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ABSTRACT 

 

Silicon carbide (SiC) is a covalently bonded refractory semiconductor with unique combinations 

of thermal, mechanical, and chemical properties. Hence, it has been widely used as a structural 

part and as a sensor material in various applications like high-pressure chemical pumps, space 

propulsion systems, aerospace industry, etc. The performance of monolithic SiC can be further 

enhanced in terms of its thermal conductivity and fracture toughness by using it in the form of 

composites. Common reinforcements used in the SiC matrix are carbon nanofibers, carbon 

fibers, silicon carbide fibers, nano SiC particles (SiCp) etc. Carbon fiber reinforced SiC-based 

composites show an excellent combination of physical, mechanical and thermal properties. The 

combination of these properties makes SiC composites a material of choice for high-temperature 

load-bearing applications. 

 

The main aim of the present work is the fabrication of SiC-based composites with optimized 

physical, thermo-mechanical, oxidation resistance properties etc. The effects of powder 

processing routes such as conventional drying and advanced spray freeze granulation were also 

studied. The surface modification and dispersion stability studied of different types of secondary 

phase materials were tested. The effect of different types of secondary phase incorporation and 

their combined effect on the properties of SiC composites were also studied.  

 

SiC and its composite powders dispersed with 1 to 3 wt % CNFs were spray freeze granulated to 

produce spherical granules with uniform composition. Powders were shaped to thin dense tubes 

for use in a harsh environment by cold isostatic pressing followed by pressureless sintering 

according to Taguchi experimental design array. The optimization of sintering parameters and 

the properties of SiC-CNFs composites with respect to the CNFs amount were designed and 

measured by Taguchi statistical analysis. The material properties of the composite tubes were 

optimized through the design of experiments to optimize the parameters like sintering 

temperature, heating rate, holding time and at different CNFs compositions by using Taguchi 

experimental design method with an L9 (3^4) orthogonal array. The effect of variables on the 

properties of the composites was studied from the signal to noise ratio (S/N), analysis of variance 

(ANOVA), and interaction plots. The thin SiC-CNFs composite tubes of 1-2 mm wall thickness 



xvii 
 

were fabricated and sintered at optimized conditions obtained from the Taguchi analysis83. The 

subsequent post sintering techniques such as chemical vapour deposition (CVD) was carried out 

on the thin tubes. The physical, microstructural and thermo-mechanical properties of the CVD 

SiC coated thin composite tubes were evaluated and compared with bare SiC tubes. 

 

Further, the sintered SiC-CNFs composite tubes were braided with long carbon fabric (Cf) of 

different braiding patterns and subsequently, liquid silicon infiltrated and CVD SiC coated to 

study the high temperatures oxidation resistance. The oxidation behaviour of LSI composite and 

CVD-SiC coated samples were examined separately from room temperature to 1450 
օ
C in the air 

using thermogravimetric analysis (TGA).  

 

The SiC-based hybrid composite tubes (BN-Cf/SiC-CNFs) with 10-12 mm wall thickness were 

also fabricated by systematically laying of boron nitride coated continuous carbon fiber (BN-Cf) 

in the SiC-CNFs composite powder matrix. The fractographic analysis of the hybrid composite 

tubes was carried out to understand the influence of long fibers on the improvement of fracture 

toughness of the nanofibers containing a hybrid composite matrix. 

 

 An advanced high-speed nanoindentation technique is employed to analyze the combined 

benefit of the particulate and continuous fiber’s reinforcing effect of carbon fibers in the SiC 

matrix. The CVD SiC coated thin tubes (1-2 mm) of SiC, SiC-CNFs and SiC-based hybrid 

composite tubes (10-12 mm) properties were evaluated using conventional processes as well as 

the nanoindentation technique and compared at different length scales. Attempts have been made 

to correlate the structure-property relations of complex multi-phase of SiC composites 

employing high-speed nanoindentation mapping as well as XRD, Digital optical, SEM, and TEM 

analysis.   

 

The objective of the research work is to optimize the properties of SiC-based composites using 

various powder processing routes with the incorporation of different types of secondary phase 

materials and adopting post sintering processes. This thesis provides the purpose of the research, 

experimental methods, results, discussions and conclusions with the future scope. 
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1.0  General Introduction 

In recent years structural ceramic materials, in particular, non-oxide ceramics have gained a lot 

of attention in various high temperatures and corrosive atmosphere related applications in 

different fields such as solar, chemical industry, defence, nuclear, space, etc  [1]. SiC is known to 

be one of the most suitable non-oxide ceramic materials for its vast applications due to  high-

temperature properties [2]. Hence, in considering the importance of SiC, the thesis has mainly 

focused on optimization of processing methods and properties of SiC-based composites. SiC is a 

covalently bonded refractory semiconductor with unique combinations of optical, thermal, 

electrical, mechanical and chemical properties  [3]. Hence, it has been widely used as a structural 

part for various applications like high-pressure chemical pumps, space propulsion systems, 

aerospace industry, as a sensor material etc  [4]. SiC has the capability to withstand high-

temperature of up to 2500 °C, and shows exceptionally low oxidation rates up to 1700 °C  [5]. 

