each disc, four 

samples from the middle section were cut, with typical dimensions of 60•10•3 mm3 using a 

diamond blade. The bars were ultrasonically cleaned in ethanol for 15 minutes and driedat 400 

K for at least one night. Since the samples are hygroscopic, each bar was weighed directly after 

drying on an analytica! balance. 
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The outer dimensions of each bar we re measured with callipers and the percentage of the ideal 

density expressedas the relative bulk composite density Pb rel [vol.%] was estimated through: 

Mb 
Pbrel = --•100 

VbPi 
[5.7] 

with Vb [m3] being the bulk volume of the bar and Mb [kg] the weight of the infiltrated bar. 

The arithmetic mean of the relative density of the four bars indicates the Pb rel of each preform 

disc. 

The four bars (originating from the sarne preform) were stacked into the sample container of a 

helium pycnometer (Quantachrome Ultrapycnometer 1000). The average preform skeletal 

volume was measured in helium until a duplicity was reached of at least 0.10%. 

Hereafter, the average relative skeletal density Psk [%] was calculated by division of the dry 

(total of 4 bars) weight Mlb [kg] with the average skeletal volume Vsk [m3]: 

M4b 
Pskrel = ---•100 

VskPi 
[5.8] 

Analysis of the matrix composition 

For the determination of the phase structure of the deposited matrix material, XRD analysis 

(Rigaku) was used with CuKa radiation at 35 kV. A 2 e diffraction angle was used between 

20-80°. 

The SiC matrix was further analysed using a mieroprobe (EPMA, Jeol type JXA-8600SX). 

The composition of the matrix as a function of infiltration temperature i.e. the silicon, carbon 

and oxygen content were measured quantitatively using an acceleration voltage of 10 kV. 

Both sides of the composite discs were measured viz. the gas inlet si de and gas outlet si de. 

5.4 Results and discussion 

The effect of the different process variables such as preform temperature, total gas flow rate, 

MTS fraction in the inlet gas mixture and the outlet pressure on the infiltration time and 

composite density was studied. Furthermore, the effect of the fiber content and the 

densification stage (pressure drop) as a function of infiltration time are presented. 

First, the reproducibility of the process and of the characterisation methods are tested. 
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Reproducibility 

A blanco run was performed in which a preform plate was heated up to the typical process 

temperature of 1273 K and subjected toa mixture of H2 and Ar, at a rate of respectively 500 

and 100 seem for 5 hours. After cooling according to the normal procedure, the preform 

dimensions and weight were checked. No significant difference in weight or volume was 

detected. 

So, it can be concluded that the changes of the preform, described hereafter, are solely the 

consequence of the infiltration procedure. 

Before the effect of any process variabie was tested, the reproducibility of the IFCVI process 

was estimated by carrying out 2 times, 3 repeated runs under the same conditions. 

The first set of experiments were performed under conditions and with pretorros with 

maximum similarity. The second set was performed with less similar conditions and preforms, 

but within tolerabie limits. The results are given in table 5.4. 

Exp T PL ! Ft# 
no. K Pa m3.s-1 

5 1271 6.65 • 8.43. 
6 1Q3 lQ-6 lQ-3 

7 (0.1) (0.1 

33 1272 6.65 • 
35 lQ3 I0-5 lQ-3 

50 (0.1) (0.2) (0.9) 

Table 5.4. Reproducibility ofiFCVI experirnents (n 3). 

11 
% 

LlP 

Pa 

14.2 15.1 9.44. 

1Q3 

(0.0) 

2.66. 

104 
n=4 (10.0) (8.6) (0.3) 

The standard deviation (Sn-I) is given between parentheses in percentage. If nol indicated, error is 
negligible. Exp. no's 5, 6 and 7 are perforrned with preforrns frorn the sarne batch, whereas exp. 
nurnbers 33, 35 and 50 are made with 3 different preforrn batches. 

The sensitivity of the infiltration time and composite density onslight variations in preform and 

process conditions is demonstrated in table 5.4. 

Reproducibility in infiltration time is within 10%. 

Reproducibility of the relative bulk density ( average of tour bars, n=4) is 0.5%, whereas it is 

larger if measured with a whole composite disc (n=l) i.e. 2.2%. The latter error is larger, 

because of the error that is made in the measurement of the composite thickness, due to a radial 

thickness gradient of the deposited coating on the gas inlet side of the sample of approximately 

10%. 
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Raw prefonn microstructure 

Inspeetion of polisbed cross sections of raw carbon preforms enabled the estimation of the 

order of magnitude of the different pores. 

It was found that three pore ranges were present viz.: 

• very tiny pores: < O.OIJ.lm. 

• pores in between the fi1aments in a fiber bundle (tow): 2- 30 JliD. 

• pores in between adjacent cloth layers and in between adjacent tows: 100 1000 Jlm. 

Process conditions during the run 

The data logging system allows continuous monitoring of the process settings. A typical result 

is given in figure 5.5. The total hydrogen flowrateis the summation of the hydrogen flow rate 

through the bubbler and the 'back up' hydrogen flow ráte that is added additionally. 

All process conditions remain constant during the run with the exception of the injector 

pressure. Temperature typically varies ± 2 K. 

1000 1005 
MTS [mg/min] 

(/) 

e 800 H2 total 1003 '1:1 :;:! .... 
"' (J) 

"' 6 e 
0.. .... 

" 600 _l{2 carrier 
a 

c:: 1001 G" "' a 
1"-- ..r/ A /"' " .... ~~ \I I (J) 

,..,.~ .... 
400 I ./- Temperature I 999 I» 

.." 2 
(/) 

1/ 
/ (il <Ll -"" lJ .... p;/ :::: 200-

PFut 997 
0 Ar <;::: 
(/) 

"' CJ 0 I I I I I 995 
0 I 2 3 4 5 6 7 8 

Time [hr) 

Figure 5.5. The process condîtions as a function of infiltration time as monitored with the data logging system. 
"Hz carrier" is the Hz flow through the MTS bubbler. It increases due to increase in injector 
pressure "Pin". 

Pressure difference shut oJfpoint 

During the infiltration process the gas perrneability of the preforrn decreases due to the 

deposition of the SiC on the pore walls. The pressure drop across the preforrn starts to rise. 
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For comparison of the preforms after the infiltration process and especially of the infiltration 

time a shut off point is required that enables comparison of the preforms after infiltration. 

Therefore, the pressure drop across the preform is used as the shut off quantity and despite 

changing the process conditions it is kept at a constant shut off value. 

lts definition is: 

[5.9] 

Injiltration time: experimentally and analytically 

The experiments performed to study the effect of a process setting are all the result of single 

experiments due to the large time consumption per experiment. Therefore, the estimation of the 

infiltration time was performed for one preform only and represented by the data points in the 

plots presented in the next sections. The error bars are based upon the overall standard 

deviation Sx in infiltration time of the reproducibility test (exp. numbers 33, 35, 50). Sx is 

taken as 10 %. 

A general relation descrihing the effect of the process conditions on the growth rate in a 

cylindrical pore under FCVI conditions, is derived in chapter 4. It is supposed to be more 

realistic to describe the preform as a packed bed instead of a disc with straight monosized 

pores*. Through this packed bed, gas flows due to the opposed pressure gradient and chemica! 

reaction takes place at the fiber surface. In case of faster mass transport due to forced 

convection than due to diffusion, (at large Peelet numbers) equation 4.10 was derived. This is 

adjusted to account fora packed bed with the aid of the relations defined in chapter 1, e.g. the 

definition of the first Darnköhler number is changed from pore into that of a packed bed Dalbed 

(appendix l.C). The pore diameter dp, is replaced by (four times) the hydraulic radius 4IR (eq. 

1.24). 

This yields the axial position dependent growth ra te across the bed Gz,bed [mole.m-2 .s-1]: 

[5.10] 

with ks = reaction rate coefficient [m.s-1], Co input concentration of MTS [mole.m-3], e =bed 

porosity [vol. fraction], uo = superficial gas velocity [m.s-1], dr filament diameter [m] and 't 

= tortuosity of the bed [-]. 

* However, this requires the (2D) description of the multirnoda1 bed pore structure and is beyond the scope of 
this thesis. 



Clrapter 5. Isothermal Forcedflow Chemica/ Vapour Infiltration 119 

The infiltration time is inversely proportional to the growth rate within the porous structure. 

The pressure gradient shut off point is reached when the permeability of the whole structure is 

lowered, due to matrix deposition. The effect of the process conditions is dependent on the 

local growth rate and thus on axial position z. So, the infiltration time ti is: 

[5.11] 

Since the growth rate at z=O will be largest and dp is caused by the largest resistance i.e. the 

pore mouth diameter, the infiltration time will be primarily affected by Go. Hence: 

1 RgT 
ti oe---=--=--

Go,bed ks xo Po 
[5.12] 

with p0 = total pressure in the injector [Pa], xo is the input MfS fraction [vol. fraction]. 

This last equation is also applicable for predierion of the infiltration time in the surface kinetics 

limited growth regime, where k5 << uo and Gz = Go and Dalbed is small. 

Relative bulk composite density: experimentally and analytically 

The relative bulk density is a function of the CVI process conditions as derived in chapter 4. 

The redprocal conversion ordepletion of MTS into solid material over the wholepreform TJ, 

determines the composite density. Adjustment of equation 4.9 fora packed bed yields: 

[. (
-4 k8 L(l ê)J]-1 

_ 1 p oc 1 - exp oe 11 
'tuodr 

[5.13] 

Clearly, during kinetically controlled growth where k5 << uo and Dalbed is small, TJ equals zero 

and relative density is maximaL 

Because the measurement of the relative bulk density is subjected to many errors, the MTS 

conversion data is an extra controlling tooi for the predicted trends. 

For the bulk density estimation, the average of the four bars, cut from the middle section of the 

composite disc were used, thus n = 4. The printed dots in the plots presented hereafter, are the 

arithmetic means x* of the relative densities of the four bars from one experiment and the error 

* Sx 
X ± 1.96 • fiï with n nurnber of rneasurernents and Sx is the standard deviation based on n-l. 
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bars are indicative of the 95% confidence interval, assuming that the data is normally 

distributed. 

Difference between total porosity and relative bulk density 

The real composite property that is of interest, is the open pore volume. Clearly, the estimation 

of the relative bulk density as defined in equation 5.7, is no measure for the porosity within the 

infiltrated preform. For the estimation of the real porosity and thus the open pore volume, it is 

necessary to quantify the deposited matrix volume in the preform. However, a coating is 

deposited on the gas inlet si de of the prefarm as well as in the preform. The layer thickness of 

this coating is not at all uniform. lts measurement is severely handicapped by the fact that: 1. 

the coating is deposited on the fiber surface only (and not in the pores between the tows) and 

the absolute density of the layer is therefore unknown, 2. the coating surface is rough, 3. there 

is a gradient in thickness of the coating in radial direction. Since the con tribution of the mass 

deposited on the gas inlet surface of the prefarm relative to the total amount of deposited matrix 

can reach up to 25%, the error in the calculation of the total porosity of the sample is relatively 

large i.e. ~ 15%. The correlation of the process condition with the composite porosity was 

found to be poor due to the large scatter of the data. 

That the correlation is better, using the relative bulk density, can be attributed to the lessererror 

sensitivity of this quantity. 

Axial uniformity 

It is clear that within the goal of achieving homogeneaus composite density, the axial gradient 

of the SiC deposition within the prefarm plays an important role. 

The direct quantitative measurement of the uniformity in axial direction with the purpose of 

comparison of the samples, appeared however to be impossible. 

Several options were tried. All failed due to the difficulties mentioned below: 

The preform is too thin (3 mm) to cut more than two slices to estimate the bulk density 

gradients. 

Image analysis on polisbed cross sections to estimate the matrix content in between the 

fiber tows cannot be applied, because the packing of the unidirectional layers is not 

homogeneous. Furthermore, the difference in grey level between fiber and matrix is too 

low to achieve sufficiently adequate thresholding. 

The measurement of the SiC layer thickness in the pores is unusable, because they are not 

of exactly the same size and pore mouth diameter. 
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EDS measurement of the silicon content across the preform thickness or by "line scans" is 

not adequate, since variations between the samples are smaller than the scatter and 

quantification is difficult. 

X-ray tomography and other non-destructive analysis techniques appear not yet to have 

sufficient resolution for thin preforms. 

Therefore, the simplest method was used, which is the estimation of the overall bulk density 

by equation 5.7. Due tothefact that the (theoretica!) density of the SiC matrix is larger than of 

the composite material C/SiC, the relative bulk density of a composite with a thick SiC coating 

on the gas inlet side will be lower as compared with one with a thin layer. The relative bulk 

density is therefore not only a tooi for measuring density but in a sense for homogeneity as 

well. 

In this chapter and in chapter 4, assumptions are based upon the fact that large uniformity 

always coincides with large relative bulk density. 

That this is the case is clarified by the following*. Pressure drop is caused primarily by the 

largest resistance for the gas flow and therefore by the pore mouth diameter. Since in all 

experiments the pressure drop shut off point is equal, this pore mouth diameter should be of 

similar size after infiltration. As such, the axial deposition uniformity determines the deposited 

matrix volume and consequently the relative bulk density. 

Statistica/ evaluation of trends 

For each process condition variation, an effect is expected in infiltration time and relative bulk 

density according to the theory of chapter 4. The data points in the plots presented in the next 

sections can be curve fitted according to this expected trend. Whether the expected fit follows 

the ex perimental data is checked with the aid of a statistica! F-test. The varianee of the model fit 

is compared with the varianee of the repeated runs (table 5.4). The ratio of these two are 

compared with the corresponding F value at a confidence level of 95%16,17. If the F value is 

larger, the model fits the data within a probability of 95%. 

In appendix 5.C this procedure is explained in detail. In appendix 5.D, the results of the curve 

fittings (viz. the equations and coefficients) are summarised. In all figures presented hereafter, 

the plotted lines are fitted according to this statistica! procedure. 

* Kinetic effects due to change in reaction mechanism (see chapter 2) are assumed to be absent. 



122 Forcedflow Chemica/ Vapour lnfiltration 

5.4.1 Effect of the total gas flow rate 

Matrix composition at high flow rate 

It was noticed that at high total gas flow rate (i.e. > 1.8 slm) the deposited SiC layer on the gas 

inlet side had a black appearance. The coatings produced at low gas flow rate had a shiny 

silvery appearance. The composition of the black deposit was measured using EPMA at an 

acceleration voltage of 6 kV. Although oxygen free, the Si/C ratio was in the order of 1.5 (i.e. 

20 at.% free silicon). It is anticipated that the silicon forms more easily as compared with 

carbon at this high gas velocity (see chapter 2). 

/nfiltration behaviour 

From figure 5.6, it is evident that increase of the total gas flow rate results in a decrease of the 

infiltration time. As in CVD, it is anticipated that at low total gas flow rates, mass transport 

lirnitations -either convective or diffusive- are dorninating growth. In this regime infiltration is 

fast. For the clarification if either convective or diffusive mass transport bas been dorninating 

matrix growth, the following concepts were audited. 
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Figure 5.6. The infiltration time versus total gas flow rate Ft# 
T = 1273 K, Hz/MTS= 6.15, Vf = 51.2 vol%, L = 2.89•10-3 m, PL = 6.65 kPa, 

Pebed 3.88•10-3 2.20•10-2, Knbed = 0.30- 0.23, Dalbed =6.81•10-2 - 1.74•10-2, 

Áp :;9.44•103 Pa. 

During FCVI processing, the gas flows through the pores. The transport of the species is 

driven by convee ti on. A boundary layer develops along the wall of the pores through which 
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diffusive mass transport (low Peelet number) of the gas spedes occurs. Consequently, ti is 

proportional to the redprocal of the square root of Ft# (appendix l.B). On the other hand, if 

conveetien in the remaining pore cavity -surrounded by the boundary layer- is faster than 

ditfusion (large Peelet number), the infiltration time is proportional to exp (c • Ft# -l) (appendix 

l.D and equation 5.11). Unfortunately, on this basis it is not possible to distinguish which of 

the two transport mechanisms has controlled matrix growth. 

Therefore, the magnitude of the Peelet number should indicate if either diffusive or convective 

mass transport has taken place in the regime of low total gas flow rate. Since the calculated 

Peelet numbers for the packed bed at the process conditions used -indicated in the tigure 

captions of tigure 5.6- are relatively large i.e. larger than J0-3 (table 1A.6) viz. 3.8•10-3, it is 

assumed that forced conveetien has been more dominant than diffusion. 

At large gas flow rates, the growth is limited by the kinetics of the deposition reaction at the 

fiber surface and becomes independent of flow rate. 

The transition between the two growth regimes in figure 5.6, e.g. mass transport (at large 

Damköhler numbers and low flow rates) towards kinetically controlled growth (at small 

Darnköhler numbers and large flow rates) was estirnated by the intersectien of the two slopes 

of the growth regimes. Surface reaction limitation starts at a rate of approximately 0.8 sim and 

at a corresponding calculated Dalbed number of approximately 0.06-0.05. 
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Figure 5.7. The relative bulk density and MTS conversion versus total gas flow rate Ft# 
T = 1273 K, Hz/MTS= 6.15, Vf= 51.2 vol%, L = 2.89 mm, PL = 6.65 kPa, 
Pebed = 3.88•10-3 - 2.20•10-2, Knbed = 0.30- 0.23, Dalbed =6.81•to·2 1.74•10-2 
L\p =9 .44•103 Pa. 
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It is anticipated that the infûtration time will decrease until a minimum is reached asymptotically 

when the gas flowrateis totally kinetically controlled, whereas at very low flow rate (close to 

0) the infiltration time will reach infinity. 

Although the error of the measurements presented in figure 5.7 is relatively large, it may be 

stated that there is an increasing trend in density as a function of total gas flow rate. At zero gas 

flow rate the bulk density equals the raw relative bulk density of the starting preform (typically 

36.5%). 

Large total gas flow rates are thus advantageous in achieving large bulk densities. This is not 

surprising, consirlering the fact that through increase of flow rate, the gas velocity within the 

pores will increase and the uniformity of the matrix distribution willenlarge (chapter 4). At 

even larger flow rates i.e.> 0.8 sim (figure 5.6), the growth is limited by surface kinetics . 

The enhancement of the matrix deposition uniformity is also demonstrated by the MTS 

conversion that decreases linearly with flow rate. Despite the fact that density is reaching a 

more or less constant value above 1.5 slm, the MTS conversion is still decreasing. This is 

explained as follows. During kinetically limited growth only a certain limited amount of 

molecules can be converted into solid matrix materiaL The nominator in equation 5.6 (Mm,dep) 

will remain constant. Larger mass transfer fluxes will however increase the denominator 

Mm,max· The MTS conversion will decrease until the denominator reaches infinity. 

At very large gas velocities, this phenomenon can reach an extreme. When the residence time tr 

of the gas in the preform structure gets very short, the critica! reaction time l:cr can become 

larger than the residence time of the gas. If so, the MTS has insufficient time to react. This 

explains the fact that in the centre part of the discs, infiltrated at flow rates exceeding 1.5 sim 

andlor at outlet pressures ::; 1.33 kPa, poor deposition was achieved. The residence time of the 

gaseous species in the centre of the disc is based u pon the Poiseuille gas velocity. On the axis 
of the preform Ubed,ax = 2 Ubed· In general terms as tr <ter [s] deposition will be severely 

hindered and hence in the centre of the preform disc: 

Lpreform 
---"---< 
2 • U bed ks • av 

where avis defined as 4 • dr-1 (in chapter 1, packed bed). 

[5.14] 

Calculation of tr and l:cr (with assumed tortuosity of 2) indicated that at mean gas bed veloeities 

larger than 3 m.s-1 this phenomenon can occur. 

During kinetically controlled growth, theoretically uniform deposition should occur. However, 

due to the pressure gradient across the preform, deposition will always be larger at the gas inlet 
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side as compared to the outlet side. Therefore, complete homogeneity can never be reached 

using the IFCVI technique. Best uniformity can be gained at large flow rates when the process 

is just kinetically limited. At Iarger gas flow rates, beyond the scope of the plot, it is anticipated 

that density can decrease again if the MTS has insufficient time to react at the fiber surface, or 

due to the following phenomenon. 

The pressure drop across the preferm is a function of the square root of the total gas flow rate. 

Experiments performed at high total gas flow rate will consequently start at a high value of the 

inlet pressure. The corresponding SiC growth rate at the high pressure side will thus be much 

Iarger than the growth rate at the opposite side of the preform i.e. Go>> ÜL (t=O). 

All experiments are finished at the same pressure drop value (equation 5.9). Consequently the 

amount of uniformly deposited matrix will be larger when the flow rate is smal! (Go "" Q), 
resulting in a higher density. According to this consideration ~that coincides with the model 

predictions of chapter 4- the relative bulk density presented in figure 5.7 should reach a 

maximum at the point where growth is kinetîcally limited and the infiltration process begins at 

the condition that po "" PL· These theoretica! considerations could not experimentally be verified 

due to practical limitations. The PO over PL ratio -as measured at the Iargest experimental flow 

rate- is 1.6 at the start of the infiltration process and is not sufficient to negatively affect the 

deposition uniformity. 

5.4.2 Effect of tbe outlet pressure 

In figure 5.8 the results are presented of the study on the effect of outlet pressure on the 

infiltration time. Increase of the outlet pressure results in decrease of the infiltration time in a 

non-linear way. It is known that the precursor concentratien is a linear function of the total 

pressure (eq. 1.2). Increase in (outlet) pressure therefore results in a larger growth rate ofthe 

matrix. 

The gas velocity is also affected by the total pressure. At low pressure, when the gas velocity 

is high, it is assumed that chemica! kinetics control matrix growth. In the other regime at high 

total pressure, mass transport governs matrix growth and decrease in infiltration time is less 

severe. 

According to equation 5. I 1, convective mass transport Iimitations affect infiltration time as 

[ bpL exp( -apL) rl. Calculation of ti versus PL yields a decreasein ti at increasing PL. because 

b >>a. 
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Figure 5.8. The infiltration time versus total outlet pressure PL· 
T"' 1269 K, H21MTS = 4.97, Vf = 45.9 vol%, L = 2.96•10-3 m, Ft#= 1.67•10-S m3.s-l 

Pebed = S.ûJ•J0-3, Dalbed = 1.17·10-2- 9.So-I0-2, Knbed = 7.2·10·1_ 8.4•10-2 

Äp =2.66•104 Pa. 

On the other hand, when diffusive mass transport -across the boundary layer that is present 

along the pore wall- would control matrix growth, infiltration time would be independent of 

total pressure (appendix l.D). Comparison of these theoretica! concepts with the experimental 

results that are presented in figure 5.8, shows that conveelion bas been the mass transport 

mechanism at the corresponding Peelet number of 5 • l 0-3. 

In tigure 5.9, the relative bulk density decreases with increasing outlet pressure. When the 

outlet pressure is increased -during convection controlled growth-, the gas velocity through the 

pores will reduce and the uniformity of the matrix dis tribution is lowered. This results in a 

reduction of the relative bulk density and is also demonstraled by the increase in MTS 

conversion. 

One may conclude that the experiments have predominantly been performed within the mass 

transport limited regime, since density and eventually MTS conversion would remain constant 

with pressure otherwise. From the effect of the total gas flow rate it is known that transition 

between the two growth regimes is in between a Dalbed of 0.05 and 0.06. This implies that 

only the first three data points ofthe experimentsin figure 5.9, have been performed at surface 

reaction limited conditions where the effect of outlet pressure on relative density is indeed 

negligible. 
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Figure 5.9. The relative bulk density and MTS conversion versus total outlet pressure PL· 
T = 1269 K, Hz/MTS = 4.97, V f = 45.9 vol %, L = 2.96·10-3 m, Ft# = 1.67•10-5 m3 _ç 1 

Pebed = 5.03•10-3, Dalbed =1.17·10-2 - 9.50·10-2, Knbed = 7.2•10-1- 8.4•10-2 

t1p =2.66•104 Pa. 

5.4.3 Effect of the preform temperature 

Matrix composition as a function of temperafure 

The composition of the SiC matrix of all preform discs on both gas inlet and outlet side were 

measured using EP MA. The coatings were oxygen and chlorine free i.e. within the error of the 

detection limit. The SiC coating on the gas inlet side of all specimens had a shiny silvery 

appearance. The Si/C ratio varied slightly from 1.0 to 1.1 corresponding to a maximum free 

silicon content of 5 at.%. No effect of the SiC location (either gas inlet or outlet) was detected. 

XRD measurements on both sides of the samples indicated that the coating was crystalline ~

SiC and contained mainly cubic crystals. Traces of hexagonal SiC was observed at the gas inlet 

si de of the preform. 

Consequently, it is assumed that the density of the matrix material is independent of the 

deposition temperature and equal to the theoretica! density of silicon carbide. 

lnfiltration behaviour 

In tigure 5.10 the infiltration time is presentedas a function of preform temperature. 
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Figure 5.10. The infiltration time versus preform temperature T. 
H21MTS = 4.98, V f = 44.8 vol %, Ft# = 1.67•10-5 m3 .s-1, L = 3.06•10-3 m 

PL = 1.33 kPa, Pebed = 1.32•10-2, top =2.65•104 Pa, Knbed 0.60- 0.67 

Dalbed = 3.49•10-3 5.41•10-2 

At high temperature, matrix growth is fast. In concordance with theoretica! considerations (eq. 

5.11 ), the infiltration time reduces with increasing temperature due to the Arrhenius behaviour 

of the deposition reaction. Since the first Damköhler number is smaller than 0.054 within the 

whole range of experiments, it is anticipated that kinetics have been controlling the formation of 

SiC. 