The oxidation behavior of SiC which is lower (2 to 3 order magnitude) than that of zirconium-

based alloys makes SiC a potential candidate for nuclear fuel cladding to avoid accidents by 

significant reduction in hydrogen generation  [6].  

 

In the present chapter, classification of structural ceramics, basic introduction to the SiC, 

structure, properties, and various applications, are discussed. Different types of SiC-based 

composites in various fields of applications are also discussed here. 

 

1.1  Structural ceramic materials  

Ceramic materials have strong bond strength which enables them to be used in many structural 

applications. Many advanced structural ceramics have the potential to be used in various 

structural applications as load-bearing members  [1]. The advanced structural ceramics possess 

extraordinary properties such as high strength, load-bearing capacity, hardness, oxidation 

resistance, thermal shock resistance, high young’s modulus even at high temperatures. The 

combined properties of advanced structural ceramics i.e. traditional ceramic properties and high-

temperature properties attributed them to be used in various fields such as aerospace, nuclear, 

chemical, manufacturing industries, medical applications, etc  [7]. The demand for advanced 

structural ceramic composite materials for high-temperature and harsh environment applications 

are tremendously increasing due to their exceptional thermo-mechanical properties and good 
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dimensional stability. The advanced structural ceramics can be classified into three distinct 

categories based on the chemical bonding between the elements such as  [8]:  

 

1) Oxide-based ceramics are inorganic and non-metallic compounds, where the metallic or 

metalloid elements bond with oxygen and have a high proportion of electrovalent bonds. 

Oxide ceramics with their superior properties like low density, extreme hardness, friction 

resistance, oxidation resistance, electrical insulating properties etc., find applications in 

various fields. Some of the applications listed are furnace construction, manufacture of 

high-pressure pistons and pumps for the chemical industry, electrical industry, food 

industry, pharmaceutical sectors etc. The most commonly used advanced oxide ceramics 

for structural applications are Al2O3, MgO, ZrO2, TiO2, SiO2, etc. Some of the oxide 

ceramics like Al2O3 and ZrO2 have been used for orthopedic and dental applications, due 

to similar chemical composition with the tissues  [9,10]. The polycrystalline oxide 

ceramics fibres offer significant improvement in application temperature limit with its 

superior modulus and tensile strength. The self-oxidic nature of the oxide ceramics has 

been acting as a protective shield for the structural design from high-temperature 

oxidation  [11]. 

 

2) Non-oxide based ceramics is a category of ceramics classified as inorganic, non-metallic 

materials that are bonded to form silicides, borids, nitrides or oxynitrides, carbides, etc 

 [12]. They are covalently bonded and based on the element of the bonding, it exhibits 

conductive (carbides) or non-conductive (nitrides) nature. Non-oxide ceramics are 

characterized by their unusual properties like very high hardness, excellent resistance to 

wear, high strength, resistance to oxidation even at very high temperatures, good thermal 

shock resistance, low thermal expansion, very high thermal conductivity, good 

tribological properties, high semi-conductivity, etc  [13,14]. Few of the most important 

advanced non-oxide structural ceramics are MoSi2, TiB2, Si3N4, B4C, BN, SiAlON, SiC, 

etc  [12]. The non-oxide ceramics with its superior properties have been used in 

applications such as cutting tools, ball bearings,  car brake disc, heat exchanger, rocket 

nozzles, armors, LEDs, etc  [15]. The non-oxide ceramics fibers also have demand in the 

market for many high-temperature applications. The crystal structure and composition of 
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the non-oxide ceramic fibres contribute to high tensile strength, elastic modulus, and 

lower creep rate even at high temperatures compared to the oxide fibers. The 

commercially available non-oxide ceramics in the market are SiC, TiB2 and SiC (N) O 

based ceramic materials  [16,17]. 

 

3) Composites are the substances made up of a combination of two or more oxide and non-

oxide ceramics compounds  [18]. One compound acts as a matrix which is binding and 

holds the second compounds which are called the secondary phase materials or 

reinforcements. Structural ceramics are generally brittle in nature, in order to obtain 

better reliability of ceramics for various applications, the reinforcement of secondary 

phase or composite formation is the best solution. The produced composites materials 

obtained from the initial (raw) materials possess superior properties on combining, 

thereby making up for its drawbacks. The requirement of composite for a particular 

application can be processed with an appropriate selection of matrix and reinforcement 

materials. The well known natural composites are plant wood, human or animal bones etc 

 [19]. The modern or synthetic ceramic composite classification is based on the type of 

reinforcement or secondary phase material. Further sub-classification of these composites 

based on the nature of reinforcement also given in the form of flow chart in Figure 1.1 

 [20,21]. Many composites also provide design flexibility due to which complex shaped 

components can be fabricated. Ceramic matrix composites (CMC) have  superior 

physical, thermo-mechanical and electrical properties compared to monolithic materials, 

such as being lightweight, having high flexural modulus to bear heavy loads, excellent 

strength, improved fracture toughness, high damping capacity, corrosion resistance, high 

impact strength, creep resistance and superior thermal stability  [22]. 
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Figure 1.1: Classification of structural ceramics [20, 21].  

 

1.2  Introduction to silicon carbide  

SiC is also called as carborundum and is considered one of the lightest and hardest ceramic 

materials for many structural applications.  The natural mineral of SiC is only found in meteors, 

but the synthetic SiC powder was first processed by Cowless in 1885 and has been mass 

produced on an industrial scale since 1893 by Acheson [15]. The reactions involved between 

SiO2 and SiO with C, while processing of SiC is clear from the phase diagram of the SiO2-C 

system as given in Figure 1.2.  From the phase diagram its seen that theformation of SiC is 

favourable at a temperature above 1515 
o
C, represented as stoichiometric composition. At 

temperatures below the stoichiometric composition, the  SiC forms a mixture of  SiO2.  The 

gaseous product is formed at above 1515 
o
C with respect to the mole ratio between raw materials 

i.e C and SiO2  [23]. 

The formation of large number of crystal structure i.e polytypism is known to be one of the 

salient features of SiC. However, the polytypes have a tendency to remain constant 

compositionally, even though there is structural transformation and modification in the material 

properties at different working temperatures  [24]. SiC comprises polytyes (more than 200) and 

each one possesses its own significant optical, thermo-mechanical and electrical properties with 

respect to stacking sequence. Most common forms of SiC polytypes are cubic (C), hexagonal (H) 
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and rhombohedral (R). 

 

Figure 1.2: Phase diagram of SiO2-C system [23]. 

 

1.2.1 Structure of SiC 

The crystal structure of SiC consists of a double layered, close packed stacking of Silicon and 

carbon atoms as shown in Figure 1.3 (a). Ramsdell notation was used to denote the SiC 

polytypes based on Si and C layers in the unit cell, where the number denotes the number of 

layers and the letter denotes the types of crystal structure  [25]. The stacking sequence follows 

one of three possible relative positions; hence the layers were arbitrarily labelled A, B and C as 

shown in Figure 1.3. The most common forms of stacking sequences shown by SiC are 3C, 2H, 

4H, 6H, and 15R respectively as shown in Figure 1.3 (b-f)  [26]. The only cubic form of SiC i.e 

3C, also called beta SiC (β-SiC) has a three layered stacking sequence i.e ABCABCABC. For 

the non-cubic polytypes or alpha forms (α-SiC) are 4H, 2H, 15R, 6H, the detailed stacking 

sequence and lattice parameters are shown in Table 1.1 [24,27]. As in the case of hexagonal 

structured SiC the double layers are adjoined in the same position  [28]. All the SiC polytypes 

crystal structures correspond to either zinc blend or wurzite or a mixture of both, such as bi-

layered 2H polytye (ABAB…) with hexagonal or wurtzite structure; 3C is referred to as zinc 
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blende structure, whereas 4H, 6H and 15R polytyes have mixed cubic and hexagonal bonds, but 

the overall symmetry is known to be hexagonal and rhombohedral respectively. 

Much of the literature on the stability of SiC polytypes reveals that the polytypes were strongly 

dependent on the temperature and growth rates. Most of the polytyes, except 2H, are meta-stable. 

At a temperature beyond 1600 
օ
C, the cubic structured SiC is transformed to hexagonal structure 

as a result of recrystallization and growth process  [29].  

Table 1.1: SiC polytypes stacking sequence and lattice parameters [23, 25]. 