In figure 5.11 relative composite density is independent of temperature and possibly even 

positively* affected by an increase of temperature. On the other hand, the MTS conversion is a 

linear increasing function of temperature. 

The independenee of the relative bulk density on temperature can be explained if chemical 

kinetics are govemin_ç matrix growth. This statement is in concocdance with the value of Dalbed 

< 0.05-0.06. 
In general terrns, at low temperature, SiC growth is kinetically controlled. 

* The only explanation that could account for an increase of density with temperature should be a change in 

18 G ksCz reaction mechanism . When z = 2 and KCz >>1, then a negative reaction order in Cz exists. 
(l+KCz) 

Increase of temperature (and reactant depletion with z) results in a better uniformity of the Iayer profile and thus 
density. 
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Figure 5.11. The relative bulk density and MTS conversion versus preforen temperature T. 
Hz/MTS 4.98, Vf= 44.8 vol%, Ft#= 1.67•10-5 m3.s-l, L = 3.06•10-3 m 

PL 1.33 kPa, Pebed = 1.32•10-2, !lp =2.65•104 Pa, Knbed = 0.60-0.67 
Dalbed =3.49•10-3- 5.41·10-2 
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The relative bulk density will remain unaffected as long as the initial pressure gradient (t=O) is 

not too large (i.e. Go"" ÜL). Depletion effect can be excluded and deposition is uniform. 

Hereafter, at higher temperatures, density will decrease because mass transport limitations 

dominate matrix growth and depletion of the MTS -that flows in axial direction through the 

pores- is rising and the resulting deposition profile is less uniform. At very high temperatures, 

when the MTS is almost completely depleted for the bulk gas stream, no SiC is deposited 

deeper into the preform. What remains is an only partially infiltrated preform. 

5.4.4 Effect of the MTS fraction in the gas mixture 

Experimental examination of the dependenee of the infiltration time as a function of MTS 

fraction -shown in figure 5.12- is in concordance with theoretica! predictions (see chapter 4). 

The concentration of the precursor is a linear function of its mole fraction in the gas mixture. 

The infiltration time is thus proportional with XMTs·l. 

In figure 5.13 the results arepresentedof the experiments performed at different MTS input 

fractions. 
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Figure 5.12. The infiltration time versus input MTS fraction in tbe gas mixture XMTS 
T = 1269 K, Vf 44.8 vol%, L = 3.03•10-3 m, Ft#= 1.67•10-5 m3.s-1, PL = 1.33 kPa 

Pebed 1.33•10-2 3.57•10-3, Dalbed = 1.22·10-2, Knbed = 0.68, ~p =2.66•1o4 Pa 

The input fraction of the MTS has no effect on the resulting relative bulk density. Theoretica! 

concepts indicate that neither in the rnass transport controlled regime nor during kinetically con-
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Figure 5. 13. The relative bulk density and MTS conversion versus input MTS fraction in the gas 
mixture XMTS 
T = 1269 K, V f = 44.8 vol %, L = 3.03•10-3 m, Ft# = 1.67•10-5 m3 .s-1, PL = 1.33 kPa 

Pebed = 1.33•10-2 3.57•10-3, Dalbed = 1.22•10-2, Knbed 0.68, ~p =2.66•104 Pa 
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trolled growth an effect of the MTS fraction on the composite density is expected. In figure 

5.13 this theory is experimentally verified for the kinetically controlled growth regime since 

Dalbed is smaller than 0.05 for all experiments. 

This independenee of MTS content in the gas mixture on the composite density is also 

confirmed by the fact that the first Damköhler number -as defined in appendix l.B- is 

independent of precursor concentratien as long as first order reactions apply. Depletion of the 

precursor is independent of absolute concentration and hence the relative density is constant. 

Clearly, the MTS content should be sufficiently high to evereome almost complete conversion 

of the MTS before the gas has arrived at the other end of the preform. 

5.4.5 Effect of the fiber content and preform thickness 

Increase of the fiber content in the preform volume is achieved by harder compression of the 

preform during its prefixing stage, resulting in not only larger fiber content per volume (V f). 

and tortuosity ('t), but also in lower thickness (L) and smaller average pore size (dp). These 

quantities are measured and presented in table 5.14 as a function of fiber content. It appears 

that even the surface area available for deposition (Aclep) is increased. 

Due to these microstructural changes, the gas permeability of the porous structure Kg wiJl also 

differ between the samples. 

Permeability of the raw prefonn: experimentally and analytically 

The gas permeability Kg [m2] was measured as a function of raw preform fiber content, outlet 

pressure and argon flow rate at 1273 K. The results of the permeability test are given in table 

5.14. 

exp vf Thickness A dep dp KJ !lp at I b 
no [vol%] [m] [m2] norm. PL: 6.65 kPa. [Pa] 

[Pa2.m2] I 
52 

i 
42.6 3.17. 10-3 6.54 1.00 5.35•10-7 -6633 

50 45.6 2.95 • I0-3 6.66 0.94 i 4.01·10-7 -6678 

~~ 
49.4 2.74 • I0-3 6.68 0.88 3.39·10-7 -6662 

56.7 2.53. IQ-3 6.94 0.78 2.56•10-7 -6685 

Table 5.14. Results of the permeability test ofraw preforms at 1273 Konder argon flow. 
KJ represenls lhe "liquid" permeability or permeability of an incompressihle tluid. 
b is a structural constant. 
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The results can be fitted according toDarcy's Iaw (eq. 5.5) for incompressible fluids, since for 

a constant outlet pressure, uoJ.LL follows a linear relationship with 6-p and the slope represents 

Kg. Ho wever, the data obtained at different outlet pressures resulted in different slopes, so that 

Kg is a function of average pressure. Best fit was achieved with the in appendix 5.A derived 

expression for compressible gas flow with slip. It was found that the experimental data could 

not be fitted within the whole range of process variables and no complete elucidation of the 

proper permeability equation was gained. Deviations were noticed at the lowest outlet pressure 

of 6.65 kPa and are probably due to inertial effectsl2_ 

From table 5.14 and figure 5.15 it can be concluded that permeability decreases with increasing 

fiber content, due to the less open structure. Also, it was found that permeability at the low 

absolute total pressure conditions used, increases linearly with decreasing outlet pressure or 

increasing pressure drop. 

The effect of the fiber content of the raw preform can be translated into the effect on the average 

pore diameter. Hereto, the results of permeability measurements of air through fibrous porous 

media as reported in literaturel4 can aid. A global relation of the mean pore diameter versus 

fiber content is derived in appendix 5.B. This is valid for Vr < 50% and homogeneously 

packed fiber preforms with monosir..ed pores and flow perpendicular to the fibers. This re lation 

gives an indication of the preform pore dimensions that are suitable for FCVI densification. 
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Figure 5.15. The liquid permeability KJ versus raw preform fiber content Vf and outlet pressure PLat 
1273 K and argon flow. 

The pore diameter was found to be a function of Vr to the power -0.86 (see figure 5B.l). 
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Since the real preform is not a material consisting of monosized pores, the absolute mean pore 

diameter is normalised to the largest pore diameter i.e. at 42.6% (table 5.14). 

A eenstraint for proper infiltration is the fact that sufficiently high permeabilities are required to 

overcome excessive inlet pressures (or Llp) so that infiltration can proceed sufficiently long to 

be able to grow matrix into the structure. More generally stated, LA-iK -I should be small ( eq. 

5.5) with Arepresenting the cross flow area [m2]. 

Infiltration behaviour 

As illustrated in figure 5.16, when the fiber content of the raw preform is increased, the 

infiltration time is reduced. 

Yet, the variation of the raw preform fiber content is a combined effect of more than only one 

variable. Pore size is reduced whereas the surface area and tortuosity of the structure is 

increased (table 5.14). So, the filling of the pores is relative1y fast at large fiber content. This 

effect is mainly due to the small pore diameter of the preform of high fiber content. According 

to equation 5.11 the ratio of (1- e)/'t should increase to gain larger infiltration durations (with V f 

1-e.). 
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Figure 5.16. The infiltration time versus raw preform fiber content. 
T = 1271 K, Hz/MTS= 5.02, Vf 42.6- 56.7 vol%, Ft#= 1.67•10-5 m3.s-l 
L = 3.17•10-3- 2.96•10-3 m, Pebed 5.05·10-3, Dalbed =3.97·10-2- 3.32•10-2 

Knbed = 2.1·10· 1 - 3.6·10-1, Adep 6.54-6.94 m2, ó.p =2.65•104 Pa 

The predictive capabilities of equation 5.11 of the effect of the infiltration time on 

microstructural changes are thus only sufficient if the tortuosity of the preform increases much 
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more than the fiber content. Lacking is a thorough and complete description of the evolution of 

the preform microstructure. This however is beyond the scope of this thesis. 

The relative bulk density of the composite is a decreasing function of the fiber content and is 

presented in figure 5.17. 
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Figure 5.17. The relative bulk density and MTS conversion versus raw preforen fiber content. 
T = 1271 K, Hz/MTS 5.02, Vp• 42.6- 56.7 vol %, Ft#= 1.67•10-5 m3.ç I 
L = 3.17•10-3- 2.96•10-3 m, Pebed 5.05•10-3, Dalbed =3.97•10-2 3.32•10-2 

Knbed = 2.1•10- 1 - 3.6•10-1, Adep = 6.54 6.94 m2, Lip =2.65•104 Pa 

Apparently, the deposition uniformity is enhanced when V ris decreased. This effect cannot be 

explained in terms of decreasing 't or Adep or increasing L, but only in increasing pore diameter 

dp. The pore gas velocity that controls the uniformity of the matrix distribution along the pore 

axis is a positive function of the pore diameter (eq. 4.15). And since the mean pore diameter is 

a decreasing function of the fiber content (appendix 5.B), the density (eq. 5.13) will thus 

decrease with increasing V f· 

For achieving the same composite density, a preform with low fiber content and high 

permeability, should be infiltrated up to a lower pressure shut off point as compared with a 

preform of high fiber contentand low permeability. An optimum in density gain i.e. the largest 

density in the shortest time is reached at a fiber content of 46 vol.%. 

Closed porosity 

Figure 5.18, presents a photograph of a polished cross section of an infiltrated fiber bundle. 
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It can be seen that closed porosity is present in the bundies and that it is more or less randomly 

distributed. These sections with closed porosity were primarily found in the bundies that were 

located at the outer sections of the disc. Therefore, it is anticipated that the prefixing of the raw 

preforrns with the pyrolysed resin has caused sealed pores. 

Obviously, these uninfiltrated sections are detrimental for the mechanica! properties (see 

chapter7). 

Figure 5.18. A photograph of a cross section of a fiber bundie showing sections where no infiltration 
has taken place. The white sections represent the matrix, the grey sections are the 
filaments and the black sections are the pores. 

5.4.6 Apparent reaction rate equation 

Introduetion 

As was pointed out in chapter 2, prior homogeneaus decomposition of MTS in the gas phase 

can rule the kinetic equation. The objective was to evaluate if a certain interference between 

heterogeneaus and homogeneaus reactions could be expected in the overall deposition reaction 

rate that takes place in the preform. Therefore, the MTS decomposition in the graphite injector 

pipe into intermediate gaseous species was estimated roughly with the aid of the Burgess and 

Lewisl5 relationship (eq. 2.19). It was assumed that decomposition within the injector pipe 

(diameter 0.01 m) mainly occurs justin front of the preform over a length of O.lm where the 

temperature is assumed to be 100 K lower than the preform temperature. The calculated 

homogeneaus MTS decomposition in the gas phase in the injector pipe -in front of the preform

varied from 0 1.5 % over the complete range of ex perimental conditions and was largest at 

high temperature and low gas velocity. 
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The homogeneons decomposition within the prefonn structure was estimated using the 

residence time of the MTS defined as: Lpreform!Ubed, where Ubed is based upon the average 

pressure and the tortuosity is assumed to equal 2. The maximum amount of MTS that is 

decomposed is 10% for all experiments. 

Therefore, it is assumed that the kinetic equation derived in the following, is caused by the 

direct reaction of MTS to SiC without prior decomposition. 

Experimental results 

The overall apparent reaction rate equation within the porous structure that relates the 

infiltration time with the process conditions within the regime of kinetically controlled growth 

was quantified. 

The results of tk~ effect of temperature (section 5.4.3) and MTS fraction in the gas mixture 

(section 5 .4.4) were used for the estimation of the overall apparent reaction ra te equation. 

First, the activation energy (Ea) of the surface reaction was derived from plotting the 

logarithmic of the matrix growth rateversus the ree i procal temperature in figure 5.19A. 
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Figure 5.19A. The 1ogarithmic SiC growth rateversus 
the reciproca1 preform temperature 
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Figure 5.19B. The 1ogarithmic SiC growth rate 
versus the logarithmic MTS 
concentration at input. 

The matrix growth Gsic [mole.m-2.s-l] is calculated according to: 

GsiC [5.15] 

where Mm,dep [kg] is the weight increase of the preform due to SiC deposition, msiC is the 
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molar mass of SiC [kg.mole-1], Actep [m2] is the deposition area (eq. 5.4) and ti [s] is the 

infiltration time. The slope of the plot represents -Ea/Rg, from which an apparent activation 

energy of 135 kJ.mole-1 was calculated. 

The experiments where the MTS input fraction was varied, were used for the estimation of the 

partial reaction order and pre-exponential factor. 

In figure 5.19ln(GsiC) ie; plotted versus ln(CMTS [mole.m-3]).1t is demonstrated that the SiC 

matrix growth follows a first order dependenee in MTS. The slope of the plot equals the partial 

reaction order, whereas the intercept represents ln(ks). From ks [m.s-1] and the activation 

energy, ko is calculated to equal 16.45 m.s-1. 

This results in the overall apparent reaction equation for the silicon carbide growth rate GsiC 

[mole.m-2.s-1] within aporous structure using MTS in an excessof Hz and Ar: 

I' 3] -135•10 1.0 
Gsic = 16.45expl CMTS 

TRg 
[5.16] 

Because the experiments were performed at Dalbed < 0.054, it is assumed that surface kinetics 

have been dominating growth. Furthermore the formation of SiC was limited by the 

heterogeneaus reaction at the fiber surface. Gas phase reactions have been assumed negligible, 

since the experimentsof figure 5.19 were performed at a maximum of 6% homogeneously 

decomposed MTS in injector and preforrn structure. 

This reaction rate equation is not identical to the qualitative kinetic aspects (reaction order and 

activation energy) for SiC growth on flat alumina plates as reported in chapter 2. 

This lack of similarity rnight be prone to several reasons: 

During the travel of the gas species in the pore, growth limitations can alter from mass 

transport control at the pore mouth where gas velocity is relatively low, towards kinetical 

control, since the gas velocity increases with z (see chapter 4). 

• Evolution of the pore geometry with time can change growth conditions. 

Due to the larger MTS depletion in a pore network relative to a flat plate, poisoning effects 

or gas phase decomposition effects can become more prominent or even alter the reaction 

rate during the travel of the gas along the pores. 

5.4. 7 Effect of the infiltration time on the composite density 

The effect of the pressure difference across the preforrn (shut off point) on the infiltration time 

and the composite density was studied. 
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Figure 5.20. The infiltration time and composite permeability versus shut off pressure difference. 
T = 1255 K, Hz/MTS= 6.00, Vf= 47.4 vol%, Ft#=; 2.49·10-5 m3.s-l, 

L = 2.90•10-3 m, PL = 1.33•103 Pa, Pebed 5.05·10-3, Dalbed =3.97•10-2 - 3.32•10-2 

Knbed = 2.1•10- 1 - 3.6•10- 1, Adep = 6.54 m2 

The results are presented graphically in figures 5.20 and 5.21. 

After termination of the experiments, the permeability of the composite at the end of the process 

was calculated using equation 5.5 at the pressure drop shut off point, temperature and gas 

composition used. 

Initially,. during the first 4 hours of infiltration, the pressure drop across the preform hardly 

rises viz. from 0.13 to 1.2 kPa. After approximately 7 hours, the injector pressure (and 

pressure drop) starts rising rapidly, because the pores in the preform reach a critica! size. 

Within approximately an hour the injector pressure rises from 5 to 55 kPa. 

In this time lap hardly any additional matrix is deposited within the small pores (figure 5.21). 

Here, not only density, but the uniformity expressed in terms of MTS conversion is also 

constant. It appears that a pressure drop of about 10 kPa is sufficient to reach maximum 

density at the selected infiltration conditions. Further densification will only yield a thicker 

coating on the gas inlet side of the sample. 

The permeability of the composite is a decreasing function of the pressure drop. Even when 

composite density is not further enlarged, permeability still decreases. This drop in conduc

tance for the gas flow will however be attributed to the deposited coating on the gas inlet side 

and narrowing of the pore mouth of the sample instead of the whole preform structure. 
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Figure 5.21. The relative bulk density and MTS conversion versus pressure difference and infiltration 
time. 

T = 1255 K, H21MTS = 6.00, Vf= 47.4 vol%, Ft#= 2.49•10-5 m3.s-l, 

L = 2.9Qol0-3 m, pL = 1.33•103 Pa, Pebed = 5.05•10-3, Dalbed =3.97•10-2 3.32•10·2, 

Knbed = 2.1•10- 1 - 3.6•10-1, Adep = 6.54 m2 

At the point of just reaching maximum density, the permeability of the preform structure is 

decreased at least two orders of magnitude. 

General remarks 

The FCVI process can be represented as a two stage process in which both the small pores in a 

fiber bundie and the bigger pores in between the bundies have to be infiltrated. Convection is 

present in the big pores between the bundies (FCVI), whereas mass transport of the gaseous 

species into the bundies will be dominated by diffusion since there is no ~p from outer to inner 

volume of the bundie (this is in fact ICVI). 

During the first hours of infiltration, the matrix deposits onto the available surface area and 

density increases rapidly (figure 5.21). Each filament is coated with a layer of SiC. As soon as 

a fiber bundle has grown together, the available surface area is greatly reduced and the larger 

pores between the bundies will grow smaller. As a result, density gain is less rapid. During 

this time lap, a pressure increase is observed. 

As soon as the resistance for the gas flow is getting too big, the injector pressure increases very 

rapidly and the experiment is shut off. 



140 Forcedjlow Chemica/ Vapour lnfiltration 

5.4.8 Composite skeletal density 

With the aid of a helium pycnometer, the skeletal density was measured of some of the 

composite samples. 

In general, the relative skeletal density -expressed as a percentage of the ideal density eq. 5.8-

was in the order of 85-92 vol.%. Porosity trends between bulk density measurements and 

skeletal densities coincided so it is concluded that infiltration conditions do not affect the 

amount of closed porosity. 

5.5 General discussion and conclusions 

The results presented above are consistent with the general concepts that are described 19 in 

chapter 4. For homogeneous densification, matrix growth within the kinetically lirnited growth 

regime is preferred. For rapid inflltration, forced convection should control matrix growth. 

Comparison with the FCVI model 

The infiltration characteristics as a function of process variables were investigated and appear to 

qualitatively coincide with the FCVI model predictions of chapter 4. Therefore, infiltration 

trends may be predicted using a lD cylinder pore approach. 

The transition point (x-value) of kinetically controlled towards convective controlled growth 

conditions of the modeland of the experiments coincide (compare figures 4.4A with 5.6 and 

5.7, 4.5A with 5.8 and 5.9, and 4.5B with 5.10 and 5.11). 

However, the effect of the preform temperature on the infiltration time as experimentally 

observed -in the kinetically lirnited growth conditions- is less pronounced than simulated with 

the model (figure 4.5B). The trend that the composite density is unaffected by temperature 

increase in the kinetically limited growth conditions is in agreement with model predictions. 

Increase of the total gas flow rate or decrease in outlet pressure -in the mass transport limited 

growth regime- yields an increase of the gas velocity and hence uniforrnity of the deposited SiC 

layer within the pores. Model (figure 4.4A and 4.5A) and experimental observations are 

agreeing. 

The MTS content in the gas mixture has no effect on the resulting composite density for both 

model and experiments. 

The increase of injector pressure with time as experimentally observed and calculated with the 

model (figure 4.3A) are in good agreement. Also, when infiltration proceeds densification is 

rapid initially, but levels off later on. 
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According to the model, high raw preform porosity yields low composite density. As such, 

experimental observations indicate opposite. However, decrease of the raw preform porosity 

without affecting other microstructural parameters such as tortuosity, pore diameter, preform 

thickness and deposition area cannot be achieved. In termsof pore diameter, model (figure 

4.4B) and experimental results do coincide. 

Experimental observations 

It appeared that a Peelet number (for a packed bed) larger than 4 • 1 o-3 corresponds with 

convective mass transport. PCbed < 4 • 10-3 and Dalbed < 5 • 10-2 coincide with kinetically 

limited SiC growth conditions. 

The apparent overall reaction rate of the heterogeneons controlled conversion of MTS to SiC 

follows a first order dependenee in MTS with an apparent activation energy of 135 kJ.mole-1. 

The pre-exponential factor equals 16.45 m.s-1. 

In principle, for this first order reaction, low first Damköhler numbers and MTS conversion are 

in agreement with large IFCVI composite density. The highest composite density gained in this 

study was 75% ofthe ideal density at a MTS conversion smaller than 15%. 

Since the determination of the relative bulk density of the composite samples is subjected to 

many errors and its measurement is even impossible for complex geometries, the simple total 

MTS conversion appears to be a powerful tooi in the estimation of the optimum process 

conditions. 

lt should be noted that the transition values of the Peelet and first Damköhler number itself 

should be treated with care. Their order of magnitude or moreover its transition value is very 

much dependent on the definition used, especially its characteristic length. 

For the description of a packed bed, the hydraulic radius or fiber diameter was selected. In the 

definitions used in this chapter, this fiber diameter is interpreled as the filament diameter. 

Obviously, no pressure gradient exists across the fiber bundie and only diffusive mass 

transport is present within it. A more realistic dimension would consequently be the tow 

diameter, around which conveelive forced flow mass transport rul es. However, the fiber tows 

are not dense but porous and are not cylindrical but of elliptical shape, making its proper use in 

the definitions more complex. 

The optimum pressure shut off point is dependent on the permeability of the raw preform. A 

poorly permeable prefarm structure requires a larger pressure drop to reach the same density as 

compared to a preform of large permeability. A constraint of the FCVI technique is that only 

prefarms with high permeability without closed porosity are suitable to gain large composite 

density and strength. 

More generally stated, LA-IK-I should be smal!. 
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Optimum infiltration* i.e. the largest density gain fora 80 mm diameter, 3 mm thick preform in 

the shortest time, occurs with a preform of 46 voL% fiber, a temperature of 1320 K, outlet 

pressure of 6.65 kPa, total gas flow rate of 4•10-5 m3.s-l, MTS fraction of 16 voL% and a 

pressure drop shut off point of 10 kPa. Clearly, these specitïc conditions are only applicable 

for preforms of exactly the same microstructure as the one studied and a first order 

heterogeneous decomposition reaction at the pore walls. 

In genera!, high composite density is reached at IFCVI conditions of kinetically controlled 

matrix growth and hence implies: high total gas flow rate, low preform temperature, low outlet 

pressure, arbitrary precursor fraction in the gas mixture, high pressure shut off difference, Iow 

raw preform fiber content and high raw preform gas permeability. A negative effect of the 

initia! pressure drop (t=O) on the composite density was not observed at least as long as po/pL 

< 1.6. On the other hand, rapid IFCVI is achieved át mass transport limited matrix growth 

conditions and generally at: high total gas flow rate, high preform temperature, high outlet 

pressure, high precursor fraction in the gas mixture, low pressure shut off difference, high raw 

preform fiber contentand low raw preform gas permeability. 

Unfortunately, these two criteria -with the exception of the total gas flow rate- obviously are 

Contradietory. It should be noted that again a too large gas velocity -typically Ubed > 3 m.s- L 

can lead to poor infiltration, because the residence time of the MTS precursor in the preform is 

insuftkient to cause a deposition reaction at its fiber surface. 

* Assuming that there is no interaction hetween these process conditions. 
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Appendix 5.A. Gas permeability of a porous structure subjected to gas flow 
at low total pressure. 

For linear flow of a homogeneous incompressible fluid (most frequently a liquid) at steady 

state and room temperature where gravitational effects are neglected, Darcy's law is defined as: 

[5A.l] 

Where Kg [m2] is gas perrneability of the porous structure of wall thickness L [m], ~p is the 

pressure drop across the structure [Pa] and Jl is the dynamic viscosity of the fluid flowing 

through the structure [Pa.s]. uo [m.s-1] is the mean superficial fluid velocity through the 

porous walL Fora gas, uo is defined as (recall equation 1.1): 

[5A.2] 

with Ft# is the total gas flow rate at STP [m3.s-1 ], pO and Tû standard pressure and temperature 
+ 

respectively, T is porous preforrn temperature [K], p is the mean pressure: ;:_;:____.:..::;._ [Pa] and 
2 

A is the cross flow area [m2]. 

Ft# 
Because ~poe--=- (equation 4.20), decrease of the total gas flow rate or increase of the 

p 

average or outlet pressure PL will increase preform permeability. 

Combination of the equations 5A.l and 5A.2 yields: 

[5A.3] 

Slip flow can occur when gas flows through aporous structure at low total pressure. Slip flow 

in the pores occurs when the mean free path À. of the gas molecules is comparable to the pore 

diameter dp. The condition to satisfy for slip flow behaviour is given by Brown et all3 as: 

-3 -1 
8.773 • 10 elp < À. < 6.267 • 10 elp [5A.4] 

The Klinkenberg equation relates the gas permeability Kg for a homogeneous incompressible 

fluid and p (the mean pressure) to accountforslip flow: 
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[5A.5] 

Here b [Pa] is a constant that depends on the mean free path of the gas and the size of the 

openings in the porous medium. b, p and Jl are considered to be independent of z and KJ is the 

total average (pressure independentor liquid) permeability [m2]. 