Polytypes 
Lattice spacing (Å) 

Stacking sequence Symmetry 
A C 

3C 4.36 N.A ABC Cubic 

2H 3.07 5.05 AB Hexagonal 

4H 3.08 15.12 ABCB Hexagonal 

6H 3.08 10.05 ABCACB Hexagonal 

15R 3.07 37.5 ABCACBCABACABCB Rhombohedral 
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Figure 1.3: Crystal structure of SiC a) basic tetrahedral formation Si and C atoms 

in SiC b) 3C c) 2H d) 4H e) 6H f) 15R [25, 26]. 
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1.2.2 Properties of SiC 

 

1.2.2.1 Physical and chemical properties: SiC is considered to be a significant light weight ceramic 

material for its low density, which is in the range of 3.166 - 3.25g/cc based on the polytype as 

shown in Table 1.2  [28]. Inter atomic distance and bonding between Si and C is 1.89 Å, which 

is 88 % covalent and 12 % ionic respectively. SiC has been organized in a tetrahedral 

arrangement of Si and C atoms with sp
3
 hybridization. The occurrence of polytpes of SiC 

crystal was also identified based on the change in  colour i.e  6H polytype shows green crystal 

and yellow for 15R and dark black for 4H  [30,31]. SiC has excellent chemical stability and 

very high decomposition temperature (~ 2800 
օ
C under ambient atmosphere), which can be 

varied with different atmosphere pressures (low and high)  [32-34].  

 

1.2.2.2 Thermal and mechanical properties: SiC is one of the prominent materials for many high 

temperature and energy-related applications due to its chemical inertness, superior thermo-

mechanical properties, such as high thermal conductivity, high temperature oxidation 

resistance, high hardness, high compressive strength and moderate toughness as shown in Table 

1.2  [28]. In addition to the aforementioned properties, the low induced radioactivity and quick 

decay of activity, high-temperature resistance to high-energy neutron irradiation make these 

composites promising materials for nuclear fuel cladding as they help to avert a sudden built up 

of accidental hydrogen gas when hot steam comes in contact with overheated nuclear fuel rods. 

The 3C polytype of SiC crystal has isotropic properties, whereas hexagonal polytypes are 

observed to have variation in several material properties with respect to C axis, which is called 

anisotropy.  
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Table 1.2: Mechanical and thermal properties of SiC [28]. 

Attribute Properties 

Light weight Density: 3.21g/cc 

High temperature stability 
It does not melt, but decomposition as high as 

2830 + 40C 

Excellent mechanical properties 

High hardness:  28 GPa (only 3 materials e.g. 

diamond, cubical boron nitride, boron carbide 

exhibit higher hardness than SiC) 

Young’s modulus: 430 GPa 

Compressive strength: 3.3 GPa 

High thermal shock resistance 
High thermal conductivity: 146 W/m.K 

Low coefficient of thermal expansion: 4×10
-6

/
օ
C 

Corrosion and oxidation 

resistance 

Does not react with HNO3, HF etc., 

oxidation resistance of sintered SiC up to 1400 
օ
C 

Application temperature As high as 1400 
օ
C 

 

1.2.2.3 Optical and Electrical properties: SiC crystal lattice has different arrangement of Si and C 

atoms, each polytype exhibiting unique electrical and optical properties  [35]. The most 

common polytypes of SiC used for electronic applications are 3C, 4H, and 6H. Since, the 

crystallographic direction strongly influences the direction of current flow at an applied electric 

field, the non-isotropic nature of polytypes is considered to be one of the important aspects for 

some of the electrical application. SiC with it low density, high dimensional stability under 

cyclic thermal and mechanical stress and high elastic modulus is considered to be ideal material 

for high level optical mirror applications in developing high resolution telescopes. The cubic 

form of SiC is also extensively used in wear resistance coatings, infrared windows etc  [36]. 

Owing to the wide band gap and semiconducting nature, SiC is also used in various electronic 

and optoelectronic devices. Few important electrical and optical properties are provided in 

Table 1.3  [37,38]. 
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Table 1.3: Standard optical and electrical parameters for SiC [37–39]. 

Optical 

parameters 

Dielectric 

constant 

6.5 - 10 

Reflectivity 

4 - 25 eV 

Absorption 

coefficient 

6H: 4.9-5.8 eV 

Infrared 

refractive 

index 2.55 

Reflection 

spectra 

3-13 eV 

Electrical 

parameters 

Band gap 

energy Eg 

2.4 - 3.33 eV 

 

Relative 

dielectric 

constant 

9.7 

Electro reflectance spectra 

(4H, 6H & 3C) 1-5.6 eV 

 

1.2.3 Various applications 

There are many uses of SiC in different industries. Its physical hardness makes it ideal to be used 

in abrasive machining processes like grinding, horning, sand blasting, water jet cutting, etc  [40]. 

The ability of SiC to withstand very high temperatures without breaking or getting distorted 

enables its use in the manufacture of ceramic brake discs for sports cars  [41]. It is also used in 

bulletproof vests as an armour material and as seal ring material for pump shaft sealing where the 

machine frequently runs at high speed and comes in contact with similar SiC seal. One of the 

major advantages in these applications is high thermal conductivity of SiC which enables it to 

dissipate frictional heat generated at the  rubbing interface  [42,43]. 

 

The high surface hardness of SiC enables its use in many engineering applications where a high 

degree of sliding, erosive and corrosive wear resistance is required  [44]. Typically this can be in 

components used in pumps or for example as valves in oilfield applications where conventional 

metal components would display excessive wear rates that would lead to rapid failures  [45]. 

 

The unique electrical properties of SiC such as its application in semiconducting devices and 

wide band gap make it ideal for manufacturing high voltage and ultra-fast light emitting diodes, 

transistors, U.V photodiodes, thyristors for high power switching, solar cells etc  [46]. 

The light weight, high hardness, high thermal conductivity, and low coefficient of thermal 

expansion makes it an ideal material for astronomical telescope mirrors  [47,48]. In optical 

pyrometer, SiC fibers are used to measure gas temperatures  [49]. 
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SiC is also used in heating elements where extremely high temperatures need to be 

accommodated. It is even used in nuclear power plants  to provide structural supports in high 

temperature gas cooled reactors  [50]. Porous SiC foam has been used for molten metal filtration 

due to its high temperature thermal stability and chemical inertness and functionalized silicon 

carbide nanosheet (SiCNS) membranes are used for water desalination applications  [51].  

 

SiC with its excellent biocompatibility, chemical stability and superior mechanical properties is 

an ideal material for long-term, implantable biomedical devices such as brain-machine interface 

applications  [52,53]. 

 

1.3 Characteristic features of SiC based composites and its applications 

SiC is considered to be a desirable ceramic material for its low density, high hardness and high 

modulus. SiC also exhibits excellent high temperature properties like high thermal shock and 

creep resistance in addition to high temperature withstanding capability of  temperatures as high 

as 2500 °C because of its very high sublimation temperature of ~2700 °C  [5]. Further, the 

exceptionally low oxidation rates of SiC up to a temperature of 1700 °C and cost effectiveness 

make it a promising choice for various applications such as rocket nozzles, engine flaps, leading 

edges of aircrafts, etc  [4]. Recent studies on monolithic SiC have shown that  oxidation rates can 

be minimized to the tune of two to three orders of magnitude lower than that of zirconium-based 

alloys commonly used in nuclear industries [6]. Despite having superior properties at room and 

high temperatures, it has one severe shortcoming: low fracture toughness, which restricts its use 

in many high energy-related applications. Also, due to the strong covalent bonding between 

silicon and carbon atoms of SiC and the poor diffusivity of reactant species, the densification of 

SiC is a challenging task, whether it is in solid state or liquid phase. The shortcoming of low 

fracture toughness can be overcome by the incorporation of fiber in the matrix to produce 

composites for use in applications like, gas turbines, heat exchangers, aerospace, etc. 

In addition to the aforementioned properties, the low induced radioactivity and high-temperature 

resistance to high-energy neutron irradiation make the composites promising materials for 

nuclear fuel cladding to avoid the sudden built up of accidental hydrogen gas in case of hot 

steam coming in contact with overheated nuclear fuel rods  [54–59].  
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Considering salient features of SiC such as high temperature capability, low activation, relatively 

low neutron absorption and resistance to radiation, a continuous research has been on going on 

development of SiC composite tubes technologies for fusion applications [60]. Many studies 

have been reported on short or long fibers reinforced SiC based composites. However, 

CNTs/CNFs, SiCf and Cf have received an enormous degree of attention in recent years, due to 

the remarkable physical, thermo-mechanical properties and compatibility with the matrix [61-

63]. The incorporating second phase like CNTs or CNFs is not only improving the mechanical, 

thermal and electrical properties of SiC, also improves the fracture toughness.  

The continuous Cf or SiCf reinforced SiC based composites are having wide range of 

applications as structural component for high temperature fusion reactors, gas turbines and 

aircrafts etc. The continuous fibers reinforcement improves the load bearing capacity SiC matrix 

and also aids pseudo-ductile fracture behavior and high fracture energy which improves the 

reliability SiC components for various structural applications. Continuous fiber systems exhibit 

considerable anisotropy. This anisotropy can be very beneficial in certain applications. In the 

continuous fiber-reinforced ceramic composites, the fibers need to be masked with an interfacial 

coating to avoid reaction with the matrix and allow them to withstand high temperatures. The 

interfacial bonding improves fracture toughness of SiC with the interfacial debonding along with 

other fracture toughening mechanism, i.e., fiber bridging, fiber pullouts, and fiber fracture etc 

[64]. 