Combination of 5A.3 with 5A.5 results in: 

[5A.6] 

A straight line with intercept KJ ~pb and slope KJ ~p results when p is plotted versus 

Ft#Tp0 J.LL 

AT0 

In conclusion, for FCVI purposes, the relevant gas permeability of the preform Kg, is inverse

ly proportional to the pressure drop across the preform. 
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Appendix S.B. The average pore diameter as a function of raw preform 
fiber content. 

Kuwabara (in ref. 14) experimentally found an equation for the permeability as a function of 

fiber diameter dr [m] and fiber content Vr [vol. fraction]. This equation combined with Darcy's 

law for incompressible fluids without slip yields: 

dt ( 3 j\ uo~L K=-• -1nVr--+2Vr =--
8Vr 2 <1p 

Furthermore, is it known from chapter 4 ( eqs. 4.15 and 4.17) t!1at: 

d2 <1pe 
UO=U E=-p __ 

P 32~L 

[5B.l] 

[5B.2) 

Wh ere e is the total preform porosity [vol. fraction] and e = 1 V f, dp is the mean po re 

diameter [m]. Rearrangement of equation 5B.l combined with 5B2 yields an expression for the 

mean pore diameter dp as a function of V f and dr. 

[5B.2] 

Where dr is the filament diameter of Torayca T-300 fibers i.e. 7 • lQ-6 m, the following plot 

can be made fora V f range of 5 to 50 vol% fiber: 

y = 0.07687 * x"( -0.86026) R= 0.99927 

0 - 0 0.1 0.2 0.3 0.4 0.5 
raw preform fiber content [vol. fraction] 

Figure 5B.l. Normalised mean pore diameter versus raw preform fiber content according to Kuwabara. 
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Appendix S.C. Statistica! analysis of experimental data. 

For the fitting of the data points of the plots presented in the sections 5.4.1 to 5.4.5 according 

to an assumed model, a statistica! method was used to estimate the correctness of the model fit 

assumed 16, 17. 

n = number of experiments at n different Xi levels 

k = number of repeated experiments per X i 

p = number of coefficients in assumed model fit 

y = arithmetic mean of k observations 

Yi = y value according to fit corresponding to Xi 

u = the u'th of the k observations 

1 - a = the probability of the hypothesis 

From the (n•k=2•3 number of) experiments performed under the same conditions (tab1e 5.4) an 

estimate of the pure error (SS) was calculated. For the infiltration time, two times (k=2) three 

experiments (n=3) were performed under the same conditions (same Xj), the so called repeated 

runs and each experiment yields one value for the infiltration time Yi· 

For the estimation of the pure error of the relative bulk density measurements, one time (k= 1 ), 

3 experiments (n=3) were performed. This yielded an average value of the bulk density ( 4 bars 

out of one sample). 

The pure error of the repeated runs is calculated according to: 

k k 

SS= L(Yiu-Yl = LY~u -kY~ 
u=l u=l 

[5C.l] 

Hereafter, the residual mean square for pure error Se2 can be calculated: 

n k 

L L(Yiu-Yl 

Se2 = i=l u=l 
n (k -1) 

[5C.2] 
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For the fitting of the curves presented in the plots where the inftltration time or bulk density (yi) 

is plotted versus a variabie Xi (e.g. temperature, total gas flow rate, MTS mole fraction etc.) a 

model fit was defined. The residual mean square error due to lack of fit MSL, was estimated 

according to: 

k ~ )2 - Yj 

[5C.3] 
n-p 

Where is the arithmetic mean of 4 observations for the relative bulk density estimation of 

one preform and 1 observation for the estimation of the infiltration time. Since data points are 

based u pon one experiment only, k= 1. 

As the ratio of MSL over Se2 is larger and the varianee of the proposed model is significantly 

larger than the varianee between repeated experiments, then the corresponding F-test value at a 

probability of (l-a) 95%, the modellacks accuracy. Thus (with a= 0.05): 

MSL 
Fa· n-p n-k < - 2- for lack of fit 

' ' Se 
[5C.4] 
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Appendix S.D. Statistica) evaluation of curve fits. 

The model fits presented in tables 5D.l and 5D.2 are proposed through evaluation of the model 

predictions that are presented in chapter 4. In the tables, ml, m2, m3 and m4 are fit constants. 

Units: XMTS [vol. fraction]; T [K]; PL [kPa]; Ft# [seem]. 

Xï Curve fit e uation m4 MSJ..!Se2 · F95% 

XMTS ti (XMTS)=m1·x~5 +m2 0 2.060 6.944 

T ti (T) = ml • exp( 0 6.757 4.534 

PL ti (pL) = m1 • m2 0 0.734 4.120 

Ft# ti(Ft#) = m1•m2m3/Ft# +m4 6. 0.122 5.143 

Table SD.l. Curve fit equations for the correlation of a process condition Xj with the infiltration time [hr) yj. 

Curve fit e uation m3 m4 MSL/Se2 

p (x MTs)= m1• XMTS + m2 0 0 4.609 

p (T) = ml • T + m2 0 0 4.333 

p (pL) = m1• mrPL + m3 l.01e0 0 0.813 

p (Ft#)= m1 + m2 • m3-Ft 
# LOOeO 0 6.475 

Table SD .2. Curve fit equations for the correlation of a process condition Xj with the average bulk 
density [%) Yi· 

F9s% 

9.277 

6.388 

4.534 

5.409 

When F9s% > MSJ..!Se2 it does not mean that it is the correct fit. Merely that it is a plausible one 

which bas notbeen found inadequate to the data. 

If lack of fit is found such as forti (T) and p (Ft#) a different model fit is necessary. 
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Chapter 6 

THERMAL GRADIENT FORCED FLOW 
CHEMICAL V APOUR INFILTRA TION 

6.1 Introduetion 
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The Therrnal Gradient FCVI process was first reported in open literature in 1984 by 

researchers of the Oak Ridge National Laboratoryl (ORNL). As it was noticed that this 

technique could yield cornrnercially attractive rnaterials with superior high ternperature 

properties, it was patented in 1975 for the production of tubes2,3 for candle filters, burner 

tubes etc. The rnain advantage of the TGFCVI technique is the fact that thick walled structures 

can be infûtrated up to large uniform cornposite density in a relatively short time. In actdition to 

the developrnent of the TGFCVI process4-7, FCVI rnadelling activities were reported frorn 

19878-12 onward. 

During the TGFCVI process, the bottorn side of the preforrn is cooled whereas the top side is 

located in the hot zone of the reactor furnace so that a therrnal gradient is introduced across the 

sample width. The reactant gas mixture is introduced on the cooled bottorn si de, which causes 

a high precursor concentration at the bottorn and a lower concentration at the top due to 

deposition in the preform. 

The matrix material will preferentially deposit on the top (hot) side of the preform initially due 

to the Arrhenius behaviour of the deposition reaction. Porosity of the top decreases whereas 

density and thermal conductivity increase. Consequently, the deposition front moves frorn top 

to bottorn and densifies the whole preforrn until the reduction in gas perrneability of the 

preforrn causes the back pressure (i.e. the pressure in the gas injector) to rise to the shut off 

value and the process is terrninated. 

The most ideal situation is where the growth rate at the bottorn equals the growth rate at the top, 

so that uniform deposition takes place throughout the preforrn width. Since deposition is 

prirnarily affected by ternperature, an important tooi in achieving uniform infiltration is by 

tailoring of the therrnal gradient across the sample in such a way that precursor depletion is 

counterbalanced through increase of ternperature. 
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In this chapter, the experimental details about the TGFCVI process andreactor system are 

given in section 6.2. The characterisation of the raw and densified preform is described in 

section 6.3. Insection 6.4 the results are given of the study of the effect of the thermal gradient 

on the infiltration time and composite density. Furthermore, the infiltration evolution in terms 

of composite density and total MTS conversion is examined. Goal of the whole study is to seek 

optimum conditions of the TGFCVI process to gainhomogeneously densified preforms in a 

rapid way. Section 6.5 concludes this chapter with a discus si on and summary of conclusions. 

6.2 Experimental details 

During the TGFCVI process, a porous preform of either Nicalon orThornel type carbon fibers 

is infiltrated with a SiC matrix using methyltrichlorosilane (MTS) in hydrogen. 

Raw materials 

The properties of the continuons fibers used for the manufacture of the preforms are 

summarised in table 6.1. The preforms consistedof either Nicalon (a SiC type fiber, 500 

filamentsper tow) or of carbon fibers (either 1000 or 3000 filamentsper tow). 

Fiber type I Nicalon NL-200 Thornel Carbon T-300 

No. filaments per yam 500 1000, 3000 

Filament diameter [m] 15 0 I0-6 7 0 I0-6 

Filament density [kg.m-3] 2.55. I0-3 1.76 0 I0-3 

Crystal structure 13~-SiC 14carbon 

Specific surface area [m2.kg-l] 130 450 

wt % silicon carbide 65 0 

wt % silicon dioxide 20 0 

wt% carbon 15 92 

Table 6.1. Properties of the fibers based upon commercial data. 

lnfiltration experiments 

For the infiltration of the fiber preforens two vertical TGFCVI reactors were used at the Oak 

Ridge National Laboratory (ORNL) where the experiments were performed. The two reactor 

systems were identical with the exception of their inside diameter (LD.) of 51 and 85 mm. The 

preforms were Iaid up from circular layers of Nicalon plain weave cloth stacked in a graphite 
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holder, resulting in a two-dimensional reinforcement in the composite to be. The layers that 

closely fit in the holder were oriented in a ± 30° orientation to provide isotropie in-plane 

strengtil and avoid axial alignment of the holes between thc fiber tows. 

Acetone was used to keep the cloth moist during its stacking into the holder to avoid breakage 

of fibers. After complete filling of the holder, the perforated lid was compressed unto it by 

hand and was locked unto the holder with three smal! graphite pins drilled through the lid and 

into the holder on the side. Graphite cement was used on the pin as an extra securîty against 

gas Jeakage. The complete holder with cloth was washed ultrasonically in acetone three times 

for half an hour to remave the sizing. 

2 4 

3 
7 

ll 

IO 

6 

Figure 6. I, A schematic presentation of thc TGFCVI!'eactor chamber. 
1. water cooled slainless steel reactor w!lll, 2. l;lraphite wout insulation. 3. !lraphite lockin!l 
pin, 4. graphitc chambcr. 5. prcform, 6. bcnd.ablc p.addlc thcm1ocouplc, 7. spike 
thcJmocouplc, 8. graphitc feit laycr, 9. water coolcd stainlcss steel gas injector, l 0. graphitc 
heating clement, t I. graphite preform holder. 
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Thereaftcr, !he holder with prcform was driedunder vacuum at 420 K for threc hours. 1t was 

weighcd and inserted into the reactor on top of a stainless steel water cooled gas injector. Gas 

sealing between gas injector and holder was performed on the bottorn with a grafoillayer. 

Figure 6.1 illustrates thc ORNL schematic cxpcrimental set-up. Duc to !he fact that infiltration 

takes place at atmosphcric outlet pressure (105 Pa), the pump (type Welch) is used on!y for 

removing the air from the system and for lcak checking of the reactor system. After thc pump is 

shut of!', argon gas is introduced and after rcaching atmospheric pressme, the gas outlet is 

conneered via the trap to thc exhaust. The trap is packed with sodium hydroxide pellets to 

neutralise thc hydrocllloric acid that forms during the reaction of MTS into SiC. Hereafter, the 

prcform is heated in argon to process tempera! ure at a rate of approximately 8 K.s-1. Tlle start 

of thc inlll!ration is initiatcd tllrough introduetion of tllé MTS gas. 

During !he infiltration, thc top side of the prcform holder is positioneel in the hot zone of tlle 

furnace and maintaincd at 1473 K. Thc bottorn of the holder is cooled with thc water flowing 

through thc stainless steel gas injector at a temperature of 320 K so that a thermal gradient is 

present during tlle densification process. The tempcrature of the water was cllosen 22 K higher 

than thc bubbler to avoid condensation of the MTS. The top temperature is measured and 

controlled e(mtinuously with a calibrated optica! pyrometer (Ircon modline plus 2000). Tlle 

hottom temperature is measured with a roetal shielded type K, 0.04'' diameter thermocouplc 

that is pressed firmly up to the cloth from thc bottom of the reactor in the gas in let. 

The MTS gas is carried in hydragen and enters the preform fmm tlle bottom sidc through a 

hole in the centrc of the bottom of thc bolder. It flows through a star likc pattem that is carved 

in the bottom and through the cloth layers. The gas flows botll axially (forccd conveelion and 

di!Tusion) and radially (mainly diffusion) tlu·ough the pretornt The gas control is performed in 

the same way as described in chapter 3 for the IFCVI reactor system. The only differcnce is 

that no use is made of a tempcrature controlled bubbler, but that thc MTS liquid is kcpt in a 

st;ûnless steel bubbler at room temperature. The MTS flow is controlled with a ealibrated 

vapour souree controller ( Souree V, Tylan), but checked by weighing the bubblcr bcfore and 

aftereach run. The gas injector pressure is measured with a ba.ratron pressure gauge and as 

soon as a valuc of 1.7• J05 Pa is rcached, the process is terminated. Hercafter, the MTS tlow is 

shut o(f ancl the rreform is cooled at a ratc of I K.s-1 undcr a ilow of argon. 

The. quality of the precursors and carrier gas uscd is summariscd in table 6.2. 

Prior to t.hc inlïltration, thc fibers are coated witll a thin laycr (approximately 200 nm) of 

graphitic carbon to prevent chemica! damage of the fibers by the chlorine present in !he MTS 

and to en hancc fiber pullout properties -of the composite to be· hy reduction of thc interfacial 

bonding (sec chapter 7). 
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Gas type Supplier Quality 

Hz Linde > 99.999% 

Ar ORNLdistr. >99% 

C~H6 Linde >99% 

MTS Alfa products 98% 

·table 6.2. The quality of the precurson; u~ed at the TGFCVl reactor systcm. 

Propene (C3H6, at a rate of 40 seem) in argon (at a rate of 1400 seem) was used ·in tbe 85 mm 

diameter reactor system- as the precursor of the carbon Iayer. Deposition takes place at a top 

temperature of 1373 K and at 6.65 kPa total pressure. The bottorn temperature during the 

pyrocarbon coating is 1283 K which is created through a graphite spaeer ring (height 0.05 m) 

that i~ located in between the water cooled injector and the bolder. 

In the next tablc 6.3, the standard TGFCVI process conditions are surnmarised that wcrc used 

in the 51 and 85 mm l.D. reactor system. 

Reactor diameter [mm] 51 85 

Preform top temperature [K] 1473 1473 

Preform bottorn temperatm-e [K] 1123 1033 

Outlet pressure [kPa] 101.3 101.3 

MfS bubbler: tempcr:ature [K] 298 298 
Total gas flow rate [seem] 528 676 

.fh fraction at inlet [vol.%] 94.7 91.7 

Ar fraction at înlet [vol.%] 0 0 
MTS fraction at inlet [vol.%] 5.3 8.3 

H21MTS ratio at inlet 17.9 11.0 

Shut offpressure difference [kPal 64 64 

'fahle 6.3. Standard TGFCVl procc~s condîtion~ for thc j 1 and 85 mm 1.1). rçaçtor. 

6.3 Chanu;tedsation of the preform 

Raw preform 

For the estimation of thc fiber content Vf [voL%], idea1 density Pi [kg.m-3), deposition area 

Aoep [m2] and perrneability Kt [m2] of the raw prefonn, tbe empty bolderand the holder filled 
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with the cloth was weighed hefure and aner each run. The equations that were used for thc 

calculations are presenred in chaptcr 5 (eqs. 5.2 to 5.5). 
The permeability was measured at room temperature and 6.65 kPa outlet pressure using argon 

gas in the lfCVI equipment. 

Thennal gradient 

The matrix growth r<:~te is dependent on temper<:~ture in an cx.ponentially increasing fashion. 

Local temperature and MTS concentration in the prefarm detennine thc matrix that is deposited 

and the speed of its growtll. Therefore, it is important to know the tempcrature across the 

prelürm as a function of axial position within the preform. 

The graphite holder was stackcd with 58 of Nicalon cloth layers (± 30") and the tempcrature on 

cach side was measured with a calibrated optica] pyrometer. 

Therea.fter, a hole was drilled rrom the bottom si de through approximately l 2 laycrs and again, 

hoth tcmpcratures we1·e measured. This was repe<:~ted four times. Hydragen gas flow was 

cmployed at a rate of 670 seem during the measurement to simulate the gas cooling effect 

during real infiltration. 

Inflltrated prefonn 

Thc relative bulk density Ph rel [vol.%] of the densified preform is calculatcd according ({l 

equation 5.7. For lts estimation the weight and the outer dimensions of the densificd prefarm 

we re measurcd using callipers after removal of the graphite hol der. 

The total conversion of MTS lnto solid matrix material n [vol.% l according to equation 5.6 

was calculated by wcighing of the bubbler befere and aftereach nm. 

Axial and radial gradients 

The uniformity in <:~xial direction was estimated by the mcasurement of the relativc hulk densîty 

in that direction by cutting thc prdorm (diamet.er 45 mm, thickness 13 mm) into thrce equal 

slices. Hcreafter, they were ground plan parallel. Top (hot face), middle and bottom (cold face) 

slices wen; ultrasonically cJeaned in acetone, dried and weighcd on an analytica I balancc and 

measured with callipers to estimate the bulk composite densit.y of each slice. Hereafter, each 

slice was cut into J2 equivalent pieces of 5•5•3.3 mm3, again ultrasonically cleancd, dried and 

wcighed. Relative bulk density was calculated for each picce and axial and radial density 

gradients were estimated. 

Some composite samples werc rnounted in epoxy resin and polisbed wit.h diamond paste. The 

intra-bundie infiltration effect i veness was determined on photographs of thc polished Cl'OSS 
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sections of the slices using image analysis. Hereto, the photograph was scanned and stored as 

a digital image. The different grey levels of the pores (black), Nicalon fibers (grey) and the SiC 

matrix (white) allows the quantification of its amount in the (2D) image using the Image® 

software. The area of pores and fibers were measured and the amount of matrix Xm [volume 

fraction] calculated according to: 

[6.1] 

with Xf and xp are respectively the volume fraction of fiber and pore in the bundie and equal the 

area fractions. Each image was processed three times and average values calculated with an 

approximated accuracy of 10%. 

Analysis of the matrix composition 

The phase structure of the deposited SiC material was measured with X-ray diffraction type 

Rigaku using CuKa radiation at 35 kV between a 20-80° diffraction angle. 

6.4 Results 

The evolution of the composite density as a function of time was investigated. The effect of the 

preform cold face temperature on the relative density and infiltration time necessary to reach the 

shut off point was studied. 

Before any of these experiments were performed, the reproducibility of the TGFCVI process 

was tested using the 85 mm I.D. reactor. 

Reproducibility 

The reproducibility of the TGFCVI process was estimated by carrying out 8 runs under the 

same conditions with Nicalon fiber preforms of the same dimensions and fiber content. 

Reproducibility in infiltration time is demonstrated in table 6.4 to be within 5.6 % and in the 

relative bulk density 3% as measured using the complete preform (n=l). 

The overall mean densification rate was 3.9 • lQ-4 m.hrl preform thickness, fora final87.2% 

of the i deal density composite with 37.0 vol% fiber. The average MTS conversion was 47 .I % 

and varied 7.1 %. 

Despite the hand lay-up of the preforms, the reproducibility of the TGFCVI process is 

considered to be high enough to study the effect of alterations in densification conditions. 

@ Image is a public domaine software for Apple Macintosh. 
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' 
T T PL Ft# L XMTS Vf J:!L Pb rel ti T] 

hot face cold face 
MTS 

K K Pa m3.s-l m % - % hr % 

1473 1033 1.0. 1.13. 17• 0.083 37.0 11.0 87.2 43.5 47.1 
105 I0-5 I0-3 

(2.0) I (3.0) (0.9) (2.0) (3.1) (5.6) (7.1) 

Table 6.4. Reproducibility of Thermal Gradient FCVI experiments (n = 8). 
The standard deviation Sn-I is given between parentheses in percentage. If not indicated, error is 
negligible. Shut off pressure difference = 6.56 • to4 Pa. 

The experiments performed to study the effect of a pl'ocess setting described hereafter, are all 

the result of single experiments due to the large time consumption. 

Raw prefonn microstructure 

Inspeetion of polisbed cross sections of Nicalon preforms enabled the estimation of the order 

of magnitude of the different pores. So it was found that three pore ranges were present i.e. 

• in between the filamentsin a fiber bundie (tow): < 50 Jlrn. 

• in between adjacent cloth layers: < 200 Jlm. 

• in between adjacent tows: 200-600 Jlm. 

In figure 6.5 A and B, a polisbed cross section of a composite is shown made by an optica! 

microscope at different magnifications. 

Figure 6.5A. Magnification 50 *,bar= 200 11m. Figure 6.5B. Magnification 400 *,bar= 30 11m. 
Optical micrographs of polisbed Nicalon fiber bundie cross section. 
The circles are fiber cross sections, the white regionsis the SiC matrix and the dark regions are void space. 
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Matrix composition 

XRD analysis of the matrix composition showed that all samples consisted of pure P-SiC of 

mainly cubic and with traces of the hexagonal structure. The carbon parts showed a broad 

carbon/graphite peak around 25°. 

Process conditions during the run 

The top and bottorn preforrn temperature and the inlet and outlet pressure were monitored with 

a PC as a function of infiltration time. A typical result is given in the figure 6.6. Hot face 

temperature remains constant within ± 2 K during the run, whereas the injector pressure and 

cold face temperature increase due to the densification process. The cold face temperature 

increases linearly approximately 200 K as aresult of the increase of the therrnal conductivity of 

the preforrn due to its densification with the good thermal conductor SiC. 

As also noticed during IFCVI, the injector or back pressure starts increasing when the process 

is half way, indicative that a cri ti cal po re size is reached. 
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Figure 6.6. The process conditions as a function of infiltration time as monitored with the data Jogging system 
on a PC attached to the 51 mm I.D. reactor system. 
"Fumace pressure" indicates the outlet pressure PL• "Back pressure" indicates the injector pressure PO· 

Pressure difference shut offpoint 

The pressure drop shut off point where the densification process was terminated, differs from 

the shut off point used in the isotherrnal FCVI process (eq. 5.9). Terminatien of the therrnal 
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gradient process was performed as soon as an injector pressure of 170 kPa was reached. 

Hence, the shut off point is independent of the initial pressure drop and permeability of the raw 

preform. 

Penneability 

The permeability of a raw preform consisting of 58 Nicalon cloth layers -corresponding with a 

fiber content of 36.5 vol.%- was tested in the IFCVI equipment (described in chapter 3) at 

room temperature using argon. No pressure difference across the preform could be measured at 

atmospheric outlet pressure due to insensitivity of the baratron. Therefore, an outlet pressure of 

6.65 kPa was employed and the pressure difference was measured again. 

The calculated permeability of the raw preform (eq. 5.5) represented by the slope of uo~L 

plotted versus Ap wa~ 3.4 • IQ-11 m2. The permeability of the composite after infiltration (at 

the nominal conditions as presented in table 6.3 and a Pb rel of 87%) had decreased to a value 

of approximately 9.4 • IQ-14m2. Permeability has thus reduced withafactor of 360. 

Thermal gradient 

The results of the measurement of the thermal gradient in a raw preform under H2 flow as a 

function of axial direction is presented in the figure 6.7. 

A linear decrease in temperature is observed from hot to cold surface with a slope of 27.5 

K.mm-1. 
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Figure 6. 7. The Nicalon fiber surface temperature versus numbers of cloth Jayers using hydrogen gas flow 
(670 seem) at atmospheric outlet pressure. 58 cloth layers = 16·10-3 m, preform diameter 78 mm. 
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TGFCVI process conditions 

As in chapter 5, the relation of the IFCVI growth rate as a function of axial direction and 

process conditions (eq. 5.10) can be used to predict the effect of the condition on the 

infiltration time (eq. 5.11). However for TGFCVI, due to the non-isothermal conditions and 

the change of temperature as a functîon of time, variations in infiltration efficiency occur. The 

order of magnitude of these changes can be demonstrated by calculation of the main infiltration 

characteristics versus local temperature and is indicated in figure 6.8. Temperature is assumed 

to follow a linear behaviour in axial direction. 
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Figure 6.8. The estimated transport numbers and other physical properties of the MTSIH2 (l: 11) gas mixture 
flowing through a 17 mm thick preform during the TGFCVI process. 
Cold face temperature = 1023 K, hot face temper&ture 1473 K, PL = 101 kPa, Vf 38.4 %, 

Ft#= 1.13•10-5 m3.s-l, dpreform 77 mm. Estimation of numbers as described in appendix l.B, 
with tortuosity of 2. Pressure drop is neglected. 

This plot is also indicative of the conditions of a raw preform of 17 mm thickness during the 

the frrst hour of the infiltration process. 

Similar to IFC VI, the mass transport of the gaseous species will be dorninated by convection 

instead of diffusion, since the Peelet number is larger than 4•10-3. The Peelet number is a 

function of temperature to the power -0.7 (appendix l.D), hence forced convection will be 
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faster than diffusive mass transport throughout the totalpreform width. Since the gas velocity 

increases as densification proceeds, convective mass transport will remain dominant 

throughout the total infiltration run. This convective flow is of the laminar type. Turbulence is 

absent, because the Reynolds numbers are much smaller than 1 (appendix l.D) i.e. 0.005. In 

fact, the flow is of the creeping type (very low velocity) around the fibers. 

The first Damköhler number is a strong function of temperature and varies six orders of 

magnitude across the thickness of the preform. Matrix growth is lirnited by kinetics at the cold 

face where Dalbed < 0.05 (see chapter 5, section 5.4.1), whereas matrix growth gradually 

changes towards mass transport lirnited conditions near the hot face. 

If local preform temperature along its width (in axial direction z) is split into three sections of 

150 K each, growth conditions can be predicted for each section:· 

cold section: 1020 < T [K] < 1170; 10-4 < Dalbed < 3 • 1 o-2, kinetically controlled matrix 

growth. 

• medium hot section: 1170 < T [K] < 1320; 3 • I o-2 < Dalbed < 1, transition type matrix 

growth. 

• hot section: 1320 < T [K] < 1470; 1 < Dalbed < 102, convection lirnited matrix growth. 

Clearly, the local density of each section depends on the uniformity of the deposited layer and 

secondly on the deposition time and thus on the local growth rate Gz. 

A. The uniforrnity of the deposited layer 

When a first order heterogeneous reaction at the fiber surface is assumed, the first Damköhler 

number that determines composite density is independent of concentration (see chapter 5 

section 4.4). As such, only local preform temperature will affect the resulting local matrix 

uniforrnity and thus density -or density gradients- of the preform after infiltration. 

B. The deposition time or growth rate 

The local growth rate at local conditions viz. temperature and MTS concentration deterrnine the 

local amount of matrix material that is deposited during the total infiltration time. Hence, the 

ratio of the growth rate at the hot face relative to the growth rate at the cold face deterrnines the 

axial density gradient of the composite. 

At the cold face, kinetically controlled growth rate of the matrix G (Tç) [mole.m·2.s-l] is: 

[6.2] 

whereas at the hot face the convection lirnited growth rate ofthe matrix G (Th) [mole.m-2.s·l ]: 
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[6.3] 

with Tc and Th [K] denoting respectively the co1d and hot face temperature, ks [m.s-1] the first 

order reaction coefficient, Co [mole.m-3] input MTS concentration, df [m] fiber diameter, t [-] 

tortuosity of the bed, uo(Th) [m.s-1] superficial gas velocity at Th, Z(Th) [m] the width of the 

isothennal sectionat temperature Th. 

The matrix growth rate relative to the cold face is thus: 

G (Tc) 
[6.4] 

The outcome of the calculation of equation 6.4 is very strongly dependent on the values of the 

constants within the exponent. As such, the proper definition of the fiber diameter becomes 

very important and can represent either the filament or fiber tow diameter. The ratio 

G(Th)jG(Tc) will vary from I0-63 to 1Q3 when dr increases from 10-4 to 10-2. Realistic 

growth rate predictions in the prefonn, quantitatively but also qualitatively can only be made 

properly with the use of a good description of the porous structure viz. with the proper 

magnitudes of the structure dimensions (e.g. df, t, e: etc.). However, such a description is 

beyond the scope of this thesis. 

6.4.1 Effect of the infiltration time on the composite density 

A 51 mm I.D. reactor was used to study the infiltration evolution as a function of infiltration 

time. The experimental conditions are summarised in table 6.3. Four identical prefonns of 45 

mm diameter and of 13 mm thickness, each with 39.3±0.2 vol% Nicalon (0.5 K) fibers, were 

infiltrated for 9.0, 22.3, 27.6 and 34.8 hours corresponding to absolute injector pressures of 

respectively 113, 126, 139, 170 k:Pa. The latter experiment was terrninated at the stage where 

densification was considered to be complete. 

Overall infiltration 

The resulting relative bulk densities of the composites and MTS conversion as a function of 

infiltration time due to matrix deposition are plotted in tigure 6.9. The error bars indicated, 
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show the standard deviation (Sn-I) of the repeated runs and correspond to 3% for the relati ve 

density data points. The relative bulk density at the start corresponds to the density of a raw 

preform. 
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Figure 6.9. The relative bulk density and MTS conversion versus infillration time. 
Ttop = 1473 K, AT= 350 K, Hz/MTS= 17, Ft#= 0.528 sim, Vf= 39.3 vol%, 

L = 1.27•10-2 m, Pebed ~ 0.02, dpreform = 4.5•10-2 m, PL = 101 kPa, 
47 Nicalon cloth layers, 51 mm LD. reactor. 

As can be observed, the density increase is a non-linear function of time. During the first hours 

the infiltration is rapid (2.2 vol.% density gain per hour) but it levels off as time proceeds (0.9 

vol.% per hour) until complete infiltration has taken place. An explanation for this phenomenon 

is that deposition takes place in the fiber bundies first (on the filaments) thus increasing the 

surface area initially. When the outer neighbouring filaments of the bundie touch each other, 

the bundie is sealed with a dense coating preventing more gas to enter. The surface area of the 

preform is greatly reduced as is the weight gain. Closed porosity in the bundies is the 

consequence when the fiber bundie fllling is incomplete. 

The uniforrnity of the matrix deposition is enhanced due to increase of the gas velocity and the 

MTS depletion (rt) is less severe. Subsequently, the density of the preform increases and is 

demonstrated in figure 6.9. 

Inspeetion of polisbed cross sections of the composites showed that there are three stages of 

infiltration. The first stage, i.e. filling and sealing of the fiber bundie (intra bundie infiltration), 

takes place in approximately the first 5 hours. During this inflltration stage, it is anticipated that 

mass transport of the gases in the bundies takes place by diffusion and deposition occurs on the 
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filaments. The second stage is when the fiber bundles of two neighbouring cloth layers start to 

toucheach other. This happens at a time between 5 and 20 hours (i.e. inter bundie infiltration). 

The last stage to complete infiltration occurs after 35 hours where the remaining big pore 

channels are filled. 

When the preform densifies, the pores will fill with the matrix material and the gas permeability 

of the preform decreases. During the experiment it was observed that the injector pressure 

increased rapidly after approximately 20 hours (e.g. 78% of the ideal density). This point 

coincides with the beginning of the last densification stage where the biggest pores start to 

densify. 

Axial density gradients 

The bulk densities of the composite slices (top, middle and bottorn section) are plotted as a 

function of time in figure 6.10. 
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Figure 6.10. The bulk composite density versus time and position in axial direction. 
Ttop = 1473 K, AT= 350 K, Hz/MTS 17, Ft# 0.528 sim, Vf = 39.3 vol%, 

L 1.27•10-2 m, Pebed z 0.02, dpreform 4.5•10-2 m, PL = 101 kPa, 
47 Nicalon cloth layers, 51 mm I.D. reactor. 

The initia! bulk density of the raw preform is 1.0•103 kg.m-3, which corresponds to 34 % 

relative density. The top slice starts to densify rapidly because of its higher temperature 

whereas the bottorn slice only starts to densify slowly and primarily after approximately 10 

hours when the cold face temperature has increased from approximately 1120 to 1170 K. As 

time proceeds, larger matrix growth due to increase of temperature of the cold face side of the 
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part results in larger depletion of MTS from the gas stream. So growth at the top of the part 

slows down. The cold face densifies rapidly at this stage. 

After 20 hours of densification, the whole preform densifies in a more or less homogeneaus 

way. This implies that temperature and depletion are just balanced so that growth is uniform. 

After complete infiltration i.e. when the injector pressure reaches 1.7•105 Pa, a final axial 

density gradient remains of 16%. It should be noted that this gradient can be reduced by proper 

selection of the initial temperature gradient during the infiltration process (section 4.2 of this 

chapter). The composite part never reaches theoretica! density but remains permeable for 

reactant and product gases to escape. Probable causes are: 

theoretically, the pressure drop across the preform should reach infinity when the pore 

mouths are completely sealed. 

when the pore mouths get smaller than the diameter of the MTS gas molecule (i.e. 

approximately 5•Io-10 m)*, deposition cannot proceed on the pore wall but only on the gas 

inlet side of the preform. Solely the small H2 molecule and other effluent gases such as 

HCl and small size silicon or carbon containing species flow through the structure. 

• HCl that develops as the MTS decomposes into SiC and due to gas phase reactions, has an 

etching or poisoning effect (see chapter 2). 

Theoretically, best densification without remaining porosity can only occur during uniform 

densification. This can only be performed by complete control of the local temperature within 

the preform in combination with local control of the precursor concentration and thus of the 

pressure gradient throughout the entire infiltration run. 

Radial density gradients 

Through the estimation of the density of 32 pieces that were cut out of each (45 mm diameter) 

slice, a density gradient in radial direction was estimated. The average radial gradients relative 

to its centre were: hot face: -1%, middle: 5 %, cold face: 9%. 

In figure 6.11, these density gradients are visualised. 

Apparently, the hot face slice is densified homogeneously, whereas the middle and the cold 

face slice show a decrease in radial density from centre towards circumference. It is likely that 

this effect may be due to the gas distribution within the preform and since the gas enters the 

preform holder through a centre hole, the MTS concentration will be higher at the centre as 

compared to the circurnference of the preform. 

The composite density is a function of time. At the cold face, densification only starts after 10 

hours. 

*Bond lengths in the MTS molecule: Si-Cl: 0.2047; Si-C: 0.1858; C-H: 0.1085 nm (ref 17). 
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Cold face slice. Middle slice. 

Hot face slice. 

Figure 6. 11. Density gradient contours 
of the different preform slices. 
Light regions indicates low 
density whereas dark regions 
indicates high composite density. 

167 

Roughly, total infiltration time of the bottorn sec ti ons bas been 26 hours whereas the hot 

sections densify for 36 hours. It is noted that the relatively rapid infiltration of the cold face is 

due to the higher MTS concentration, which is caused by both the local high injector pressure 

and large local MTS fraction. 

6.4.2 Effect of the cold face temperature 

lnfiltration behaviour 

A commercial objective of FCVI is to reduce processing time, while accornplishing uniform 

densification. An important parameter tooi in FCVI to achleve this, is the therrnal gradient. 
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In order to study this effect, the initia! therrnal gradient across the raw preforrn was varled by 

changing the preforrn cold face surface ternperature between 918- 1283 K whereas the top hot 

side rernained at a constant ternperature of 1473 K. 

Initially several options were tried to alter the cold face ternperature. First, the gas injector was 

cooled with 1,2 ethanediol of 330 K instead of water. This did not change the bottorn 

ternperature. Secondly, oil of 380 K was tried. This fai1ed because carbon residues plugged up 

the cooling channels. Thereafter the injector was repositioned in the hot zone, but also in this 

case no irnprovernent was achieved. Throttling of the water flow ra te was hazardous since the 

water could reach the boiling point reducing its heat capacity severely and the stainless steel 

injector cou1d rnelt. Yet, success was gained by the insertion of graphite spaeer rings of diverse 

heights in between the water cooled gas injector and the preforrn holder. The increase of the 

distance causes a reduction in cooling capacity of the water. 
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Figure 6.12. Effect of the bottorn ternperature (therrnal gradient) on the infiltration efficiency. 
Ttop 1473 K, H2/MTS = 11, Ft#= 0.675 slrn, Vf= 37.0±0.2 vol%, L = 1.6•10-2 rn, 

Ap 170 kPa, PL = 1.0•105 Pa, dpreforrn 7.7•10-2 rn, Pebed = 6.3•10-3- 1 .O•J0-2, 
Co= 8.2•103 rnole.rn-3, 58 Nicalon cloth layers, 85 rnm LD. reactor. 

The results of this set of experirnents are presented in figure 6.12, where the complete 

infiltration time [hr], the matrix weight [g], relative bulk density [vol.%] and the MTS 

conversion [vol.%] is plotted versus the initia! cold face ternperature. 

Cornparison of the results at the cold face ternperature of 918 K and I 033 K indicates 

following. The MTS depletion from the gas strearn 11 is lower at 1033 compared with 918 K. 

Depletion of MTS from the gas stream is thus less severe at 1033 K. Also infiltration time is 
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longer resulting in a larger relative density. This is in coneerdance with the results of chapter 5 

where low TJ yields large relative density*. 

At the cold face temperature of 918 K (ilT = 555 K) the relative high density of the upper 

volume of the preform (hot face) and consequently large local and overall MTS conversion, 

reduces gas permeability sufficiently to reach the shut off pressure, yet little infiltration of the 

bottorn has taken place. The bottorn cloth layers are observed to even separate from the 

remainder of the part. 

At the high bottorn temperatures e.g. 1183, 1284 K, the gaseous reaetauts are too highly 

depleted to efficiently deposit large amounts of matrix near the top of the preform within the 

infiltration time frame. However, the bottorn region becomes sufficiently densified to reduce 

permeability to the shut off pressure. 

If the MTS concentratien in combination with a high temperature at any position in the part is 

too high, a too rapid deposition will block the gas paths and cause the rise of the injector 

pressure. The ratio of the local reactant depletion rate (precursor concentration) and the local 

temperature is critica!. If the growth rate is homogeneous throughout the part and independent 

of time, the injector pressure rises by the homogeneous densification of the whole part and is 

not caused by decrease of the pore size at any specific location. This means that any part of 

even large thickness can be infiltrated when a proper thermal gradient can be applied in 

combination with a low precursor depletion, for example through adjustment of the gas 

velocity. 

Axial bulk density gradients 

In figure 6.13 the results are shown of the average bulk density measurements of four 

composite slices that were cut out of one Nicalon fiber composites in axial direction. The error 

bars in figure 6.13 are indicative of the 95% confidence level of the average of four density 

measurements out of one composite slice. 

Lowest axial density gradient is achieved at a cold face temperature of approximately 1183 K 

corresponding with a thermal gradient of 290 K. At this condition the matrix deposition is more 

or less uniform. 

At cold face temperatures of 1033 and 918 K, the axial density gradients are respectively 16 

and 27%. The relative density of the part infiltrated at 1183 Kis however lowest due to the 

relative short infiltration time (fig. 6.12). The pressure shut off point is reached early by 

uniform matrix deposition and reduction of permeability across the complete preform width. As 

such, a thermal gradient of 290 K appears to be optima! for acmeving uniform densification, 

* Note that low 11 does nol necessarily coincide with large relative density, since temperature is nol uniform. 
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whereas absolute density of the composite can be increased by infiltration up to a larger 

pressure drop shut off point. 
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Figure 6.13. The absolute composite density of the hot and cold face slice versus cold face temperature. 
Ttop = 1473 K, H2/MTS = 11, Ft#= 0.675 sim, Vf= 37.0±0.2 vol%, L = 1.6•10-2 m, 

t:.p = 170 kPa, PL = l.Oo105 Pa, dpreform = 7.7•10-2 m, Pebed = 6.3•10-3 - 1.0•10-2, 

Co= 8.2•103 mole.m-3, 58 Nicalon cloth layers, 85 mm LD. reactor. 

Intra burulle deposition gradients 

Figure 6.14 illustrates the intra Nicalon bundie silicon carbide deposition as a function of cold 

face temperature. Bundies located in the hot and in the cold face were measured by means of 

image analysis. 

It is even of more interest to quantify the amount of matrix in between the fiber bundies (e.g. 

the inter bundie deposition). However, this appeared to be impossible with the image analysis 

technique, due to irregularity in fiber bundie packing density. 

When bottorn temperature is increased (fig. 6.14), the volume percentage of matrix is initially 

between 30-45 voL%, yet above 1200 K cold face temperature, it decreased rapidly to 20-

10%. The highest matrix fraction in the bundies at a cold face temperature of 1033 K (.:lT == 

440 K) also corresponds to the highest overall density as demonstrated in figure 6.12. The 

optimum lowest intra bundle pore content is 5% at temperatures smaller than 1200 K. 

The largest matrix content coincides with the fiber bundie of lowest fiber content. The effect in 

matrix content can thus be the consequence of the low fiber content and larger pore size of the 

bundie (as demonstrated in chapter 5). 

Yet, fiber bundie porosity is increasing rapidly when cold face temperature exceeds 1200 K. 
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A significant effect of the thermal gradient is reached and may indicate the initiation of mass 

transport limited growth conditions. 

This transition from kinetically controlled matrix growth towards mass transport limited growth 

is also demonstrated by the value of the first Damköhler number, viz. 0.05 at 1194 K; this 

dimensionless number increases rapidly with temperature (fig. 6.8) and thus corresponds with 

the results and conclusions of chapter 5. 
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Figure 6.14. The pore, fiber and matrix fraction in a fiber bundie versus cold face temperature. 
Trop = 1473 K, Hz/MTS= 11, Ft#= 0.675 slm, Vf = 37.0±0.2 vol%, L = 1.6·10-2 m, 

lip= 170 kPa, PL = l.Oolo5 Pa, dpreform = 7.7•10-2 m, Pebed = 6.3•10-3- 1.0•10-2, 

Co= 8.2•103 mole.m-3, 58 Nicalon cloth layers, 85 mm I.D. reactor. 

Also;when the cold face temperature exceeds 1200 K, there starts to be an effect ofthe bundie 

location with respect to axial direction. Here, porosity is lowest for the tow that has been 

located at the cold face side of the preform, whereas the porosity of the bundie located at the 

hot face is 2.5 times as high due to depletion of reactants from the gas stream. No adequate 

infiltration of the tow occurs, but the tow simply is overcoated with a seal coating of SiC. 

6.4.3 Effect of the fiber type and content 

lnfiltration behaviour 

Cross sectionat inspeetion of the preform microstructure revealed that the Nicalon fiber part 

contained relatively large cylindrical inter bundie pores. 
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exp Fiber type # layers Vf 1\lep Pb rel ti 11 
[voL% ] [vol.%] [hr] [%] 

420 Nicalon 0.5 K 58 36.8 9.97 90.7 47.4 46.1 

443 ThomellK I 110 35.6 21.83 70.5 28.8 54.0 

444 Thomel3K I 70 I 47.1 28.89 80.2 26.0 58.5 

Table 6.15. In fiJtration behaviour as a function of preforrn microstructure. 
Ttop = 1473 K, ~T = 440 K, H2/MTS = 11, Ft#= 0.676 sim, L = 1.7•10-2 m, 

~p 170 kPa, PL = 1.0•105 Pa, dpreform 7.7·10-2 m, Pebed 1.0•10-2, 
Dalbed = 5•10-5- 9•101, 58 Nicalon cloth layers, 85 mm LD. reactor. 

The Thornel 3 K carbon fiber part contained smaller pores of a more elliptical shape. The 

Thornel IK carbon fiber preform had the highest inter bundie porosity, the pores are long and 

interconnected but smaller than the pores of the Thomel3K fiber part. 

As with the Nicalon fibers, the carbon fiber tows are well infiltrated at both the cold and hot 

face si de but sealed at an early stage. Due to the larger deposition area of the carbon preforms 

(table 6.15) e.g. 2.2 2.9 times as high as the Nicalon part, the infiltration duration of the latter 

is largest. Higher deposition area also yields a larger depletion (TJ) of the MTS from the gas 

stream and larger density gain of the carbon parts which is 1.3 - 1.6 times as fast as the 

Nicalon preform. 

The explanation of the effect of fiber type (viz. the number of filamentsper tow) on the relative 

bulk density of the three preform types is more complex. 

Growth limiting conditions have been the same for all parts beeause first Damköhler numbers 

and Peelet numbers roughly coincide. The shut off point for the TGFCVI process is obtained 

as soon as the injector pressure reaches 170 kPa. The carbon parts of lower raw preform 

permeability have been infiltrated fora shorter period, since po (at t=O) starts to rise from a 

higher level. For achieving the same density as the Nicalon part, the carbon prefmms (of low 

permeability) should be infiltrated up to larger injector pressures. 

The relative bulk density, the infiltration time and the MTS conversion of the two types of 

carbon composite parts differ approximately 10%. 

The Thornel 1 K fiber preform contains a higher pore volume than the Thornel 3K preform 

which leads to the highest infiltration time. In addition, the relatively low deposition area of the 

former yields lower MTS depletion (table 6.15). Despite these facts, the Thornel 3K fiber 

preform appears to be better suited for TGFCVI densification as compared with the Thornel IK 

part. 

Possible exp1anations are: 
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A Inter bundie infiltration 

The relative composite bulk density will be lower for preforms with smal! pore diameter 

sec ti ons (Thornel 1 K), since permeability is lowered due to local densification only. 

Densification proceeds untillocations with small pores are blocked. 

Thornel 3K part contains inter bundie pores larger than the IK part, where the gas can more 

easily flow through and deposit more matrix material. 

B. Intra bundie infiltration 

Furthermore, since growth conditions and thus fiber bundie filling is similar for Thornel 1 K 

and Thornel3K carbon fiber preforms, the 3K part can contain more mass than the IK tow due 

to its larger surface area available for deposition. 

6.5 Discussion and conclusions 

The study described in this chapter had the objective of the optimisation of process conditions 

to produce composites of homogeneaus density in a small time frame. 

The densification of aporous body is dependent on many process variables. For a first order 

reaction, the uniformity of the matrix distribution in the preform is mainly dependent on local 

temperature. Composite density is also affected by the matrix growth rate, which is dependent 

on MTS concentratien and temperature. These two effects combined, indicate the importance of 

the local temperature on the local preform densification. For a Nicalon fiber preform, a thermal 

gradient of 1.8 • 1Q4 K.m-1 was found to yield optimum axial density uniformity of the fiber 

reinforeed composite. At uniform densification conditions, infiltration should proceed up to a 

relatively large value of the pressure dropshut off point. 

For infiltration at optimum conditions a preform of low tortuosity, high deposition area and 

containing large pores and high gas permeability, will yield largest composite density. 

However, infiltration time will be high. To avoid almost complete conversion of the MTS from 

the gas mixture however, the inlet fraction of MTS should be kept sufficiently high. 

Densification times are directly related to the preform thickness in the direction of the applied 

flow. Typical densification rates of 0.4-1 mm per hour have been achieved in a one step 

process. Because it is demonstrated that composite densities can reach up to 90 % of its i deal 

density, forther optimisation should be aimed at the reduction of infiltration time to enable 

densification of thick parts of great volume rapidly. 

Clearly, higher temperatures would increase matrix growth rate. The poor thermal stability of 

the Nicalon fibers above 1473 K, howeverl5,16, prevents eperation at higher (hot face) 

temperature. 
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An increase in MTS concentration will reduce infiltration time, but this should be balanced with 

a decrease in temperature to avoid premature pore sealing at any location in the part. 

Although not specifically studied using the TGFCVI process, higher gas flow rates are 

suggested to enhance mass transport of the MTS species towards the fiber surface. It is 

anticipated that -similar to the IFCVI process- this would yield a reduction of infiltration time 

and rnight enhance the uniformity of the deposited matrix at mass transport controlled growth 

conditions. Operation at kinetically controlled conditions appears to be important to obtain good 

fiber bundie filling. This can be accomplished by lowering the temperature of the cold face. 

Because of the long processing durations, models for the FCVI process can be very helpful in 

the reduction of costs. Yet, a thorough, realistic description of the porous microstructure is 

required. This will be very difficult, due to the préform multimodal pore size and shape 

distribution. 
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Chapter 7 

MECHANICAL PROPERTIES OF FCVI COMPOSITES 

7.1 Introduetion 

It is one of the objectives of this study to develop cerrunic composite materials with tough 

fracture characteristics. Hereto, the as-prepared cerrunic composite discs were sawn into bars 

and tested mechanically using a three point bending test procedure to evaluate their fracture 

behaviour and failure mode. 

In this chapter, the basic principles of mechanica! behaviour of continuous fiber reinforeed 

ceramic composites are briefly summarised. Composite strength, fracture toughness and 

designstrengthare reviewed insection 7.1. Experimental details are presented insection 7.2. 

The results of three point bending tests are discussed in section 7.3. The mechanica! 

behaviour -in terrns of ultimate strengthand strain, Young's modulus and workof fracture- of 

the carbon fiber SiC IFCVI and carbon and silicon carbide fiber SiC TGFCVI CMC 

materials are compared in section 7 .4. 

7.1.1 The constituentsof ceramic composites 

The fiber and matrix, in this case either continuous SiC or C fibers with a SiC matrix -as 

applied with the CVI technique- should both fulfil the following criteria for the successful 

structural application as a ceramic composite at high temperature in aggressive environments 

(such as air). These criteria are: high oxidation and corrosion resistance, high creep 

resistance, high Young's modulus, low fiber and matrix density, compatibility between 

matrix and fiber and economical producability. 

In table 7.1 the properties are summarised of the fiber and matrix constituents that were used 

for the experiments of this study. Three types of fiber were applied viz. a silicon carbide type: 

Nicalon (Nippon Carbon, Japan) and two types of carbon fibers i.e. Thornel (Amoco, USA) 

and Torayca (Toray, Japan). The matrix was ~-SiC and was deposited onto the fibers during 

a CVI process. 
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Pure bulk ~-SiC produced by CVDl has a four point bending strengthof 600 MPa, a Young's 

modulus of 460 GPa and a K1c of 3.2 MPa.m0.5. 

Fiber type Nicalon NL-200 Thornel T-300 Torayca T-300 #CVD ~-SiC 

No.filamentsper tow 500 1000,3000 3000 -

Filament density [kg.m-3] 2.55. 10-3 1.76. lQ-3 1.75. lQ-3 ! 3.2. I0-3 

Filament diameter [m] 15. I0-6 7. lQ-6 1 • w-6 -
Specific heat [J.kg-l.K-1] 1.14. 103 1.00. 103 0.71 • 103 0.70. 103 

a.l/ t[I0-6K-1] 3.113.1 -0.5/8.0 0/8.0 4.85/4.85 
/... 1 [W.m-1.K-1] 11.63 8.5 8 90 

Poisson ratio 1/ t 0.12/0.12 0.42/0.12 0.4210.12 0.19/0.19 

Tensile strength [MPa] 2695 3450,3650 3530 1400,21200 

Young's modulus [GPa] 180 l 231 230 440 

Ult. tensile strain [%] 1.4 1.4 1.5 10.09, 20.27 

Table 7.1. Room temperature properties of continuous fibers and SiC matrix based upon commercial data. 
Nicalon : 65wt% SiC, 15 wt% C, 20 wt% Si02, I= 1ongitudial, t transverse, ult.= ultimate, 
À= thermal conductivity, a coefficient ofthermal expansion. 
# a large spread in literature property data was noticed. 