However, fabrication of composites using these conventional processes has been a challenging 

task due to the presence of residual porosity, inclusions, and microscale defects which especially 

influence the properties of the SiC composites. In order to overcome the shortcomings 

encountered in the aforementioned processes, a relatively easy and marginal route has been 

conceived for the fabrication of dense SiC hybrid composite tubes. The novel route was 

attempted in the present study to achieve superior mechanical and thermal properties. Amongst 

various routes of powder processing, spray freeze granulation is considered to be a superior 

technique for producing high-quality composite spherical granules as it offers uniform dispersion 

of the second phase in the matrix maintaining sphericity of the powder. The new approach was 

adopted for the fabrication of continuous Cf reinforced SiC-based hybrid composite to assess the 

combined effect of matrix nanofibers and weaved long fibers on the hybrid composite properties.  
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1.4 Objective and scope of the thesis 

The main aim of the present work is fabrication of dense SiC based composites with improved 

fracture toughness and oxidation resistance properties along with other optimized thermo-

mechanical properties. 

The scope of the present work can be listed as follows 

1. Studying the effects of powder processing routes such as conventional drying and 

advanced spray freeze granulation on SiC based composites. 

2. Studying the influence of large number of variables such as powder particle size, 

sintering parameters and secondary phase on the properties of SiC-CNFs composite 

using Taguchi statistical design of experiments and analysis. 

3. Analyzing the physical, thermal and mechanical properties of spray freeze granulated 

surface modified CNFs dispersed and pressureless sintered SiC-CNFs composites. 

4. Exploring the effect of different types of secondary phase incorporation and their 

combined effect on the properties of SiC composites.  

5. Carrying out post sintering techniques such as CVD, LSI and studying the oxidation 

kinetics of LSI based Cf/SiC composites.  

6. Investigating micro meter length properties of the monolithic SiC and CVD SiC 

coated SiC-CNFs composites using high speed nanoindentation maps.  

7. Studying the influence of combined effect secondary phases such as CNFs and nano 

SiC on the properties of SiC matrix. 
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1.5  Layout of the thesis 

The research work present in the thesis is presented in eight chapters, with the outline of 

each chapter given below. 

CHAPTER 1: Introduction 

This chapter comprises the general introduction, scope and objectives of the present 

work. The classification of structural ceramics and its applications are discussed in 

detail. In particular, SiC ceramic structure, properties and its applications in various 

fields have been discussed thoroughly. 

CHAPTER 2: Literature review 

This chapter presents a detailed description of the methods used for powder processing 

and fabrication of SiC based composites. Various types of secondary phase materials and 

their surface treatment methods are analyzed. It highlights the literature associated with 

SiC based composites, using different secondary phase material. The literature study on 

the experiments design and analysis using Taguchi statistical analysis are also discussed. 

The details of the shaping and sintering techniques for processing SiC based composite 

components are given. 

The influence of different types of reinforcement on the mechanical properties, namely, 

processes that improve fracture toughness and different types of toughening mechanisms 

involved have been studied. In the end, the common challenges faced while fabricating 

the SiC based composites have been addressed. 

CHAPTER 3: Experimental design  

The experimental techniques employed for the characterization of SiC composites such 

as XRD, DSC-TGA, SEM-EDS, TEM, HR-TEM, FTIR, Raman, UV-Vis studies were 

discussed in detail. The description of the apparatus used and the detailed procedure of 

the experimental measurements have also been included. 

CHAPTER 4: Optimization of processing parameters and fabrication of CVD coated SiC-

CNFs thin composite tubes using Taguchi statistical analysis 

This chapter deals with the optimization of material properties of the CNFs composite 

tubes through Taguchi experimental design. The experimental results i.e. performance 

parameters were analyzed by Taguchi optimization method and microstructure analysis. 

The fabrication and characterization of CVD coated CNFs thin composite tubes at 
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optimized conditions of processing parameters received by Taguchi analysis is also 

discussed. The influences of surface treatment of CNFs and CVD SiC coating on the 

properties of SiC composite tubes are analyzed. 