7.1.2 Strength, tongtmess and reliability 

The main objective of the preparation of ceramic composites is the drive to improve 

reliability of the structural ceramic material up to approximately 2300 K. The most general 

approach to improve this, is by increase of its fracture toughness. 

Monolithic ceramics are brittie due to their strong atomie covalent bonding. Mechanisms that 

allow rearrangement of atoms such as dislocation movement, slip, sliding or other plastic 

processes, that can occur for instanee in metals, are absent. Theoretically, the maximum 

strength that could be reached with monolithic materials is the stress that causes ropture of 

the atomie bonds. This strength is never reached because brittie materials are very sensitive 

to flaws. 

Griffith3 in 1920 initiated the modelling of the mechanics of linear elastic purely brittie 

materials. Unfortunately, these models are only limited applicable for ceramic composites 

since strength is relatively insensitive to defects and fracture mechanics of CMC's differ 

substantially from purely brittie monolithics4. 
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Toughening mechanisms 

Fracture strength of ceramics can be increased in two ways, either by decrease of the flaw 

size or by improving toughness. Decrease of the frequency and size of flaws is still topic of 

research. Even if processed flawless, surface damage of ceramics can accumulate during 

service and weaken the materiaL The other approach is to toughen ceramics through the 

introduetion of a second solid phase. The general principles for toughening ceramic 

composites are5: 

• increase of local driving forces necessary to propagate cracks to failure 

local increase of the amount of mechanica! energy consumed per unit area of propagation 

ofany crack 

• decrease of local strain by cracking which reduces stress concentration. 

Introduetion of fibers into a cerarnic matrix can lead to several energy absorbing mechanisms 

such as matrix cracking, crack arrest, crack deflection, fiber bridging, pre-stressing of the 

matrix and fiber pullout5. Several of these mechanisms can occur simultaneously or in series 

and lead to the different more damage tolerant mechanical behaviour of the CMC. 

Design of composites where the matrix is put under compression i.e. pre-stressing of the 

matrix (by proper selection of fiber and matrix combinations), can lead to a larger Ioading 

strain necessary to reach matrix cracking and failure. lntroduced cracks are closed and crack 

propagation is retarded. 

Residual thermal stresses introduced during cooling from processing to room temperature can 

thus be either beneficia! or detrimental for composite strength and/or toughness. As a first 

approach the difference in the thermal expansion coefficients of the matrix <Xrn and the fiber 

<Xf should be selected as low as possible. 

For unidirectional fiber reinforeed composites, the matrix is in compression when ar> <Xm 

[K-I] in axial direction, whereas in radial direction the matrix is in compression when ar< 

<Xm- For strong, tough ceramics hence generally: 

[7.1] 

to put the matrix in compression in axial direction and to make residual thermal stresses 

smal!. 

Fiber-matrix interface 

The interface between the fiber and matrix plays a key role in the properties of the CMC. To 

allow crack bridging by the fibers, debonding at the fiber-matrix interface must occur in 

preferenee to fiber failure at the matrix crack front. 
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The sliding resistance or shear strength at the interface 'ti plays an important ro1e in 

governing the rate of load transfer from the fiber to the matrix. A large 'ti enhances load 

transfer, but when fiber and matrix are too well bonded, the load is carried into the matrix 

and brittie failure occurs at failure stress. On the other hand, if 'ti is small, toughness is 

promoted since the crack deflects along the interface. Debonding is further enhanced when a 

residual tensile stress acts on the interface after cooling. The extent of the tensile stress is 

determined by the friction coefficient and morphology of the debonded interface. A weak 

interface hence provides crack deflection and fiber pull-out. Yet, if the interface is too weak, 

no load can be transferred. 

Obviously, the interface properties are very important and determine composite behaviour. 

To avoid too strong bonding between fiber and matrix, generally a soft carbon or boron 

nitride interfácial coating is applied onto the fibers before infiltration with the matrix. This 

coating is between 0.1 and 1 j..tm thick and can be applied deliberately through decomposition 

of a hydrocarbon gas at high temperature, or through conversion of the organic sizing that is 

present on the as-received filaments in an argon gas flow at high temperature6. 

The coating acts forthermore as a diffusion harrier to proteet the fiber from chemica! 

reactions with the matrix, or the gaseous CVI environment during infiltration and protects the 

brittie fiber against notch effects arising from matrix cracking if the CMC is under stress. Not 

only toughness, but also ultimate strength is affected by the presence of this coating. 

TGFCVI Nicalon reinforeed SiC showed a RT flexural strength of 90 MPa without and 380 

MPa with a carbon interfacial coating?, which corresponds with an increase of strength with a 

factor 4.2. 

A drawback of this carbon or boron nitride interface is its poor high temperature stability in 

oxidising atmosphere. Degradation of the flexural strength at 1273 K for 70 hours in flowing 

oxygen is even observed to lower the strength to values below that of the composite without 

the carbon interface. However, its toughness is retained which is demonstrated by the 

observation of fiber pullout at the fracture surface. The carbon interface has been oxidised 

away and leaves a gap between the fiber and matrix giving it its tough behaviour. However, 

load transfer can not take place reducing the strength of the composite materiaL 

The general solution to this oxidation problem is to apply an overcoat of CVD SiC to cover 

any exposed carbon. Clearly, this will notworkif the coating cracks from either thermal or 

mechanica! stresses. Also a glassy (SiOz) topcoat can be applied that -when exposed to high 

temperatures- will forma molten film that fills the cracks and can -for a limited time- proteet 

the inner composite for oxidation. 
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Toughness 

Four different measurements of toughness i.e. the resistance for crack propagation, have been 

used commonly in the development and characterisation of CMC's8. These are: the workof 

fracture, WoF, the critica! rate of release of straîn energy, Grc, a notional value of Krc 

usually referred to as KQ and a variety of impact energy measurements. 

All these methods merely give an order of magnitude of toughness and can only be applied 

for comparison of toughness between very similar samples. They are no absolute measures of 

the fracture toughness as a macro- or microstructural material property. Moreover, it can be 

doubted if the fracture toughness of a composite material is a material property, such as it is 

for purely brittie materials16. 

The use of one of the toughness definitions for sake of comparison must even be performed 

with utmost care. Toughness values can be affected by the size of the test specimen, its 

geometry, fiber architecture and fiber direction, direction of loading and the test volume 

under stress during the mechanica! test. 

Yet, in this work a "toughness" definition was used and was applied only for relative 

purposes. 

The workof fracture WoF [J.m-2] is most easily applied. lts value is obtained by measuring 

the work done in fracturing a specimen in flexure and division by twice the cross sectional 

area of the specimen. 

WoF = - 1
-JFdS 

2bh 
[7.2] 

with bis the width of the specimen [m], h .is the height of the specimen [m] and J FdS is the 

area under the force (F [N])- displacement (S [m]) curve[J]. 

Composite strength 

When observing a typical stress-strain plot of a CMC material, several mechanisms can be 

distinguished. In the first stage linear elastic behaviour is established. Fiber and matrix are 

both intact. In a second stage the fibers in the composite still carry the load, although the 

matrix is cracked. Plastic deformation occurs. After failure viz. fiber fracture at ultimate 

stress, the stress decreases relatively slowly with increasing strain: fiber pullout occurs. 

Modelling of mechanica! behaviour of cerarnics is complicated and is mainly limited to the 

linear elastic region. 

For the linear elastic region, the composite strengthOe [Mpa] can be defined as8: 

[7.3] 
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where V f,m and O"f,m [MPa] are the volume fraction of fiber and matrix and strengthof fiber 

and matrix respectively. Increase of the strengthof a ceramic material can be gained through 

the introduetion of strong fibers that are able to bear the entire composite load after matrix 

failure. This is only gained as the incorporated fiber content is sufficiently high i.e. V riV m 

should thus be large. Hence: 

crrVr > O"mu Vm +crru Vr [7.4] 

where crru is the stress on the fibers at matrix failure. 

The strength of the composite, fiber and matrix is given by the law of Hooke and can be 

approximated by: 

O"c,f,m = Ec,f,m Ec,f,m [7.5] 

with E [MPa] repcesenting the Young's modulus and € H the strain ofthe constituent. 

Design strength 

In a ceramic material where typically the ultimate strain of the matrix is smaller than that of 

the fiber i.e. Eum < Euf (see table 7.1), failure begins through multiple microcracking of the 

matrix. In CVI produced CMC materials, matrix cracking generally occurs at 20% of the 

ultimate stress in case of flexure and at 40% in case of tensile testing. Matrix microcracking 

might impose a significant limitation on the engineering use of ceramic composites through 

its effect on fatigue life and on strength at high temperature8. Cracks in the matrix provide 

gas paths for oxygen to reach the interfacial coating. Therefore, a fatigued specimen can fail 

in a catastrophic way due to penetration of matrix cracking. 

Por design purposes this first matrix cracking stress level is often used ( or another arbitrary 

value at which oxidation resistance of the composite is still within tolerabie limits). Por 

widespread application it is thus of interest to suppress the level of first matrix cracking and 

to develop oxidation resistant interfacial coatings. 

This design stress 0"~ [MPa] is deflned as8: 

0" = c [7.6] 

where Em and Ef [MPa] are the matrix and flber modulus respectively, V fis the fiber fraction 

in the composite [vol. fraction] and e'm [-J is the strain of the matrix at matrix cracking. 
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Aveston, Cooper and KellylO derived that the matrix strain at matrix failure e'm[-] is given 

by: 

[7.7] 

with 'ti [Pa] is the interfacial shear strength, Ym is the fracture surface energy [N.m-1], Tf is the 

fiber radius [m] and Ec is the axial Young's modulus of the composite [Pa]. 

Through increase of V f, EffEm, 'ti or by decrease of Tf, matrix microcracking is delayed. Also, 

by selecting Uf > am, the matrix is put in compression axially which also enhances the design 

strength since it creates an increase in matrix cracking stress on loading. The fiber shrinks 

away from the matrix radially decreasing the interfacial shear or bond strength 'ti which again 

retards matrix failure. As such, there is thus an optimum in the interfacial bond strength. 

Thennal stresses 

Stresses can be introduced into the composite structure as it is cooled from CVI (i.e. T dep 

[K]) toroom or other temperature of use (T use [KJ). As stated before, these stresses should be 

kept as low as possible. The magnitude of the stresses introduced during thermal cycling can 

be estimated using the following equations8: 

[7.8] 

i.e. the axial thermal stress in the matrix cr~ [MPa], and 

-Em V m(fïm- af)(Tdep- T use) 

1+ Vm(~; -1) 
[7.9] 

i.e. the axial and radial thermal stress in the fiber cr}h [MPa]. Uf longitidual is used in this 

equation for the calculation of the axial fiber stress and Uf transverse for radial fiber stress. 

Positive stresses indîcate tensile type and negative compressive type stresses. 

Clearly, when the thermal stresses exceed the maximumstrengthof the constituents fracture 

is inevitable. 
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7.1.3 Composite properties 

Several mechanica! and thermo-physical composite properties can be calculated in a good 

approximation with the aid of the rule of mixtures8. 

For the composite quantity Qc for unidirectionally reinforeed composites in longitudinal 

direction (similar as eq. 7.3): 

Qc QrVf+QmVm [7. 10] 

Where subscripts f and m denote fiber and matrix respectively. The quantity Q can be the E

modulus E, the composite strength cr, the thermal conductivity À, the skeletal or bulk density 

p, the coefficient of thermal expansion a., the heat capacity Cp or the Poisson ratio v. In the 

transverse direction, the exact equation is dependent on the quantity. 

In general these relations are approximations. A full description is beyond the scope of this 

thesis. 

7.2 Ex perimental details 

Strengthof the CVI composite materials was estimated using three point flexure tests in air at 

room temperature according to concept standard CEN!fC 184 dated 9/939. 

Four types of fiber reinforeed SiC matrix composites were tested. The raw preforms were 

densified according to the Isothermal or Thermal Gradient FCVI infiltration procedure under 

conditions that are described in chapters 5 and 6. 

Bend bar samples were cut from both the IFCVI and the TGFCVI composites. 

Support span [mm] I 50.0 

Support roller diameter [mm] 6 

Sample width [mm] 10 

Sample height [mm] 3.2 

Sample length [mm] 60 

Crosshead speed [mm.min-1] 1.0 

Max. displacement [mm] 2.5 

Test temperature [K] 300 

Environment air 

Table 7.2. Nomina! 3 point flexural test conditions. 
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The IFCVI composite samples were discs of 80 mm diameter and about 3 mm thickness from 

which 4 bend bars were cut out of the middle section using the complete thickness. The 

TGFCVI samples (diameter 77 mm and thickness about 17 mm) were both cut from the 

width ( 4 bars) and the height ( 4 slices) of the discs into a total of 16 samples. 

The outer dimensions of each bar were measured with callipers at an accuracy ± 0.01 mm. 

The bars were ultrasonically cleanedinethanol for 15 minutes and dried for at least one night 

at 300 K. They were weighed on an analytica! balance and the bulk density of the bar was 

calculated. Thereafter, the relative density was determined using equation 5.7. 
The flexure test conditions of the bend bars are summarised in table 7.2. 

During the tests the force and displacement were logged with a personal computer. 

The composite strength values, Young's moduli and workof fracture values were calculated 

according to the following formula's9. 

The flexural E-modulus EF [MP a] of the composite was calculated according to: 

[7 .11] 

with T [N.mm-1] being the slope of the load-displacement curve in the linear part, b the width 

[mm], 1 the length [mm] and h the thickness or height ofthe sample [mm]. 

Ultimate 3 point flexural strength O'uF [MPa] of the composite was calculated according to: 

3Fl 
[7 .12] O'uF 

with F as the ultimate force [N]. 

The ultimate flexural strain êuF [%] of the composite sample was calculated from the ultimate 

displacement S [mm] at fracture and is given by: 

êuF [7 .13] 

The workof fracture WoF at flexure was calculated according to equation 7.2. 

Confidence interval 

The arithmetic mean x of the four bend bars was used in the data plots presented in the next 

sections. The error bar is indicative of the 95% confidence interval and is calculated byll: 
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x ±ta;2;n-l [7.14] 

with Sx as the standard deviation based u pon n-1, n is the number of samples (n=4) and t is 

the tabulated value at rt/2 (taken as 0.025) at n-1 degrees offreedom. 

7.3 Results and discussion 

Four types of FCVI composite samples -either carbon or silicon carbide reinforeed SiC CVT 

composites- were tested mechanically in flexure (see table 7.3). 

type fiber # filaments V f I interface! CVI # plies per # tows peri reinforce-

type pertow coating ! method bar axial bar lateral : ment 

I :Torayca 3000 3K 47.3 - IFCVI 20 4 3D± 90° 

11 j Thornel 1000 = lK 35.6 c TGFCVI 21 7 2D±30° 

III Thornel 3000= 3K 47.1 c TGFCVI 13 5 2D±30° 

IV Nicalon 500 = 0.5K 37.0 c TGFCVI 11 6 2D±30° 

Table 7.3. Types of FCVI SiC matrix composite flexure test bars. 

The results of the three point bending tests of these samples are summarised in table 7.4. 

These results represent the overall average of all samples without taking notice of the density 

gradients within the samples and variatien of infiltration conditions which have been varied 

for type I (IFCVI) and type IV (TGFCVI) ·samples. lt is noted that flexure strength values 

across the width of the specimens can vary as much as 500% from top to bottorn si de. 

type 

I 

II 

III 

IV 

67±4 

234± 59 

165 ± 29 

340± 18 

0.46 ±0.05 

4.80±2.00 84± 11 

4.49 ± 1.40 57±9 

5.62± 0.62 190 ± 14 

-600 9.72. 102 

-350 9.72. 1Q2 

85,29()# 2.68. 102 

rad crth 
f 

MPa] 

5.73. 1Q2 

5.73. 102 

2.68. 102 

Table 7.4. Results of the 3-point flexure tests at RT in air. 
For calculations of crth: Tdep type I= 1273 K, Tdep type II, III, IV= 1473 K, Tuse = 298 K, 
Vf = 0.5; nis number ofbend bars.#: 2 composites i.e. 1 with 85 and 1 with 290 nm carbon. 
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The calculated thermal stresses in matrix and fiber (eqs. 7.8 and 7.9) which are introduced 

when the composites are cooled from FCVI processing (see figure captions) to room 

temperature arealso indicated in table 7.4. 

Typkal stress-strain diagrams of each of the 4 types of composite materials are presented in 

figure 7.5. 
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Figure 7.5. Typical stress-strain diagrams ofthe four types ofFCVI composite materials at three point flexure. 
Type I, 11, lil carbon reinforeed SiC, Type IV Nicalon reinforeed SiC. 

Effect of infiltration and preform conditions 

It was anticipated that changes in FCVI process conditions and raw preform microstructure, 

could alter the mechanica! behaviour of the CMC. The variation in infiltration conditions 

might effect: 

the total porosity of the CMC 

the matrix porosity 
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the matrix composition 

the filling of the fiber tows with matrix material 

the interfacial condition 

Forcedflow Chemica/ Vapour lnfiltration 

the fiber condition due to attack of CVI gases, or due to long term exposure at high 

temperature. 

All these changes can have an effect on the physical properties of the composite such as the 

thermal expansion coefficient andlor mechanica! composite properties such as for instanee 

Young's modulus. 

Furthermore, microstructural changes of the raw preform rnight effect the resistance to crack 

initiation, propagation and strength. These microstructural changes in the diverse directions 

are: 

• the fiber material 

• the total fiber content 

the fiber arrangement and alignment of pores 

the fiber orientation 

the number of filaments andlor fiber tows in direction of the applied load 

the preserree of interfacial coatings. 

Not all of these process and microstructural conditions were investigated in this study. 

Moreover, the resolvement of the independent correlations is even impossible, since most of 

the parameters are interdependent. 

7.3.1 IFCVI sample evaluation 

Sample microstructure 

The type I preforms were rnanufactured by stacking of altemating unidirectional Torayca 3K 

fiber layers at a ± 90° rotation. The total of 20 fiber layers were woven together by a tow in 

the z direction. Eight batches of raw preform plates were prefixed through impregnation with 

a phenolic resin as described in section 5.2. The resin was converted to carbon through 

exposure at high temperature. After the pyrolysis, each plate was cut into 9 preform discs. 

Top view of the preform rnicrostructure is presented in figure 5.1. The tow in z direction was 

oriented in one direction only (either x or y). 

All samples were loaded with the 'z-tow' parallel to the direction of the support rollers 

whereas no surface treatment of the bars was applied. The coated face of the sample (gas 

inlet side) was positioned on top of the support rollers during the flexure test. 
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The IFCVI samples contained no deliberately applied interfacial coating. The main emphasis 

of this study was to determine the optimum infiltration conditions. The mechanica! properties 

of the IFCVI materials were of second order significance. 

Reproducibility 

First, the displacement of the test jig was measured and appeared to be negligible with 

respect to that of the samples. 

ex .no Pb rel[%] O'uF [MPa] EuF [%] WoF [kJ.m-2] Ep [GPa] 

33 74.6± 1.0 55.6± 17.0 0.10±0.02 0.35 ± 0.1 57.2± 17.7 

35 73.7 ± 2.3 80.3 ± 59.6 0.11 ±0.06 0.58 ± 1.0 75.1 ± 14.3 

50 72.9±3.6 64.2±34.5 0.11 ±0.05 0.53 ± 0.5 57.3 ±26.0 

mean 73.7 ± 2.3 66.7± 37.0 0.1 63.2 ± 19.3 

Table 7.6. Reproducibility of IFCVI composites (for l exp. n=4). 
Error indicates 95% confidence level (eq. 7.14). 

The composites producedat the same IFCVI process conditions (table 5.4) i.e. numbers 33, 

35 and 50, were tested in flexure to estimate the varianee in mechanica! properties between 

three repeated infiltration runs. The results are presented in table 7.6. A typical load

displacement plot is presented in figure 7.5 (type 1). 

The load-displacement curves showed, that all samples failed completely brittie or 

demonstrated some lirnited signs of load carrying capability after fracture. 

The average mechanica! property values of the three experiments indicate following. The 

scatter in the mechanica! properties is relatively large i.e. from 31% in Young's modulus to 

108% in the workof fracture. Clearly, this large stochastic distribution of the data is due to 

the brittie fracture mode. 

Mechanica[ behaviour 

Next, correlations were tried to be established between the IFCVI process conditions or raw 

preform rnicrostructure and the mechanica! composite properties. 

Unfortunately, almost all of the process variations are interconnected. An increase of the 

infiltration temperature will have an effect on both the infiltration time and the relative 

composite density. In fact, the exact evaluation of trends should be performed using multi

response curve fitting. As such, the independent correlations should either be known or only 

an empirica! relation can be derived. 
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Since the samples all failed in the brittie failure mode this appeared not to be a worthwhile 

exercise. Moreover, the number of samples was lirnited and should be in the order of at least 

25 samples per individual infiltration condition to get any reliable information12. 

It was thus concluded that variation of process condition and/or fiber content has no 

distinguishable effect on the mechanica! composite properties within the range studied. 

Preform variations 

Infiltration temperature 

Outlet pressure 

MTS fraction in the input gas 

Total gas flow rate 

Infiltration time 

Resin impregnation batch 

Fiber content 

Relative composite density 

Mechanica! property 

Ultimate flexure strength 

Young's modulus 

Ultimate strain at failure 

Table 7.7. Possible correlations between preform variations and mechanica! properties ofiFCVI composites. 

Mechanica[ properties versus preform variations; type I 

The only effect that was significant was the effect of the relative bulk density on the flexural 

strengthof the Torayca reinforeed SiC composite (figure 7.9A). It is noted that the strength 

of a raw preform could not be measured. The material behaved completely elastically and 

could not be broken by bending. 

The increase of strength is most likely caused by the increase of the matrix content in the 

structure. So an increase of relative density from 40-70% will result in an increase of flexure 

strengthof roughly a factor 4. 

Also, the batch number of prefixing did not influence ultirnate flexure strength of the CMC. 

However, after categorising the load-displacement curves of the IFCVI matcrials into three 

categories, an effect of the prefixing batch was observed. This is demonstrated in figure 7.8B. 

The categories were: 

category l: the load decreases rapidly (i.e. within 2 s.) to less then 25% of the ultimate 

load value 

• category 2: after ultimate load is reached, the load drops to 25-50% of its ultimate value 

• category 3: after ultimate load is reached, the load drops to a levellarger than 50% of its 

ultimate value. 

The load-displacement curves of the 3 categodes are visualised schematically in figure 7 .8A. 
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Hence, it is assumed that material of category 3 is most "tough", since fiber failure is least 

catastrophic. 

As appeared, batch numbers a-d have resulted in CMC's of most brittie mechanica} 

behaviour. In addition, composites from the batches f-h are more "ductile". However, the 

number of preforms from the latter is lower than from the former amount of batches. 

displacement [mm] ~ 

Figure 7 .8A. Typicalload-displacement plot 
for three categodes 
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Figure 7.8B. The number of specimens from one 
category versus batch number. 

A possible explanation of these results might be found in the pre-fixing procedure. This will 

be discussed in more detailinsection 7.3.2. 

7.3.2 IFCVI sample fractography 

Composition of the SiC CVI matrix 

Insection 5.4.1. and 5.4.3. the results were presentedof EPMA analysis of the deposited SiC 

matrices as a function of infiltration temperature. It was concluded that the SiC matrix was 

stoichiometrie crysta!line ~-SiC and contained no oxygen. Matrix composition did not alter 

with temperature. SiC deposited at high gas flow rates contained free silicon. 

Fractography 

Optical light microscopy observations of the fracture surfaces of the flexure test samples 

indicated that the cracks were initiated and propagated at the location of relatively large 

concentration and alignment of large pores. This is the location were the tow in the z-
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direction is stitched to hold the fiber cloth layers together (figure 5.1 ). Such a crack path was 

observed in all 120 samples. 

SEM observations of the fracture surface showed no signs of fiber pullout effects. The 

fracture surface was relatively flat. The fiber and matrix adhere wel1 and no interfacial 

coating nor a gap in between was observed. Yet, big particles -with an average size of 30-50 

Jlm- were noticed onsome of the fiber tows (figure 7.9B). 
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Figure 7.9A. The flexural strength versus relative 
composite density 

80 

Figure 7.9B. SEM photograph of the particles 
present on a fiber tow. 

They were specifical1y present -in large amounts- at the samples that had relatively low 

flexural strength. In one of the composite disc (IFCVI experiment number 28), two of the 

four bend bars had a flexural strength of 60 and two bend bars of 100 MPa. It appeared that 

the particles were present in large quantities in the sample bars of low strength whereas they 

were absent in the two bars of relatively high strength. 

It was anticipated that these particles were caused by the prefixing of the raw preform with 

the phenolic resin. This was checked by the inspeetion of raw preforms. Loca11y smal1 

dropiets of 2-6 Jlm were present on the tows. Poor wetting capabilities of the resin with the 

carbon fiber could have created small resin dropiets that carbonise to carbon particles at high 

temperature. These carbon particles probably form an excellent nucleation site on which SiC 

deposition is enhanced. The coated particles of approximately 20-60 Jlm can retard the 

infiltration of the fiber tows or may even completely seal the tow and prevent the gas to 

diffuse into it (figure 5.17). Moreover, the big particles adhere well, are hard and make the 

fiber tow surface very rough. Fiber sliding and pullout is thus severely hindered. Obviously, 

these effects can be rather detrimental for the mechanica! properties of the composite. 
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Carbon residue was also found at the fiber tow inter-crossings where two unidirectional fiber 

tows were glued together. 

7.3.3 TGFCVI sample evaluation 

Sample microstructure 

Three types of prefarms were manufactured by stacking of alternating plain weave cloth 

layers at a ± 30° rotation. A tot al of 110 layers of Thornel 1 K for type 11, 70 cloth 1ayers of 

Thornel 3K for type III and 58 cloth layers of Nicalon 0.5 K fiber for type IV were stacked 

upon each other. The stacks were infiltrated using the TGFCVI technique at a constant hot 

face temperature of 1473 K and variabie cold face temperature with a SiC matrix and cut into 

16 bend bars. The bend bars were not ground or polished. The sawn surface of the TGFCVI 

samples was facing the support rollers during the flexure test. 

Reproducibility 

Again, the displacement of the test jig was negligible with respect to that of the TGFCVI 

samples. The bend bars produced at the same TGFCVI process conditions e.g. experiments 

number 450 and 451 were tested in flexure to estimate the varianee in mechanica! properties 

between two repeated infiltration runs. The results are presented in table 7.1 0. 

Sample number 450 was applied with an interfacial carbon coating of 85 nm thiçkness and 

sample 451 with 290 nm carbon (see also table 7.4). No large differences were found in the 

properties of both samples. 

WoF [kJ.m-

5.25 ±0.9 181±21 

5.99 ± 0.9 199 ± 19 

341 ± 27 0.19 ± 0.02 5.62 ± 0.9 190 ± 20 

Table 7.10 Reproducibility ofTGFCVI composites (n=16 per experiment). 

The average values of the two experiments indicated following. The scatter in the mechanica! 

properties varled from 8% in ultimate flexure strength toa maximum of 16% in the workof 

fracture. All types of samples demonstrated a tough behaviour. The load-displacement curves 

showed that all TGFCVI samples failed due to e1astic and plastic effects. Typica1 1oad

displacement plots are presented in figure 7.5 (types II, III and IV). 
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Mechanica/ behaviour 

Next, correlations were tried to be resolved between the TGFCVI process conditions and 

fiber type or content and the mechanica! composite properties according to table 7 .11. 

Preform variations 

Cold face temperature 

Fibertype 

Fiber content 

Relative composite density 

Mechanica! property 

Ultimate flexure strength 

Young's modulus 

Ultimate strain at failure 

W ork of fracture 

Table 7.11. Possible correlations between preform variations and mechanica! properties of TGFCVI composites. 

Again, almost all of the process variations are interconnected. The fiber content was varied 

through alteration of the fiber type. For instanee the fiber content also influences the 

composite density. 

Axial density gradients and fiber type effects on mechanica[ behaviour; type 11, IJl and IV 

The mechanica! properties were plotted versus the preform variations as indicated in table 

7 .11. The average of the mechanica! properties of the four bend bars -cut out of one TGFCVI 

composite slice- were plotted versus position in axial direction for all of the three types of 

samples. The results are presented in figures 7.12A and B. Slice number 1 corresponds with 

the hot face, whereas axial layer 4 has been located at the cold face during TGFCVI 

densification. 

type IV 

Figure 7.12A. TGFCVI composite density in axial 
direction. 

type III 111 type IV 

2 
axiallayer 

Figure 7. 12B. TGFCVI composite flexural strength 
in axial direction. 
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Each column corresponds with the mean of the 4 test bars for type 11 and III and with 8 test 

bars for type IV composites. The error is calculated according to equation 7 .14. 

For the parts of type II and lil, the flexure strength decreases in axial direction with 

composite density. This correlation is less significant for theE-modulus (figure 7.13A). For 

composites of type IV, i.e. Nicalon reinforeed SiC, the third axiallayer has best mechanica! 

properties and also exhibits largest strain to failure as is demonstrated by the large value of 

the WoF (figure 7.13B). 

type lil • typeiV type 11 
260+---~----~--~----+ 

«i' 220 
1-l.. 
Q 180 

Figure 7.13A. TGFCVI composite E-modulus in axial 
direction. 

type III • type IV 

Figure 7 .13B. TGFCVI composite work of fracture 
in axial direction. 

Clearly, larger composite density results in larger strength. This effect is more clearly 

demonstrated in figure 7 .14, where the flexure strength is plotted versus relative bulk 

composite density. 

From figure 7.14 it can be concluded that a large effect on the strength of the sample is its 

relative bulk composite density i.e. the composite porosity. There appears to be no large 

significant difference in flexure strength between type 11 and IV composite samples (i.e. 

respectively 1 K carbon and 0.5 K SiC fiber reinforeed SiC). 

As such, within this range of test conditions, there is no strong correlation of the fiber 

material with the CMC flexure strength even though the mechanical properties of carbon and 

Nicalon fiber differ (table 7 .I). 

However, the type III CMC (3K carbon fiber reinforced) has a lower strength than type 11 and 

IV. Flexure strengtbs of composites type 11 and IV are roughly 2 times as high as type III at 

the same density. Not only flexure strength is lowest, but also WoF and E-moduli. 



194 Forcedflaw Chemica[ Vapour lnfiltration 

450 
0 typen 
D typeill 

~ 350 te. type IV 

6 
..:::: ...... 
Cl) 
c 250 !!:! 
tij 

!!:! 
;:l 

150 K 
<U 

r;:: 

50 
58 62 66 70 74 78 82 86 90 

relative bulk density [vol.%] 

Figure 7 .14. Flexural strength versus relative bulk density of four axial TGFCVI slices and 3 types of SiC 
matrix composite. 

Axial density gradients and coldface temperature effects on mechanica[ behaviour; type IV 

Similar plots were made for the samples that were infiltrated at three different cold face 

temperatures. The temperature of the hot face was the same for all samples i.e. 1473 K. Each 

column corresponds with the mean of the 4 test bars for the cold face temperature of 916 and 

1183 K and with 8 test bars for the cold face temperature of 1043 K. The error bar is 

calculatèd according to equation 7.14. The results are presented in figures 7.15A and Band 

7.16A and B. 
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Figure 7 .15A. TGFCVI composite density versus 
cold face temperature. 

<;i' 
~ 

6 
~ 
c: 
~ 
"' <U ..... 
;:l 
K 
<U 

ti: 

Figure 7.l5B. TGFCVI composite flexural strength 
versus cold face temperature. 
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The samples prepared at the cold face temperature of 1183 K do clearly have the Iowest 

density and are due to the relatively short infiltration duration (see chapter 6). Moreover, all 

the mechanica! properties (flexure strength, E-modulus and WoF) are lowest for this type of 

TGFCVI composite. 
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Figure 7.16A. TGFCVI composite E-modulus versus 
cold face temperature. 
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Figure 7.16B. TGFCVI composite work offracture 
versus cold face temperature. 

The preforms densified at lower cold face temperatures (viz. 916 and 1043 K) have similar 

density and mechanica! behaviour with the exception of the WoF (figure 7.16B). Here, the 

sample of Iowest cold face temperature has 1argest "toughness". The slices denoted by 

number 1, have all been infiltrated at approximately 1473 K (i.e. the constant hot face 

temperature) so that thermal stresses at this axial position of the samples shou1d roughly be 

similar. The variatien in WoF between 916 and 1043 K could neither be explained in terms 

of strength nor density. The most likely reason for the high WoF at 916 K should be the 

consequence of the interfacial condition. The pyrocarbon interfacial coating thickness was 

175 nm for 916 K, 85 and 290 nm for 1043 K (viz. 2 samples) and 115 nm for the 1183 K 

sample. An optimum in interfacial coating thickness was reported in literature2 to lie around 

150-200 nm. This value yields an optimum interfacial fiber-matrix frictional stress and 

corresponds fairly good with the largest WoF of the 916 K sample. 

Clearly, in general the most dominating effect of the co1d face temperature on the mechanica! 

properties is the density of the sample bar. Hence, increase of the matrix content in the CMC 

results in an increase of composite flexure strength. In figure 7.17 the flexural strength is 

plotted versus the relative composite density. 

The result of figure 7.17 was fitted with a linear equation with a correlation coefficient of 

0.959. The slope of this linear fit divided by the standard deviation of the slope equals 
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8.596/0.982 and is thus 8.754. The corresponding t-value at a 95% level of significanee and 

for n-1=11 (i.e. ta/2;n-Ü equals 2.201. This slopeis thus significant, since 8.754 > 2.201 

assuming a normal distri bution of the data. 
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Figure 7.17. Flexure strength versus relative bulk density of TGFCVI type IV composites densified at 
different cold face temperatures. 

Extrapolation of the linear fit of figure 7.17 indicates that a completely den se CVI composite 

could reach flexure strengthof 550 ± 50 MPa. 

Theoretically 100% dense composites can not be reached using the FCVI technique as is 

mentioned in chapter 6, section 6.4.1. A 95% dense Nicalon reinforeed SiC could thus 

maximal reach flexural strength of approximately 500 MPa. This value is close to the four 

point flexure strength of monolithic ~-SiC prepared by the CVD metbod as mentioned in 

sec ti on 7 .l.I. 

7.3.4 TGFCVI sample fractography 

Composition of the SiC CV! matrix 

Insection 6.4. the results were presentedof XRD analysis of the deposited SiC matrices as a 

function of infiltration temperature. It was concluded that the SiC matrix was crystalline ~

SiC and did notalter with temperature. 
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Fractography 

Optical microscopie observation of the bend bar fracture surfaces indicated that the cracks 

were initiated at the location of applied maximum load. Figure 7.18A demonstrates such a 

crack path. 

Also, fiber pullout was observed at all of the fracture surfaces (figure 7.18B). 

Pi gure 7 .18A. Optica] microscopie photograph of crack 
location of a TGFCVI type IV sample. 
Arrow indicates crack path. 

Figure 7.18B. SEM photograph of a fracture 
surface of a TGFCVI type IV 
sample. 

Optica! microscopie observation of the fractured specimens indicated that they had failed at 

the tensile side. The crack serrated along the fiber tows due to the influence of the inter-layer 

voids. The crack is strongly deflected and creates a rather large process zone. 

SEM observation revealed that the carbon interfacial coating that was applied prior to the 

infiltration of SiC, detached from the fiber -either Thornel or Nicalon- during cracking. It 

remained present at the matrix. The fiber-carbon coating interface is weaker than the carbon 

coating-matrix interface. The SiC matrix was observed to grow in long equiaxial grains. The 

top view of a coated surface had a nodular morphology. 

The fracture surfaces of samples type II and IV are very similar, whereas in the fracture 

surface of type UI more pullout (i.e. longer fiber length) was observed. 

Axial density gradients and fiber type effects on mechanica[ behaviour; type II, lil and IV 

Flexure strengtbs of type II and IV composites are roughly 2 times as high as type III at the 

same relative composite density. 

The fiber content of type UI is 1.3 times as high as compared with the two other TGFCVI 

composite types by which a better load carrying capability would be expected in the first 

instanee (eq. 7.4). 
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Yet, the loaded cross sectional area of a type III composite contains on1y 13 layers of 5 tows 

i.e. 65 fiber tows, whereas type 11 and IV contain respectively 21•7=147 and l1•6=66 fiber 

tows (table 7.3). The latter type composite is made of Nicalon fibers. Furthermore, type lli 

contains fiber tows of relatively large size. Consequently between the tows, pores are large 

since fiber tow packing is less dense. This creates a crack path of short length and of lower 

resistance as compared with a type II composite. Small pore size samples such as type IV that 

is made from 0.5 K fiber tows will hence have a larger cracking {or process) zone and can 

carry more load. Mechanica! behaviour of these FCVI composites is thus most severely 

affected by the fiber tow packing and tow number in the direction of the load and to a lesser 

ex tent by the number of filarnents. 

Axial density gradients and cold face temperature effects on mechanica! behaviour; type IV 

All composites showed similar fracture behaviour with the exception of the samples densified 

at a cold face temperature of 1183 K. These latter samples failed at a position in between the 

upper roller and support roller of the bending beam. Delamination of the cloth layers was 

observed at 50% of the bend bar samples. The infiltration conditions have been such, that the 

porosity in between the cloth layers was not filled with SiC material {chapter 6). 

This delarnination obviously reduces the stiffness of the bend bar and results in a low 

strength. 

7.4 General discussion 

It was not the principal objective to study and optimise the mechanica! behaviour of the CVI 

ceramic composite materials, since the research of this project has been focused primarily on 

the technology of the CVI process. 

Nevertheless, the mechanica! results of the CVI rnaterials that were manufactured are in good 

agreement with literature datal4. 2D Nicalon reinforeed SiC matrix CVI composites -as 

reported in literature- generally have bending strengtbs up toa maximum of 500 MPa at RT 

in air8. The tensile strengthof these CVI composites is approximately 180 MPa at RT and is 

of similar magnitude at 1300 K. The average fracture toughness value8 expressed as K1c lies 

generally between 10 and 30 MPa.m0.5 at RT. The value of the Weibull modulus was 

reported to be 14, which is a high value for SiC cerarnics8. 

The mechanica! behaviour of TCVI and FCVI prepared material is roughly the sarne. The 

fiber orientation within the composite is of larger influence on the composite properties in the 

diverse directions. 
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In this work, reliable ceramics with a tough fracture behaviour has been demonstrated to be 

feasible. Not only for the TGFCVI material, but also for IFCVI prepared composites, 

although the latter was gained outside the frameworkof this study. 

Therefore, it was proved that the CVI method is a good technique for the preparation of 

ceramic material with tough fracture characteristics. 

7.4.11FCVI composite properties in flexure 

The mechanica! properties of the preforms densified by the IFCVI technique appeared to be 

relatively poor. All samples showed only limited toughness as indicated in the load

displacement plots. The reasons for their brittie fracture behaviour and their low flexural 

strength could be following: 

• (Relative) composite density is low (viz. 70%) 

• The preform preflxing procedure with pyrolysed resin has caused sealed porosity (figure 

5.18) in the fiber bundies 

The preform prefixing procedure with pyrolysed resin negatively affects interfacial 

properties since graphite partiele residues act as nucleation sites for further SiC growth. 

Hard SiC particles prevent sliding of the tows and can create crack notches into other 

fibers 

A smooth and soft interfacial coating is absent between fiber and matrix 

The tow in the z-direction creates a path of aligned, relatively large pores through which 

cracks can easily propagate 

• Tbermal matrix stresses are introduced during cooling from infiltration temperature to 

room temperature i.e. 700 MPa (table 7.4) 

• Cracks introduced in the SiC coating on the gas inlet side of the composite sample during 

cutting into bend bars, can easily introduce crack notches into the composite materiai13. 

This last reason is due to handling of the material and is no intrinsic material property. 

All these effects combined can degrade the mechanica! behaviour of the material. Literature 

results indicated that the effect of an interfacial coating alone can not only increase toughness 

of the material, but also increase the ultimate flexure strength 7 with a factor 4.2. Application 

of such a carbon interface could alone increase ultimate flexure strength to 280 MPa. 

Also, the absence of the hard SiC particles can increase flexural strength with a factor of 

approximately 1.5. 
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7.4.2 TGFCVI composite properties in flexure 

All TGFCVI samples failed in a non-brittie manner. The Thornel carbon fiber samples had 

lower flexure strength values as compared with Nicalon reinforeed SiC composites. This is 

mainly affected by the lower composite porosity of the Nicalon samples. Also, thermal 

stresses in the material are lower. On the other hand, the mechanical properties of the Nicalon 

fiber are lower than those of the carbon fibers. 

The fiber architecture plays an important role in the mechanica! behaviour of the CMC, viz. 

the number of tows or filarnents in the crack plane. Flexure strength is predominantly 

affected by the relative composite density. Within the range of densities studied, the flexure 

strength is -in a good approximation- a linear function of the relative composite density. 

7.5 Conclusions and recommendations 

In this chapter the mechanical behaviour of IFCVI and TGFCVI SiC matrix composites was 

described. lt was tried to resolve correlations between process and preform microstructure 

and the mechanical properties. 

For the Torayca carbon fiber reinforeed SiC IFCVI composites no correlations could be 

derived. This is mainly due tobrittie fracture behaviour, the relatively large scatter of the data 

and the small sample size (n=4). Average three point flexure strength of the Cc/SiCm 

composite was 67 ± 4 MPa at a faiture strain of 0.11 % and a relative bulk density of 70 %. It 

is discussed that this relatively low ultirnate flexure strength and brittie behaviour could be 

due to many reasons. Yet, the absence óf a soft interfacial coating at the fiber-matrix 

interface and the presence of rough, hard SiC particles instead are assumed to be the most 

important. 

On the other hand, the TGFCVI SiC matrix composites showed various signs of energy 

absorbing mechanisms such as matrix cracking, fiber sliding, crack deflection and fiber 

pullout Average three point flexure strengthof a Thornel IK fiber reinforeed SiC composite 

was 234±59 MPa at a failure strain of 0.28 % and a relative bulk density of 70 %. The 

Nicalon reinforeed SiC composites had largest flexural strengthof 340±18 MPa at a failure 

strain of 0.18 % and a relative bulk density of 82 %, but reaches 400 MPa for a 88% dense 

CMC. Average three point flexure strengthof a Thornel3K fiber reinforeed SiC composite 

was 165±29 MPa at a failure strain of 0.29% and a relative bulk density of 74 %. 

The relative large WoF values of the TGFCVI composites compared to the IFCVI samples 

-as prepared in this study- and the lower varianee of the farmer, combined with the more 
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ductile behaviour as demonstraled by the load-displacement plots, make the TGFCVI sam

ples a better material with respect to reliability and load carrying capability. 

After initiation of a crack in the material, it will first propagate around the fiber tows. 

Strength is therefore severely affected by the pore space and pore alignment in the direction 

of the applied load. The number of cloth layers at the crack front is deterrnining the resistance 

for crack propagation. After matrix failure, the fibers are pulled out of the matrix and crack 

eventually when strain keeps increasing. The flexural strength of the composite can be 

described by a linear increasing function of the relative composite density between 

approximately 60-90% of the ideal density. 

The load-displacement plot combined with fractography gives some insight in the 

"toughness" of the material. 

Application of CMC components 

For the correlation and optirnisation of process conditions and mechanica! properties of a 

cerarnic composite, 3-point flexure testing and fractography are important tools. This 

procedure was applied in this chapter for the evaluation and comparison of FCVI composites. 

lt is noted that comparison of meéhanical property data obtained from different mechanica! 

testing methods or procedures is difficult or even impossible. The number of mechanically 

tested samples is also determining the reliability of the mechanica! test values. Stan

dardisation of testing methods is therefore of utmost importance. 

For the implementation of CMC materials in real structural applications, another approach is 

recommended. Simulation of composite material behaviour of complex composite 

component shapes and stress environment, requires the use of a mechanica! fracture model. 

This model should account for ID, 2D and 3D stress distributions in the material component 

in terms of intrinsic material properties and should obviously not be limited to the modeHing 

of linear elastical behaviourl5,16. Non-destruclive evaluation through techniques such as X

ray tomography for the determination of porosity in the CMC, ultrasonics or pulse-echo 

techniques for the deterrnination of delarnination in the composite and Eddy-current defect 

detection for the inspeetion of the surface and seal-coating are useful and should also be 

applied. 

Mechanica! testing is part of the validatien of a material concept i.e. model for structural 

applications. The big limitation today, is the lack of such a proper mechanica! model. 
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Chapter8 

FINAL DISCUSSION AND CONCLUSIONS 

8.1 Introduetion 

In this chapter the results as described in the previous chapters of this thesis are used to 

present some recommendations on further enhancement of the CVI and especially the FCVI 

technique. Firstly, the various CVI techniques are compared with the classical LPCVD 

metbod in terms of process conditions and mass transport principles (section 8.2). The 

optimum process and raw preform microstructure conditions for homogeneous and rapid 

infiltration are reviewed in section 8.3. 

In addition, the CVI technique is highlighted in a broader perspective and compared with the 

currently available alternative Ceramic Matrix Composite (CMC) preparation methods in 

section 8.4. The results presented are merely informative and summarise the primary 

differences. 

Nowadays, materials produced with the CVI technique are mainly used for aerospace 

applications where component temperatures can reach up to 2000 K. Fiber reinforeed SiC 

matrix materials are very suitable and have led to multiple applications such as roeket nozzle 

throats, re-entry shingles, thrust chambers, launcher exit cones, engine nozzle petals, com

bustors of space planes and other structural HT componentsl. 

In general, fiber reinforeed SiC matrix materials can be applied in a much larger field 

wherever high temperature strength and reliability or its porous rnicrostructure are required. 

Some of the beneficia! properties of CVI SiC matrix composites compared to monolithic 

ceramics reported in literature are: high thermal shock resistance2, high creep resistance3, 

high impact resistance4, high tensile strength5, high reliability as demonstrated by the non

catastrophic failure after matrix and fiber fracture and high 'toughness' 6-8, high fatigue 

resistance9 and high fire penetration resistancelO. 

A drawback of these composite materials is the presence of the poor oxidation resistant 

interfacial coating (C or BN), the degradation of fiber properties at high temperature (i.e. > 
1400 K) 11 and the stilllirnited availability of continuons fibers. 
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Implementation into lower-tech areas will require lower costs per CMC part (section 8.5). 

Such applications are burner tubes, heat exchanger panels, gas turbine heat shields, 

mechanica! seals, hot gas or liquid metal filters etc. 

Some recomrnendations on the reduction of preparation costs conclude this chapter and this 

thesisinsection 8.6. 

8.2 Comparison of CVI and CVD methods 

Growth conditions during CVD and CVI are summarised in table 8.1. In this table typical 

order of magnitude of process conditions and mass transport properties in CVD and CVI 

reactor systerns for SiC made from MTS and Hz are presented. 

Process Unit LPCVD12 ICVJ13 IFCVJI4 

condition 
forced around around through 

conveerion substrates substrates substrates 

Thot face, AT K, K.mrn-1 1000- 1700 1000 - 1200 1200- 1400 

PL k:Pa I0-2 101 IOI 10-1 - 1Q1 

Ft# sim lQ-1 101 I- 3 0.5-3 

XMTS mole fraction lQ-2-I0-1 0.05-0.2 0.05-0.2 

Go mole.m-2.s-1 to-7- lQl 10-4 lQ-4- lQ-3 

Dmulti m2.s-1 IQ-3.J01 lQ-3 I0-3 lQ-2 

Re - lQ-2- 102 lQÜ 1Q2 lQ-3 _ 10-2 

Pe - I0-1 103 # < I0-3 I0-3- lQ-2 

Dal - lQ-3.}03 # > lQ-1 lQ-3-Io-I 

Dali - i lQ-3- 1Q3 I lQ-4- lQ-2 lQ-5 10-4 

Table 8.1. Comparison of process conditions of CVD and CVI techniques. 
All proccsses are thcnnally activated. # gas velocity in pores is ncgligiblc. 
LPCVD, ICVI: drcactor = 0.08 m; IFCVI, TGFCVI: dprefonn = 0.08 m. 
According to CVD and CVI definitions of appendix l.C. and Vf = 40 vol%. 

TGFCVJ15 

i 
through 

i substrates 

! 1473, 27.5 

102 

0.5- 1 

0.05-0.2 

I0-3- lQ-2 

lQ-4 lQ-3 
i lQ-3- J0-2 

lQ-2 

lQ-5- 102 

I0-7 IQÜ 

This table is very useful for the characterisation and comparison of low pressure CVD and 

CVI processes and can aid in the prediction of scale-up effects. 
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8.3 Optimum process and microstructural conditloos for high density FCVI composites 

High bulk composite density can be achieved at optimum infiltration conditions. 

The study for optimum conditions is described in chapter 5 for the IFCVI process and in 

chapter 6 for the TGFCVI process. In general high densities can be obtained at kinetically 

controlled growth conditions, which implies: high total gas flow rate, low temperature, low 

outlet pressure and arbitrary MTS inlet fraction for a constant preform microstructure. Rapid 

infiltration does unfortunately not coincide with large density. The only process variabie that 

both increases composite density and reduces infiltration time is increase of total gas flow 

rate. Increase of total gas flow rate can only be beneficia! ho wever as long as the residence 

time of the gas in the preform structure is larger than the critica! reaction time of the gas to 

form the solid matrix materiaL 

However, even at optimum IFCVI conditions, maximum relative bulk density in this study 

was approximately 75 %. The TGFCVI processis capable of accomplishing larger composite 

densities up to 90 % through tailoring of the temperature gradient -and thus SiC growth rate

across the preform during densification. 

Clearly, the composite density is primarily dependent on the total mass of the matrix material 

that is allowed to deposit in the porous structure. This is in the first place affected by the 

overall growth rate in the structure and the infiltration time. The duration of the infiltration 

run is mainly influenced by the permeability of the raw preform and the growth rate of the 

matrix in the pore mouth. Secondly, the total mass deposited in the preform structure is 

dependent on the uniformity of the matrix deposition along the preform width. 

For both isothermal and thermal gradient FCVI, it is likely that an alternative way to gain 

composites of high density is by the adaptation of the microstructure of the raw preform. 

When the deposition conditions and thus growth rate is kept constant, the preform with the 

most permeable structure will have a much larger density after infiltration than the preform of 

high gas resistance, simply because infiltration time is largest for the former. 