CHAPTER 5: Fabrication of BN coated long carbon and carbon nanofibers reinforced SiC 

based hybrid tubes through CIP and pressureless sintering 

Boron nitride coated continuous carbon fiber (BN-Cf) reinforced SiC-CNFs hybrid 

composite tubes were fabricated by adopting a novel approach: cold isostatic pressing 

(CIP) combined with pressureless sintering. The effect of BN coating to maintain the 

stability of Cf were studied using XRD phase analysis, selected area electron diffraction 

and microstructure analysis. The quantitative phase analysis using Rietveld’s refinement 

using MAUD software is discussed.  

CHAPTER 6: Enhancement of oxidation resistance of CVD SiC coated Cf/SiC-SiC(CNFs) 

hybrid composites processed through Si-infiltration 

Fabrication of three different types of Cf/SiC-SiC(CNFs) hybrid composite tubes by 

liquid silicon infiltration process is discussed. The oxidation behavior of bare Cf, Cf/SiC 

composite and CVD-SiC coated Cf/SiC composite is examined separately using TGA 

under air atmosphere from room temperature to 1350 
օ
C. The influence of individual 

phases on the oxidation resistance of the hybrid tube was studied thoroughly using XRD, 

and SEM-EDS analysis. 

CHAPTER 7: Surface properties evaluation of SiC based composites using high speed 

nanoindentation technique  

The surface properties of CVD SiC coated SiC-CNFs based composite tubes were 

studied by employing conventional as well as advanced high speed nanoindentation 

mapping technique at different loading and holding times under ambient conditions. 

Microstructure and mechanical properties were studied to analyze the influence of CVD 

coating on composite properties. Further, XRD, SEM and TEM analysis were employed 

to characterize the microstructure of individual composite constituents and its CVD 

coating. 

CHAPTER 8: Summary, Future plan of the work, Implication and List of publications 
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2.0 Introduction 

In the present chapter, the literature review of SiC-based composites using various powder 

processing routes, such as conventional drying, spray drying, and advanced spray freeze 

granulation techniques have been outlined and the differences are compared. Various types of 

secondary phase materials and their prior surface treatment processes have been introduced. The 

study of the influence of processing and sintering parameters on the properties of SiC composites 

using Taguchi statistical analysis has been discussed. The effects of different types of green 

shaping, sintering and post sintering processes on the properties of the composites have been 

described. The fracture studies and the toughening mechanism of SiC composites with respect to 

the type of reinforcement have been explained. Challenges encountered in process of SiC based 

composites have been addressed. 

 

2.1 Various types of secondary phase materials and their surface treatment 

  Reinforcement highly influences the structural properties and fracture behavior of CMCs. 

Secondary phase materials in a different form are used to enhance the properties of the original 

material by holding it together. The reinforcement not only provides internal support to the fiber 

but also a new identity to the material with superior properties. Hence, selection reinforcement is 

considered an important aspect in the fabrication of composites. The specific applications or 

specific structural properties requirements, shape and size of the final product, processing routes, 

temperature, etc., are the factors to be considered before selecting the secondary phase material 

for the fabrication of CMCs. Particulates, fibers, tubes, plates, whiskers, etc., are commonly used 

reinforcement for the composites  [1]. The final properties of the composites depend on the size, 

shape, concentration, orientation, and distribution of secondary phase material. 

 

i) Whiskers: Whiskers are known to be single crystals with preferred growth in specific crystal 

direction and exhibit extraordinary strength (6-30 GPa) and modulus (400-600 GPa) based on the 

material type due to the defect-free structure. Typically, whiskers measure micron (0.5-10 µm) in 

diameter, few micrometers to centimeter (3-55 mm), in length and very high strength in specific 

direction  [2]. Whereas, aluminium oxide, graphite, silicon carbide, hydroxylapatite, cellulose, 

etc., are commonly known materials to produce whiskers based on the requirement [3-4]. 

Mostly, whiskers of the same material or different are used as reinforcement in the processing of 
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the different types of composites such as alumina, iron, graphite, silicon, silicon carbide, etc., for 

various applications [5-8]. Due to the high strength and unique specific properties, whisker 

reinforced ceramic matrix composites can be used in high-temperature structural applications 

like energy conversion systems, advanced heat engines etc. Whiskers are randomly oriented in 

the matrix as shown in Figure 2.1(a). However, they can be easily damaged during the 

fabrication process, which can lead to unwanted anisotropy in the composite structure. Whiskers 

are very expensive due to their processing method and it is also difficult to handle them.  