The process sensitivity for the raw preform permeability is larger for IFCVI than for 

TGFCVI densification. This is caused by the fact that gas permeability is not constant at low 

absolute total pressure, but is reduced as a function of increasing total pressure. IFCVI is 

commonly performed at low outlet pressure -to maintain a high gas velocity through the 

pores to enhance deposition uniformity- whereas TGFCVI is performed at atmospheric outlet 

pressure. In this latter densification metbod the depletion of the precursor from the gas stream 

that flows through the preform width is compensated by an increase of temperature. 
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8.3.1 FCVI 

For IFCVI, the raw preform microstructure should obey the following constraints to enhance 

uniform pore filling: 

low total fiber content and large open pores in the tows 

no prefixing to prevent sealed porosity 

• high gas permeability which implies an open structure with large diameter pores 

• small prefonn thickness and/or high cross flow area 

• large pores in the vicinity of the small pores so that the gas can easily reach the latter in a 

short distance. 

In addition it will not always be possible to select the inost suitable prefonn structure for the 

infiltration process. lts application situation, especially under mechanica! stresses will put 

some constraints on its fiber contentand architecture and thus gas penneability. 

For mechanica! strength some additional -and mutual- constraints for the raw prefonn and 

CMCare: 

• large fiber content in the direction of the applied load 

• no closed porosity 

low interfacial shear stress through the application of a soft fiber coating 

• fiber and matrix material must be chemically and physically compatible 

high relative density 

• high fiber strength and E-modulus 

• no alignment of large pores in the direction of the load. 

It has been shown (chapter 7) that high composite density is important to gain high strength 

materiaL Therefore, some beneficia! changes during IFCVI preform densification are 

presented to gain composites of higher density (i.e.> 75%). The overall constraint is that the 

raw prefonn should always be sufficiently permeable for the precursor gases at the selected 

infiltration conditions for forced flow densification. Furthennore, the prefonn may not be too 

thick to avoid large non-uniformity of the deposition due to depletion effects. 

At first it was speculated that infiltration up to larger shut off pressure gradients could 

improve bulk density. As appeared in the study of chapter 5 (figure 5.21), this is not nec

essarily the case, since at pressure drops larger than 27 k:Pa no significant increase in density 

was observed. 

Some possible beneficia} changes in IFCVI infiltration conditions that either enhance the 

deposition uniformity or extend the infiltration time could be: 

• using forced convection not only in axial, but in radial direction as well 
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using a thermal gradient, so that at the gas inlet side -where precursor concentration is 

highest- a low temperature is present, whereas at the gas outlet side of the preform (low 

concentration) temperature is high; i.e. performance of TGFCVI 

the turning of the preform after some hours of infiltration so that gas flows the opposite 

way 

using forced convective flows in two ( or more) directions and change of flow direction 

every several minutes 

the use of a gas inlet coating screen to avoid obstruction of the pore mouth with lumps of 

matrix to be able to run the process longer16 

• the use of a mul ti stage process through step-wise alteration of the infiltration conditions: 

- after first increase of inlet pressure during infiltration, extension of the densification 

process in a second stage by lowering the pressure build up through reduction of the SiC 

growth rate on the front si de of the preform. 

- adding HCI or reuse the effluent gas when the injector pressure starts to increase to 

lower the pressure build up in a second stage and the SiC growth rateon the gas inlet side 

of the sample. 

- filling of the bundies in a first step at kinetically controlled conditions (ICVI step i.e. 

mass transport in the bundies is diffusive), whereafter the bigger pores are filled -in 

between the bundles- using forced convective controlled conditions (FCVI). 

Next, these different options are explained in more detail. 

Two directional jo reed flow 

It was observed that in case of experiments where gas leakage in the supporting ring of the 

preform disc occurred (due to cracks or poor sealing), the composite density was larger as 

compared with axial flow only. 

Many CMC component applications require tube shaped products, such as burner or heat 

exchanger tubes of hot gas candle filters. From a practical point of view, introduetion of a 

radial gas flow -especially fora tube shaped preform- is difficult. 

Thennal gradient 

This type of densification (chapter 6) yields larger absolute composite densities. The high 

inlet concentration of the precursor is counterbalanced by low temperature resulting in a 

more or less uniform growth rate throughout the preform width. Perfect tailoring of the 

thermal gradient as a function of preform thickness is essential. 

The principles of the thermal gradient process are similar to those of isothermal FCVI. The 

big advantage of this process compared to IFCVI is the fact that the thermal gradient allows 
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more or less uniform deposition across the preforrn width. A drawback is that cooling of one 

of the preform sides is difficult or even impossible for complex preforrn geometries. Also, 

power consumption of this technique is larger as compared with isotherrnal CVI since part of 

the heat is lost with the cooling fluid. 

Tuming the preform 

After infiltration up to a certain pressure drop, the preform can be cooled to room tem

perature and turned around so that gas flows through the preforrn in the opposite way. It will 

be clear that this is a very time consuming procedure and that thermal stresses can develop 

during cycling of the fibrous composite. 

Pulse flow in two directions 

A possibility might be the construction of the reactor where several valve systems can be 

opened and closed simultaneously so that the gas flow can be pulsed in the opposite direction 

after several minutes of infiltration. A problem is that the tubes where the gas is injected and 

extracted should be different tubes, since in cold parts of the outlet tubes, solicts or liquid 

polymers will be formed that can poison the high purity precursor gas and create a low purity 

matrix materiaL Clearly, this type of equipment will be expensive. 

Multi stage extended process 

Some infiltrated preforms had a higher density than expected, due to gas leakage at the 

injector tube conneetion with the holder. This leakage most likely had occurred as soon as the 

injector pressure started to increase and resulted in a plateau in the time-pressure plot instead 

of the usual increase of pressure. Hence, smallleaks have thus reduced the total gas flow rate 

and extended the whole process, since it took more time to reach the pressure shut off point. 

At this stage, the deposition on the gas inlet side of the sample remains constant due to the 

constant inlet concentration. Although the uniforrnity of the layer deposition will decrease by 

this rednetion of the gas flow rate through the preforrn (viz. as growth is, or becomes mass 

transport limited), there is more time available to deposit matrix material and the resulting 

composite density will be consequently higher. 

This hypothesis could be simulated by the performance of a two step run, where the total gas 

flow rate is reduced in a second step as soon as the injector pressure starts to increase, 

whereas the H2/MTS and XMTS are kept constant. It is anticipated that following will happen. 

During the first hours (step) of infiltration, the fiber bundies will be infiltrated, whereas in 

additional stages the bigger pores in between the bundies will be filled. Summarising: 
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I st step: (kinetically controlled conditions) high total gas flow rate leading to the filling of 

the small pores in the fiber tows, 2nd and additional steps: (mass transport limited conditions) 

step wise reduction of the total gas flow rate leading to the filling of the pores between the 

tows through extensions of the pressure drop build up. 

8.3.2 Other CVI techniques 

The two other CVI techniques which have been mentioned in chapter 1 (viz. Microwave 

Assisted CVI and Pressure Pulse CVI) do not differ substantially from the ICVI and FCVI 

process. The modelling and onderstanding of the MACVI process however is much more 

complicated due to the complex physical processes that take place in the plasma. These 

methods are relatively new and are just starting to be evaluated. Therefore, it was left outside 

the scope of this thesis. 

8.4 Comparison of fiber reinforeed SiC matrix preparation methods 

The processing methods for the manufacture of fiber reinforeed non-oxide matrix materials 

and especially for silicon carbide, are limitedl7,18. This is probably due to the relatively high 

sintering temperature of SiC (i.e. > 2200 K) and was explained previously in chapter 1 

section 1.2.2. The recently developed processing methods such as freeze gelation, the 

Lanxide process and SHS (self-propagating high-temperature synthesis) are claimed to be 

low co st processes 19 but unfortunately they are limited to oxide or nitride based matrix 

materials only. 

Monolithic laminates also are promising materials21,22. They exhibit tough fracture 

mechanics. Here, laminated sheets of SiC with a thin carbon interface, reach first matrix 

cracking at a higher stress level as compared with CVI materials. 

The most common preparation methods for the production of high strength fiber reinforeed 

SiC matrix composites are reaction bonding (or reactive sintering), polymer impregnation 

and pyrolysis, powder slurry impregnation, silicon melt impregnation foliowed by sintering 

and CVD related methods such as CVI or CVC (Chemical Vapour Composites) as shown in 

table 8.2. 

For a more detailed description of the state of the art of these various techniques one is 

referred to the reviews of refs. 17, 18 and 23. 
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Fabrication discont. cont. max inter- min. tow near net matrix 
Method fiber fiber T [KJ; face CMC filling shaping purity 

p [bar] in porosity capa- andcrys 
situ [vol.%] bilit tallinit 

yes no 2300;200 no 2 +-

Hot re es no 2000;400 no 2 +- +-
Polymer yes yes 1200;400 no 15 + +-impregnation 

and rol sis# 
SiC powder slurry yes yes 2300;500 no 5 +- + impregnation and 

consolidation 17 
Si yes yes 1900;1 no· 2 + +-

++ ++ 

+ ++ ++ 

Table 8.2. Comparison of processing methods for (dis)continuous fiber reinforeed SiC matrix composites. 
#heat treatment at 1800 K necessary to convert amorphous into crystalline matrix ZO. 

From table 8.2 it can be concluded that CVI and CVC processing methods have some 

advantages over the other (newer) CMC processing techniques. These advantages are the 

relatively low processing temperature and pressure and the high infiltration capacity as is 

demonstrated table 8.2. One would expect that the mechanica! strength of the vapour 

deposited CMC's could hence be larger than the CMC's prepared with the other methods. 

However, a literature compilation of strength data23 showed that this is not necessarily the 

case, although the mechanica! property evaluation studies of the latter prepared CMC's is 

limited. 

A comparison between the (thermo)physical properties of the as-prepared composites could 

not be made due to the absence of sufficient data. 

8.5 Commercialisation aspects of CVI 

Costs of ICVI versus FCVI 

Currently the ICVI technique is exploited on a commercial basis by SEP (France) and Du 

Pont (USA) and TGFCVI by MAN Technologie AG. (Germany). 
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For commercialising of the CVI process from aerospace into lower-tech areas, economie and 

environmental benefits of the use of the CVI process and products are very important. As 

CVI is assumed to be a relatively expensive process to manufacture ceramic matrix 

composites, effort should be ondertaken to reduce the cost price of the product. 

Rough cost estimates of the ICVI, the IFCVJ24 and TGFCVI techniques are presented in 

table 8.3 and an overall price for the CMC product per kg is estimated. Details about the 

calculations will be given elsewhere25. 

Costs in US dollar Unit ICVI TGFCVI IFCVI 

Reactor Investment k$ 5000 500 400 

Operation costs $/hr 4000 400 320 

Material costs $/part 230 880 250 

Reactor costs $/part 1335 2000 640 
Machining costs $/part 570 865 265 
Shut-down costs $/part 340 0 0 
Infiltration time hr 100 30 12 
CMC relative density · % 85 90 85 
CMC part weight kg/part 0.30 1.34 0.30 

Total costs $/kg 8250 2795 3850 

Relative costs % 100 34 47 

Table 8.3. Costs aspects of CVI methods for the production of continuous Nicalon fiber SiC matrix composites. 

For the calculations it was assumed that methyltrichlorosilane and hydrogen were used as 

precursors and that the preforms (plates of 200•200 mm2) consists of stacks of Nicalon plain 

weave cloth to yield SiC/SiC composites at a fiber content of 50 vol%. 

During ICVI a few hondred preforms are infiltrated simultaneously and justify the use of 

long densification times (in the order of several weeks). One major drawback of the ICVI 

technique is that the infiltration process bas to be interrupted a number of times to remove the 

excess of coating material deposited on the outside of the components, which would 

otherwise prevent a complete infiltration. The costs involved in repeated infiltration, shot

down and machining make up a substantial part of the total estimated costs as can be 

concluded from table 8.3 and figure 8.4. 

For production on a commercial basis, a high class reactor should be employed that can 

produce components that meet stringent product specifications. The reactor costs are 
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estimated to be approximately 55% of the total costs for both ICVI and FCVI processing, 

whereas the contribution from the materials cost is only minor (figure 8.4). 

ICVI 

9% 

54% 

TGFCVI 

23% 

54% 

IFC VI 

22% 

m1 reactor costs 

111111 machining 
costs 

111111 shut-down 
costs 

Gil material costs 

Figure 8.4. Cornparison of relative production costs for Nicalon reinforeed SiC matrix CVI cornposites. 

55% 

The costs of operation of the CVI reactor system (table 8.3) consist of power consumption of 

the reactor, reactor depreciation and labour costs for loading and unloading of the reactor. 

Material costs include costs of the preform, precursors (MTS and other gases) and graphite 

fixturing. Shut-down costs for ICVI processing are 14% of the total costs and are partly the 

reason for the high price of the CMC material relative to that of material prepared with FCVI. 

Machining costs of all CVI processes are relatively high (23% ), but are of similar magnitude 

as conventional (monolithic) ceramic processing methods. 

The production of CMC materials with the ICVI method is -as stated before- time 

consuming. The FCVI technique takes less time and is a one step process in the sense that no 

interruption for machining is required. The essential sealing of the preform on top of a gas 

injector used to force the gas through the structure, however, reduces the flexibility of the 

FCVI process and puts some limits on the possibilities for sealing up. 
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By means of FCVI, only a limited number of preforms can be infiltrated simultaneously (this 

cost calculation is based on a total of 6 components). The calculations indicate that overall, 

FCVI densification appears to be a factor 2 to 3 times as cheap as compared to ICVI. 

Isothermal CVI (both ICVI and IFCVI) are only applicable for the production of relatively 

thin-walled structures. Depletion of the precursors from the gas stream will yield density 

gradients which are obviously more severe when the distance of the gas path is Jonger e.g. for 

thick preforms or preforms with a highly tortueus structure. As a consequence, the TGFCVI 

technique is more cost-efficient, since it can be applied for the manufacture of thick walled 

components. lt will yield more material in a similar time frame as compared to the isotheemal 

CVI techniques. 

In general the cost price of the CVI material is still relatively high. The costs have to be 

reduced with at least one order of magnitude to enhance more widespread application. The 

most imminent class of application might be that of gas turbines where constraints of 

components are very severe and catastrophic failure of a (brittle) component can destruct the 

whole turbine engine and should be avoided at any price. Operatien of turbine engines at 

higher temperatures to enhance energy efficiency and rednetion of cooling obliges the use of 

reliable ceramics. 

Unfortunately, it was impossible to make a costs estimation for the other competitive CMC 

preparatien techniques (i.e. other than CVI) to allow additional comparison. However, the 

following aspects can be of interest. 

Densification through polymer impregnation26 of a raw preform containing 38 vol% 

porosity, requires 5 impregnation-pyrolysis cycli to reduce its porosity to 18 vol%. This takes 

10 hours for the impregnation and 290 hours when the preform is slowly heated up to 

pyrolisation temperature. Intermediate (but slow) cooling (to avoid build up of thermal 

stresses) and handling will furthermore require at least 20 hours. This results in a total of 320 

hours and is, as such, less time-efficient as compared to CVI. Additional conversion of the 

amorphous matrix to a crystalline phase at high temperature again takes time, since this again 

must be performed slowly to avoid large thermal stresses. However, it can be assumed that 

the equipment costs for this route will be substantially less as compared to CVI. 

8.6 Discussion and conclusions 

In conclusion, the TGFCVI process results in the lowest cost price per kg of CMC material 

and is approximately 3 times as cheap as compared to ICVI. The IFCVI process is also 

cheaper than the ICVI process, but more expensive than the TGFCVI process. 
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The differences between ICVI and FCVI arise due to the fact that compared with FCVI: 

for ICVI the intermediale shut off for machining of the part is time and costs consuming 

• the ICVI reactor costs are much higher 

with ICVI only thin-walled preforms can be infiltrated successfully. 

This last statement is also valid for IFCVI. 

Isothermal CVI techniques will hence yield smaller amounts of composite material in only a 

relatively small reduction of the cost price compared to TGFCVI processing. 

The cost price of the CMC products is high. Research activities should be focused on the 

reduction of CMC preparation costs. Some general aspects to consider are: reduction of 

reactor investrnent, increase of batch loads, increase of the process efficiency and reduction 

of material costs. 

Clearly from figure 8.4, reduction of the total costs can be obtained most easily through 

reduction of the reactor costs (depreciation and power consumption). Possible ways might be 

the reduction of infiltration time or increase of batch loads. Other possibilities are through the 

use of low energy consuming means of gas activatien or by using several different 

densification techniques in series. For instance, CVI could be employed for the application of 

the interfacial coating and for the filling of the relatively small sized pores in the fiber 

bundies and the larger pore sections in between the fiber tows could be densified by means of 

polymer impregnation and pyrolysis. 

Typical property or ability ICVI IFCVI TGFCVI 

Vffvol %] 58 50 40 
ti per thickness [hr.mm-1] 400/10 10/3 35112.5 
average Pb rel [%] 77 70 85 
<JuF at RT [MPa] flexure ! 350 280* 400 
cru at RT [MPa] tensile5 150 ? 170 
ability to infiltrate thick-walled preforms - + + 
ability to infiltrate low permeable preforms + +- I -
abîlity to infiltrate preforms of multimedal pore - +- + 
size distribution 

ability to densify preforms of high porosity - + +-
ability to densify many preforms simultaneously ++ - -
simplicity of graphite preform fixturing ++ + -

Table 8.5. Typical properties of SiC matrix CVI Nicalon 2D reinforeed composites and CVI processes. 
* is estimated to compensate for the absence of interfacial coating (see chapter 7). 
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In summary, a comparison is presented in table 8.5 to demonstrate the feasibility of the CVI 

techniques. It illustrates the typkal differences in the CVI techniques and resulting SiC 

composite properties. In all cases MTS was used as the precursor (H2/MTS= 5). Since no 

data was available for thermal gradient ICVI this is not included in the table. 

In the table 8.5, ability is defined as: 

b
.
1
. "-p_os_s_ib_il_it::...y a 11ty =-

tirneeffort 
[8.1] 

8.7 Recommendations and tinal remarks 

As will be the case for many research projects, a lot still remains to be investigated. 

It was the objective of this thesis work (chapter I, section 1.3) to gain understanding in the 

CVI principles and theoretica! aspects of infiltration. Also, the aim was addressed to compare 

the various CVI techniques with each other, with alternative CMC preparation methods and 

with the classic al LPCVD technique. 

Through the presentation of several tables throughout this thesis of process conditions and 

(transport) properties of CVI and related methods, comparison was made relatively easy. 

A better understanding was gained into the principlesof FCVI processing, primarily through 

the use of a description of the combination of forced convection through cylindrical pores 

and chemica! deposition on the pore walls. Although simple, the model is a powerlul tooi in 

the understanding of the physical processes and mechanisrns that take place. 

Both experimentally and theoretically the FCVI process was described and optimum process 

conditions were established. Additional enhancement of the cylindrical pore model through 

simulation of the preform structure by a packed bed was presented. 

Statistkal approaches could now be used (such as Taguchi methods) for rapid optimisation 

for other chemica! reaelions (i.e. matrix materials ), reactor systems or preform geometries. 

A general constraint, however, is that the reaction kinetics of the in-pore reactions -both 

homogeneaus and heterogeneous- should be known qualitatively as wellas quantitatively. 

Y et, it appeared that not only optimum FCVI infiltration conditions, but moreover the 

preform microstructure e.g. fiber content and architecture are critica! for the success of the 

densification in terms of achieving high composite densities and strength. It would be a topic 

of further study to describe the FCVI process -forced convection and chemica! reaction- as a 

function of this porous microstructure. A good description of the preform microstructure at 

variabie fiber arrangements is of utmost importance. 
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Likewise, the evaluation of the (thermo) physical and mechanica! properties of CVI CMC 

materials requires proper measurement and realistic test conditions. For comparison of 

different fiber reinforeed composite materials, standardisation of testing methods is elemen

tary. 

Further development of any process or product should only be performed, however, if 

additional information is critica! or essential for its final application. Process modelling is a 

powerlul tooi, but will only be worthwhile when thoroughly validated with experiments. 

In this last chapter of this thesis, the theoretica! insight in the CVI process was used to 

highlight the possibilities, enhancements and drawbacks of the diverse CVI techniques. Also, 

some commercialisation aspects were presented. 

Finally ..... 

It has been demonstraled in this and preceding chapters that the CVI technique is a valuable 

contri bution to the preparation methods of tough fiber reinforeed ceramic matrix composites. 

In general it can be stated that CVI is a very flexible technique, although each CVI method 

has its own advantages and drawbacks. 

Hopefully, this thesis will enhance a more widespread u se and insight into the theory and 

feasibility of the CVI technique. 
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LIST OF SYMBOLS 

a thin film thickness, m 
A cross flow area, m2 

Arlep deposition area, m2 
av specific surface area of a cylinder fiber, m·l 
b Klinkenberg constant, 

or width, mm 
c concentration, mole.m·3 

~ 
heat capacity of gas or solid, J.kg·l.K-1 
tube diameter, m 

dr filament diameter, m 
dp pore gas entrance diameter, m 
dtow fiber tow diameter, m 
D charactèristic dimension, m 
D ordinary binairy gas diffusion coefficient, m2.s-l 

Dbed effective gas phase diffusion coefficient for packed bed, m2.s·l 

Derf effective gas phase diffusion coefficient, m2.s-l 

DF Fickian type diffusion coefficient, m2.s-l 

DKn Knudsen diffusion coefficient, m2.s-l 

Dmulti muitkomponent diffusion coefficient, m2.s-l 
E Young's modulus, GPa 
Ea activation energy, kJ.mole·l 
f species flow rate at STP conditions, m3.s-l 
fij molar fractions of specie i and j, 
f iJ molar fractions of specie i and j relative to the total of B and C, 
F molar flow rate, moles.s·l 

or force, N 

Fa F-test value at probability a, 
Ft total volumetrie gas flow rate, m3.s-l 

Ft# total volumetrie gas flow rate at STP conditions, m3.s-l 

G thin film or matrix growth rate, mole.m·2 .s·l 
h height, mm 
k number of repeated observations per experiment, 

or reaction rate coefficient, various 
K TpOJTÜ, a temperature dependent constant, Pa 
ko pre-exponential factor, unit as ks 
kg mass transfer coefficient, m.s·l 

KB Boltzmann constant, (1.3807•10·23) J.K-1 
Keq equilibrium constant, 
Kg gas permeability, m2 

KJ liquid permeability, m2 

ks first order reaction rate coefficient on surface area basis, m.s-1 

kv first order reaction rate coefficient on volume basis, s-I 
I length, mm 
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L pfeforrn thickness Of pofe length, m 
Lhz length of hot zone, m 
m mole mass, kg.mole-1 
M mass, kg 
MSL residual mean square fof lack of fit, 
n numbef of monosized pores of constant diameter, 

or number of repeated expefiments or samples, 
p absolute pressure, Pa 

or numbef of model coefficients, 
p average pressure, Pa 
Lip differential pfessure, Pa 
PL outlet pressure, Pa 
PO inlet pressure, Pa 
pO refefence absolute pressure, 1.013 • 105 Pa 
Pt total pressure, Pa 

Q molar flow rate, mole.s-1 
r tubular tube radius, m 
fa radius of the pore mouth after infiltration, m 
fA reaction rate of A, mole.m-2 .s-I 
fH hydraulic radius of cylinder fiber, m: 

Rg universa! gas constant, 8.314 J.mole-I.K-1 

s specific mantie surface area of cylinder fibers, m2.kg-1 
Of displacement, mm 

Sx standard deviation based upon n-1, 
ss pure error, 
Se2 residual mean square for pure error, 
Sr mantie surface area of cylinder fiber, m2 
t time, s 
T absolute temperature, K 

or slope of load-displacement curve, N.mm-1 
Tb boiling point, K 
TO refefence tempefature, 273 K 
tj total infiltfation time, hr 
ter critica! reaction time, s 
tr mean fesidence time in hot zone for plug flow reactor, s 
u average laminar gas velocity, m.s-1 

or the u'th of the k observations, 
u feaction energy, J.mole-1 

U bed interstitial tortueus gas velocity, m.s-1 

Up pore gas velocity, m.s-1 
uo superficial gas velocity, m.s-1 
V volume, m3 
voo velocity of fluid upstream as it is constant, m.s-1 
Vr fiber content, volume ffaction 
Vm matrix content volume fraction 
Vt total pfeforrn volume without coating on gas inlet side, m3 

Vtp total pore volume, m3 
WoF work of fracture, J.m-2 
x species mole fraction Of dimensionless axial distance, 
x conversion, 
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y 
y 
z 

mean y, 
y value according to fit, 
axial distance in tubular pipe, preform or pore, 

Subscripts 

a,b with respect to species a or b 
A,B with respect to species A orB 
app apparent 
ax in the axis of gas flow 
b bulk gas 
4b of four specimen bars 
bed for gas flow through packed bed 
C carbon 
c composite 
dep deposition 
eff effective 
etch etching by HCI 
eq at equilibrium condition 
f fiber 
F flexural 
i,j with respect to species i or j 
i i deal or at interface between boundary layer and bulk gas stream 
I longitudial 
L at preform gas outlet or pore gas outlet 
m matrix 
mix with respect to gas mixture 
mu at matrix failure 
0 at preform gas inlet or pore gas inlet 
p pore 
rel relative 
SiC silicon carbide 
sk skeletal 
t tube ortransverse ot t-test 
th theoretica! 
tow fiber tow 
r reactor 
s at surface or substrate 
S silane 
u ultimate 
use conditions of use 
x,y,z in z,y,z direction 

Superscripts 

o at standard condition, 1.013 • 105 Pa or 298.15 K 
# at STP condition, 1.013 • 105 Pa or 273.15 K 

mean linear average value 
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design i.e. first matrix cracking 
ad adsorbed on surface 
c forced convection controlled 
d ditfusion controlled 
k kinetically controlled 
q constant 
th thermal 
x partial reaction order in MTS 
y partial reaction order in Hz 

Dimensionless groups 

Dal first Damköhler number 
Dali second Damköhler number 
Kn Knudsen number 
Pe Peelet number 
Re Reynolds number 

Greek symbols 

Elk 

'Y 
11 
À 

f..l 
p 
V 
1t 
cr 

exponential coefficient, or ( 1 - probability of the hypothesis ), 
or thermal expansion coefficient, 
boundary layer thickness, 
nón-uniformity ordepletion based upon the length of a straight 
cylindrical pore, 
preform porosity, 
or strain, 
ratio of maximum energy of attraction in Lennard-Jones 
interaction potential and the Boltzmann constant, 
fracture energy, 
total precursor conversion or yield based u pon preform volume, 
mean free path, 
or thermal conductivity, 
dynarnic gas viscosity, 
density, without subscript gas density, 
Poisson ratio, 
pi, constant: 3.1416 
collision diameter, 
or strength, 
the collision integral for diffusion, 
the collision intergral for viscosity, 
tortuosity of porous rnicrostructure, 
interfacial shear strength, 
surface site, 
internal effectiveness factor, 

K-1 
m 

vol% 
% 

K 
N.m-1 

m 
W.m-l.K-1 
Pa.s 
kg.m-3 

-
Á 
MP a 

Pa 
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SUMMARY 

In this thesis the "Forced flow Chemica! Vapour Infiltration" (FCVI) technique is described. 

This FCVI technique is a form of the more general class of Chemica! Vapour Infiltration 

techniques (CVI). The objective of this technique is the filling of a porous structure with a 

solid matrix materiaL Most frequently, this material is a ceramic. Special gases are forced to 

flow through a porous structure that is heated and react to form a solid on the substrate 

surface. Instead of convection, gas phase diffusion can also be applied as the mass transport 

mechanism. In this case the processis called "ICVI". 

Infiltration of a preform -consisting of continuous fibers- with a solid ceramic matrix results 

in the formation of a ceramic matrix composite and has a more ductile fracture behaviour as 

compared to monolithic ceramics. 

The objective of the study as described in this thesis is the development, the description and 

the optimisation of the FCVI technique in order to be able to prepare silicon carbide matrix 

composites with a high relative composite density in a rapid way. Also, the prepared 

composite should demonstratea tough fracture behaviour. 

In order to ensure the fulfilment of these objectives, it was necessary to gain knowledge 

about the various aspects of the process and material behaviour. The kinetics of the homo

geneous and heterogeneous reactions that take place during the CVI proc~ss, the theoretica! 

modeHing of the FCVI process, the development of a FCVI reactor system and the study of 

the fracture mechanics of the prepared composite materials we re parts of this study. 

In chapter l, the basicprinciplesof the process technological aspectsof the CVD and CVI 

technique are highlighted. The various CVI techniques are compared and definitions of CVD 

and CVI mass transport numbers and growth rate equations are presented. The dependenee of 

the applied physical quantities and mass transport parameters on temperature, total pressure 

and total gas flow rate are summarised in appendices. 

In chapter 2, the experiments are presented which have been conducted in order to quantify 

kinetic data about the deposition of SiC from the precursor methyltrichlorosilane (MTS). A 

three stage behaviour was established from the plot of growth rate as a function of 

temperature. At increasing temperature and residence time of the MTS Feactant in the hot 

zone of the reactor before the substrate, decomposition into silicon and carbon containing 

species and hydrochloric acid is more severe. The decomposition in the gas phase is further-
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more determined by the total pressure in the system. An increase of total pressure willlead to 

an increase in the conversion of MTS and into HCI. Adsorption of the silicon and carbon 

containing gaseous species at the substrate surface leadstoa second.order reaction in MTS. 

This reaction is heavily thermally activated at low temperature (T < 1150K, Ea = 1035 ± 300 

kJ.mole-1), is not thermally activated at intermediate temperature (1150 < T < 1200 K, Ea"" 0 

kJ.moie-l) and is at high temperature medium thermally activated (T > 1200 K, Ea = 230 ± 
75 kJ.mole-1). The behaviour at intermediate and high temperature is explained by the 

occurrence of an etching reaction of the SiC by HCL At intermediate temperature, an 

equilibrium exists between the rate of etching and that of deposition. At relatively high 

temperature, the SiC growth rate is larger than the rate of etching since the HCl concentration 

has reached a maximum at complete conversion of the MTS provided that the activation 

energy of the deposition reaction is larger than the rate of etching. 

For the infiltration of porous preforms a special reactor system was designed and was built. 

The reactor system is described thoroughly in chapter 3. 

In chapter 4, a theory is developed for description of the Isothermal FCVI (IFCVI) process by 

simulating the process as a combination of forced convection through straight cylindrical 

pores and a chemical deposition reaction on the wall of the pores. The pressure drop across 

the pore length causes the flow of the gas through the pores and its velocity is the cantrolling 

parameter for the successof the homogeneaus filling of the pore with the matrix materiaL In 

the model, the preform is simplified as a cylindrical disc with monosized cylindrical pores. 

The qualitative development of the filling of the pores in axial direction and as a function of 

time is allowed through the use of the derived model equations. Per simulation, the process 

conditions can be varied. The results of these simulations are presented. 

The results of the model are compared in chapter 5 with experimental results and coincide in 

a qualitative manner also when a packed bed approach is used instead of the cylindrical pore 

description. It was observed that for rapid infiltration, the matrix growth should be controlled 

by the convective mass transport. Optimum infiltration conditions are hence: high temper

ature, outlet pressure, total gas flow rate and MTS fraction. However, almost complete filling 

of the pores will only be possible if the growth rate of the silicon carbide matrix is limited by 

the chemical reaction rate at the fiber surface. This occurs at low temperature, outlet pressure 

and high total gas flow rate whereas the MTS fraction has no effect on the uniformity of the 

deposition. In general, homogeneaus and rapid infiltration do not coincîde within the same 

range of process conditions. Increase of the gas velocity through the pores of the preform is 

the only parameter that allows both a high relative density as also rapid infiltration. The 

increase of the gas velocity (through increase of total gas flow rate or decrease of total 

pressure) is however bound toa maximum, since the critica! reaction time may not exceed 
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the residence time of the gaseous reactants in the preform. Furthermore, under these 

ciccumstances the pressure drop across the preform width is relatively large at the start of the 

infiltration process. An axial deposition gradient can thus not be overcome. The pressure 

drop is also affected by the gas permeability of the preform which evidently has to be 

sufficiently large. The gas permeability is no structural constant at low absolute total pres

sure, but is dependent on absolute total pressure. At constant total gas flow rate through the 

preform, the gas permeability is inversely proportional to the average absolute pressure. The 

description of the micro structure of the preform through a more realistic porous model is 

beyond the scope of this thesis. lt is noticed however that the pore structure plays an essential 

role in the success of the infiltration. The most suited prefarm structure for the achievement 

of a large relative composite density -as resulted from the limited model studies of chapter 4 

and the experimental results of chapter 5- is the one with: a large porosity, a low thickness, a 

large average pore diameter and a high preform permeability. 

In chapter 6 the so-called Thermal Gradient FCVI (TGFCVI) process is described. Depletion 

of the reactant from the gas stream in axial direction is counterbalanced through an increase 

of temperature. The ex perimental study of this process has been focused on the optimisation 

of the theemal gradient during the infiltration process and the effect of time and pore structure 

on the relative bulk composite density. The optimum thermal gradient in axial direction 

appeared to be 1.8•1 ()4 K.m-1 under the chosen process conditions. Final relative density was 

70%, which can however be increased through infiltration up toa pressure drop larger than 

the applied 170 kPa. Increase in composite density is rapid at first, since deposition takes 

place on each of the fiber filaments in the bundles. After approximately 50% of the total 

infiltration duration has elapsed, the fiber bundies are impermeable for gas diffusion due to a 

SiC overcoat At this stage the increase of density reduces due to the fact that the deposition 

area has reduced. The most suitable preform structure for the achlevement of a large relative 

composite density is one with: a large deposition area, a low tortuosity, a large average pore 

diameter and a high permeability. These results are in concordance with those of chapter 4 

and 5. 

In chapter 7, the results are presented of the three point bending tests of bars -made of FCVI 

processed materials- performed at room temperature. The bending strength of the carbon 

fiber reinforeed IFCVI composites (67 MPa at a relative composite density of 70%) was 3 to 

4 times as low as those of TGFCVI processed material. This is probably due to the presence 

of hard SiC particles on the fiber bundles. These particles are formed through preferent SiC 

growth on pyrolysed resin dropiets due to the pre-fixing procedure of the raw preform. The 

disability for shear of the fiber bundies and the presence of closed pores in the bundies causes 

the material to fail in a brittie fracture mode. The average bending strength will roughly be 
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four times as high when the particles are absent and a soft interfacial coating is applied on the 

filaments prior to infiltration. The with Nicalon reinforeed TGFCVI material demonstrated a 

higher bending strength of 100 to 450 MPa at respective bulk density of 60 to 90%. There is 

a linear correlation between the relative bulk density and the bending strength of the latter 

materials. The strength values are in good correspondence with literature data. 

In chapter 8, the CVI technique is compared with alternative methods for the preparation of 

SiC matrix composites. 1t appears that the CVI technique has a few advantages e.g. relative 

mild process conditions such as low temperature and pressure which will prevent damage of 

the fibers. The deposited matrix material is pure and crystalline and an interfacial coating can 

be applied in-situ prior to infiltration. Small pores can be filled easily. The costs aspects from 

three CVI methods are compared of which the TGFCVI technique results in the lowest cost 

price per unit product. i.e. 2.8 k$.kg·l. The IFCVI technique is 1.4 times as expensive as 

compared to the TGFCVI method. This is caused by the fact that with TGFCVI thick-walled 

products can be produced in a same time frame as thin-walled structures with IFCVI and 

ICVI. For extension of the application of these rnatenals ( other than aerospace type) the costs 

will have to be reduced with at least one order of magnitude. Improverneut recommendations 

through increase of the composite density as also by reduction of cost price are presented. 

Clearly, in general each of the various CVI techniques has its own advantages and 

drawbacks. However, the TGFCVI metbod appears to be the most proruising because of its 

favourable price/quality ratio. 



Samenvatting 227 

SAMENVATTING 

In dit proefschrift wordt de zogenaamde "Forced flow Chemical Vapour Infiltration" ofwel 

de FCVI techniek beschreven. Deze techniek is een variant van de meer algemene klasse van 

methodes: Chemica} Vapour lnfiltration (CVI). De doelstelling van deze techniek(en) is het 

infiltreren of opvullen van een poreus substraat met een vaste stof. In de meeste gevallen met 

een keramisch materiaal. Dit gebeurt door speciale gassen door een verhit substraat te 

forceren, welke reageren tot een vaste stof op het substraatoppervlak. In plaats van 

gedwongen convectie kan ook diffusie als massa-transport mechanisme worden toegepast. 

Deze vorm van CVI wordt aangeduidt als "ICVI". 

Door de infiltratie van een poreus substraat dat is opgebouwd uit lange vezels met een 

keramisch materiaal (de matrix) ontstaat een keramisch komposiet materiaal met een meer 

duetiel breukgedrag dan monolitische keramiek. 

Doelstelling van de studie, zoals beschreven in dit proefschrift was de FCVI techniek te 

ontwikkelen, te beschrijven en te optimaliseren teneinde koolstof en siliciumcarbide 

vezelversterkte siliciumcarbide matrix komposieten te kunnen vervaardigen in een zo kort 

mogelijk tijdsbestek en met een zo hoog mogelijke homogene dichtheid. Bovendien zouden 

de vervaardigde komposieten een plastisch breukgedrag moeten vertonen. 

Om aan deze doelstellingen te kunnen voldoen is kennis noodzakelijk van de verschillende 

aspecten van het proces- en materiaalgedrag. De kinetiek van de heterogene en homogene 

reacties tijdens het CVI proces, de theoretische modelvorming van het FCVI proces, de bouw 

van een FCVI reactor en de bestudering van het breukgedrag van de vervaardigde materialen 

zijn hiervoor gehanteerde onderdelen in deze studie geweest. 

In hoofdstuk 1 worden de basisprincipes van de procestechnologische aspecten van de CVD 

en CVI technieken uiteengezet en met elkaar vergeleken. Beschrijving van de verschillende 

CVI technieken en definities van CVD en CVI massa-transportgetallen en groeisnelheids

vergelijkingen worden gepresenteerd. De afhankelijkheid van de gebruikte fysische 

grootheden en massa-transport parameters van de temperatuur, totaaldruk en gasdebiet is 

samengevat in appendices. 

In hoofdstuk 2 worden de experimenten beschreven die zijn verricht teneinde kinetische 

gegevens te kwantificeren omtrent de depositie van SiC uit de precursor methyltrichloor

silaan (MTS). Uit het gedrag van de groeisnelheid als functie van temperatuur blijkt dat een 
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drie "fasig" gedrag kan worden onderscheiden. Bij toenemende temperatuur en verblijftijd 

van de MTS reactant in de reactor-zone voor het substraat zal deze in grotere mate ontleden 

in silicium- en koolstofhoudende producten en zoutzuurgas. De ontleding van MTS in de 

gasfase wordt tevens bepaald door de totaaldruk in het systeem. Een toename van totaaldruk 

heeft een grotere conversie van MTS tot gevolg waarin ook in toenemende mate HCI wordt 

gevormd. Adsorptie van de silicium- en koolstofhoudende gasfase-componenten aan het 

substraatoppervlak leidt tot een tweede orde reactie in MTS. Deze reactie is bij lage 

temperatuur zeer sterk thermisch geactiveerd (T < 1150 K, Ea = 1035 ± 300 kJ.mol-1) bij 

gematigde temperatuur niet thermisch geactiveerd (1150 < T < 1200 K, Ea"" 0 kJ.mol-1) en 

bij hoge temperatuur gematigd thermisch geactiveerd (T > 1200 K, Ea = 230 ± 75 ). Het 

gedrag bij gematigde en hoge temperatuur wordt verklaard door een etsreactie van het SiC 

door HCL Bij gematigde temperatuur is er een evenwicht tussen de depositiesnelheid en 

etssnelheid van SiC door HCL Bij relatief hoge temperatuur wordt de groeisnelheid weer 

groter dan de etssnelheid zodra de concentratie van HCI een maximum bereikt heeft bij 

volledige homogene omzetting van het MTS en indien de activeringsenergie van de 

depositiereactie groter is dan van de etsreactie. 

Voor de infiltratie van poreuze preforms moest een speciale FCVI reactor worden ontwikkeld 

en gebouwd. De reactor is uitvoerig beschreven in hoofdstuk 3. 

In hoofdstuk 4 is een theorie ontwikkeld voor het Isotherme FCVI (IFCVI) proces door dit 

proces te beschouwen als een combinatie van gedwongen conveetiet massa-transport door 

een rechte cylindrische porie en een chemische depositiereactie op de wand van de porie. De 

gassnelheid door de porie, welke wordt veroorzaakt door de drukval over de porie-lengte, is 

de stuurparameter voor het succes van de homogene opvulling van de porie met het 

matrixmateriaaL In het model wordt de totale preform gesimplificeerd weergegeven door een 

ronde schijf die vele van deze cylindrische poriën bevat van uniforme afmetingen. De 

afgeleide modelvergelijkingen maken het mogelijk het dichtgroeien van de poriën in axiale 

richting en als functie van tijd kwalitatief te beschrijven waarbij per simulatie de proces

condities kunnen worden gevarieerd. De resultaten van deze simulaties zijn gepresenteerd. 

De modelresultaten zijn in hoofdstuk 5 met IFCVI experimenten vergeleken en in 

kwalitatieve zin komen beide goed overeen. Vervanging van het cylindrische poriemodel 

door een gepakt bed levert dezelfde kwalitatieve trends. Er is gebleken dat voor een snelle 

verdichting van de preform de procescondities zo moeten worden gekozen dat de groei van 

de matrix conveetiet bepaald is. De optimale infiltratie-condities zijn dan hoge temperatuur, 

uitlaatdruk, gas debiet en MTS fractie. Daarentegen zal nagenoeg volledige opvulling van de 

poriën slechts plaats kunnen vinden indien de siliciumcarbide groei bepaald wordt door de 

chemische reactiesnelheid aan het vezeloppervlak Dit vindt plaats bij lage temperatuur en 
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uitlaatdruk en hoog gasdebiet terwijl de MTS fractie geen effect heeft op de uniformiteit van 

de afzetting. Algemeen gesteld komen snelle en homogene verdichting dus niet met elkaar 

overeen binnen dezelfde range van procescondities. Verhoging van de gassnelheid door de 

poriën van de preform is de enige parameter die zowel een hoge relatieve dichtheid als een 

snelle verdichting bevordert. De verhoging van de gassnelheid (door verhoging van het 

gasdebiet of door verlaging van totaaldruk) is echter wel aan een maximum gebonden, daar 

de kritische reactietijd niet groter mag zijn dan de verblijftijd van de reactant in de preform. 

Tevens is de drukval over de preform onder deze omstandigheden relatief groot bij aanvang 

van het infiltratieproces wat resulteert in een hoge groeisnelheidsvariatie over de preform. 

Een axiale dichtheidsgradiënt is dan niet te voorkomen. De drukval wordt tevens bepaald 

door de permeabiliteit van de poreuze preform, welke uiteraard voldoende hoog moet zijn. 

De gaspermeabiliteit is geen structuurconstante (bij lage totaaldruk) maar afhankelijk van de 

absolute totàaldruk. Bij een constant gasdebiet door de preform is de gaspermeabiliteit omge

keerd evenredig met de gemiddelde absolute druk. De beschrijving van de microstructuur van 

de preform als een meer realistisch poreus model valt buiten het bestek van dit proefschrift. 

Wel is gebleken dat de poriestructuur een grote rol speelt in het succes van de infiltratie. De 

preform welke het meest geschikt leek voor het bereiken van een hoge relatieve 

komposietdichtheid zowel uit de beperkte model-berekeningen van hoofdstuk 4 als uit de 

experimenten van hoofdstuk 5 bevat: een grote porositeit, een lage dikte, een grote 

gemiddelde poriediameter, lage tortuositeit en een grote preform permeabiliteit. 

In hoofdstuk 6 wordt de zogenaamde Thermal Gradient FCVI (TGFCVI) methode 

beschreven waar de depletie van de reactant in axiale richting wordt genivelleerd door een 

temperatuurtoename. De experimentele studie van dit proces heeft zich met name gericht op 

de optimalisatie van de temperatuurgradient over de preform gedurende het infiltratieproces 

en het effect van tijd en de poriestructuur op de relatieve bulk komposietdichtheid. De 

optimale temperatuurgradiënt in axiale richting (onder de gekozen omstandigheden) was 

1.8•104 Km-1. De uiteindelijke homogene relatieve dichtheid is dan 70%, maar kan worden 

verhoogd door infiltratie tot een drukval hoger dan de in deze studie gehanteerde van 170 

kPa. De toename in komposietdichtheid is in eerste instantie snel omdat depositie plaats vindt 

op elk van de vezelfilamenten in de bundels. Nadat ca. 50% van de infiltratieduur is 

verstreken zijn de vezelbundels afgesloten voor gasdiffusie door een deklaag van SiC. De 

toename in dichtheid neemt af omdat het depositie-oppervlak is gereduceerd. De preform 

welke het meest geschikt leek voor het verkrijgen van een hoge komposietdichtheid bevat: 

grote gemiddelde poriediameter, lage tortuositeit, hoog depositie-oppervlak en een grote 

permeabiliteit. Deze resultaten zijn dus in overeenstemming met die van hoofdstuk 4 en 5. 
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In hoofdstuk 7 zijn de resultaten weergegeven van de driepunts buigproeven van staafjes (van 

de met de FCVI techniek vervaardigde materialen) zoals uitgevoerd bij kamertemperatuur. 

De experimenteel bepaalde buigsterkte van de koolstof vezel IFCVI komposieten (67 MPa 

bij een relatieve dichtheid van 70%) was een factor 3 tot 4 lager dan van de TGFCVI 

materialen. Dit wordt voornamelijk toegeschreven aan de aanwezigheid van harde SiC 

deeltjes op de vezelbundels. Deze moeten zijn ontstaan door preferente aangroei van SiC op 

(gepyroliseerde hars tot) koolstof deeltjes als gevolg van de "pre-fixing" procedure van de 

ruwe preform. De onmogelijkheid tot afschuiven van de vezelbundels en de insluiting van 

gesloten poriën in de bundels veroorzaken het brosse breukgedrag van de komposieten. De 

gemiddelde buigsterkte van de komposieten wordt verondersteld ruim een factor 4 hoger te 

liggen indien de deeltjes afwezig zijn en er een "zachte" coating is aangebracht op de vezels 

voor de infiltratie. De met Nicalon versterkte TGFCVI komposieten vertoonden een hogere 

buigsterkte van I 00 tot 450 MPa bij een respectievelijke relatieve bulkdichtheid tussen de 60 

en 90%. Er bestaat een lineaire correlatie tussen de relatieve bulkdichtheid en de buigsterkte 

van deze laatste materialen. Genoemde sterktes zijn in goede overeenstemming met 

literatuurwaarden. 

In hoofdstuk 8 worden de CVI technieken met alternatieve methodes voor de vervaardiging 

van SiC matrix komposieten vergeleken. Daaruit blijkt dat de CVI technieken een aantal 

voordelen hebben boven andere technieken zoals met name de relatief milde procescondities 

zoals lage temperatuur en druk waardoor mechanische belasting of beschadiging van de 

vezels wordt voorkomen. Het afgezette matrix materiaal is zuiver en kristallijn en een coating 

op de vezels kan in-situ worden aangebracht vóór de infiltratie. Kleine poriën kunnen met 

behulp van CVI worden geïnfiltreerd. De kosten-aspecten van drie CVI technieken zijn met 

elkaar vergeleken, waarbij de TGFCVI resulteert in de laagste kostprijs per eenheid product 

n.l. 2,8 k$.kg-1. De IFCVI techniek is daarentegen een factor I ,4 duurder dan de TGFCVI 

techniek. Dit wordt veroorzaakt door het feit dat met de eerste techniek dikwandige 

materialen kunnen worden vervaardigd in grofweg hetzelfde tijdsbestek als met de IFCVI en 

ICVI methodes welke meer geschikt zijn voor de vervaardiging van dunwandig materiaaL 

Voor applikatie van deze materialen in toepassingen anders dan in de ruimtevaart zal de 

kostprijs minimaal een orde-grootte moeten worden verlaagd. Suggesties ter verbetering n.l. 

zowel verhoging van komposietdichtheid als ook verlaging van de kostprijs van dit proces 

zijn gepresenteerd. 

Meer algemeen geldt dat elk van de diverse CVI methodes uiteraard zijn eigen voor- en 

nadelen heeft. Vooralsnog lijkt echter de TGFCVI de meest veelbelovende vanwege de meest 

gunstige prijs/kwaliteit verhouding. 
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1. Om verwarring te voorkomen is het aan te raden de term ''impregnatie" te hanteren voor de 

vulling van een poreus systeem door middel van een vloeistof fase en "infiltratie" voor 

de vulling door middel van een gas fase. 

2. Voor het verkrijgen van een niet-poreuze keramische deklaag via het sol-gel proces moet het 

(polymeer+ alkohol+ water) systeem op het substraat het gelpunt bereiken voordat 

spinodale ontmenging kan gaan optreden. 

3. Bij de vorming van keramische produkten wordt bijna in alle gevallen een plastificeerder of 

glijmiddel gebruikt in de vorm van water. Het is daarom zinvol bij de karakterisering van de 

mechanische eigenschappen twee sterktes op te geven, namelijk de sterkte na drogen tot een 

vochtgehalte van 0% volgens een genormeerde methode en de sterkte bij dat evenwiehts

vochtgehalte waarbij het produkt de grootste mechanische belasting ondervindt tijdens de 

diverse fabricage stappen. 

J. Brewer, R. Moore, J. Reed, Ceram. Bull. 60 [2] 

(1981), p. 212-220. 

4. De bepaling van de partiële reactie-orde in methyltrichloorsilaan (MTS) van de heterogene 

depositiereactie tot SiC door variatie van de totaaldruk bij constante MTS fractie in het 

gasmengsel in een LPCVD reactor is zinloos. 

Dit proefschrift, hoofdstuk 2. 

5. De waarde van complexe numerieke modellen wordt sterk overschat omdat door het gebruik 

van alleen deze modellen geen inzicht in de mechanismen van de gemodelleerde processen 

wordt verkregen. 

Dit proefschrift, hoofdstuk 4. 
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6. Uit de ongeschreven uitzonderingsregels die van toepassing zijn op H.B.O.-opgeleiden die 

promotie-onderzoek verrichten of willen gaan verrichten, valt af te leiden dat promoveren 

slechts voor een kleine groep H.B.O.-ers is weggelegd. 

7. Om de toenemende ontwikkelingen en versnellingen van de techniek te kunnen bijbenen is 

niet alleen een grote mate van persoonlijke efficiëntie nodig, maar ook een goede sociale 

interactie. 

8. De winnaar van een tenniswedstrijd waarbij de opponenten gelijkwaardige sportieve 

vaardigheden en lichamelijke conditie bezitten is diegene die de grootste zelf-overtuiging en 

wilskracht bezit. 

9. Het hebben van een doctors-titel geeft aan dat men in staat is onderzoek te verrichten op een 

bepaald nivo. Elke beloning meer (in welke vorm ook) dan voor alleen deze vaardigheid is 

onjuist. 

10. Van gelijke behandeling van man en vrouw kan geen sprake zijn indien er zowel negatieve 

als ook positieve discriminatie wordt gehanteerd. 