  

ii) Particulates: Particulates are the most widely used reinforcement type due to their availability 

and affordability. The fabrication process of particulate reinforced ceramic matrix composites 

involves an easy mixing of dispersed phase with matrix, whether in wet condition or a dry state 

(based on the size of the particles) as shown in Figure 2.1(b).  The properties of particulate 

dispersed ceramic matrix composites mainly depend on the size, shape and arrangement of the 

dispersed particles. The particle size of lower than 0.2 µm, strengthens the composite by 

impeding the motion of dislocations and deformations in the material at the atomic scale. Similar 

to the precipitation hardening, the small ceramic particles diapers in the matrix of particulate 

composite are stable even for high-temperature applications.  

 

The most commonly used ceramic particles used as  dispersants are Titania (TiO2), Silicon 

carbide, Thoria (ThO2), Titanium diboride (TiB2), Alumina (Al2O3), etc  [2,9]. The large size 

particulate (1-50 µm) reinforced composites are designed to produce an unusual combination of 

properties rather than improving the strength alone. Moreover, these particulates optimize the 

toughness of the ceramic matrix by diverting the crack initiated in the ceramic matrix and energy 

dissipation mechanisms  [10]. Tungsten carbide (WC), titanium carbide (TiC), SiC are the most 

commonly dispersed particulates in the ceramic matrix  [11]. The particulate reinforcement is 

less effective in optimizing the properties including strength when compared with the fiber 

reinforcement. In general, particulate reinforced ceramic composites find applications where a 

high level of wear resistance is required  [12]. 

 

iii) Fibers: Fibers are the most widely used class of reinforcement, as they help to achieve the 

desirable enhancements in properties like load-bearing capacity and fracture toughness of the 
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ceramic matrix. The classification of fibers is given as a flow chart in Figure 2.2  [13]. Oxide-

based ceramic fibers most frequently used are alumina (Al2O3), silica (SiO2), zirconia (ZrO2), 

and alumina and silica mixture i.e. Mullite (3Al2O3. 2SiO2), etc  [14]. The commonly reinforced 

non-oxide ceramic fibers are SiC, titanium diboride (TiB2), boron nitride (BN), Si-C-O (N), Si-

C-B-N, etc  [15]. The fiber-reinforced composite strength is mainly dependent on the orientation, 

length, shape, and composition of the fibers and mechanical properties of the matrix material. 

The fiber incorporation in the ceramic matrix composites not only provides improved strength 

and other mechanical properties but also optimizes the strength to weight ratio. The matrix 

transfers the applied loads to the fibers and also protects the fibers from adverse atmospheric 

conditions. The fibers contribute to fracture toughness to the ceramic matrix by mechanisms like 

crack bridging, crack deflection, debonding of the fiber-matrix interface, etc., as shown in Figure 

2.3  [16]. Even at the critical conditions such as crack initiation or propagation, fiber inhibits 

such a process by absorbing energy at the interface of the failure  [17]. Although fibers are 

brittle, in the case of ceramic fiber reinforced ceramic matrix composites, the overall composites 

are tough due to the effective design of the fiber-matrix interface, which deflects or arrests the 

cracks and also prevents the failure of the reinforcement. 

 

The ceramic matrix composites are mainly classified into two types based on the type of 

reinforcement i.e. 

 Discontinuous fiber reinforcement: short fibers (micron to nanoscale in length) are 

distributed randomly in the ceramic matrix as shown in Figure 2.1(c). Fabrication 

techniques like slip casting, injection molding, and powder metallurgy routes are used to 

produce this type of composites. Uniformly distributed discontinuous fiber-reinforced 

ceramic composites are being used in abrasive and mining industries, high-pressure heat 

exchangers and high wear applications  [18–21]. 

 Continuous fiber reinforcement: Preformed long fibers are reinforced in the ceramic 

matrix as shown in Figure 2.1(d). The typical process employed in the formation of fiber 

performs and the fabrications of the composites are chemical vapor deposition (CVD) or 

chemical vapor infiltration (CVI) or electrophoretic deposition. The excellent combined 

properties of continuous fiber-reinforced SiC composites such as being lightweight, low 
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thermal expansion, high thermal conductivity, good corrosion resistance and wear 

resistance, etc., are desirable in many high temperatures industrial applications  [22–25].  

 

 

Figure 2.1: Pictorial representation of ceramic matrix, distributed with a) whiskers b) 

particulates c) discontinuous or short fibers  

d) continuous fibers [2,4,25-26]. 

           

 

Figure 2.2: Classification of the fibers used as reinforcements [13]. 

 a  b  c  d 
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Figure 2.3: Extrinsic toughening mechanisms of ceramic matrix composites [27]. 

The fibers which are most frequently used in the ceramic matrix and used in the current research 

are listed below. 

i. Carbon fibers: They are composed of carbon atoms and fiber filament dimensions have 

diameter ranging from 5-10 µm to several meters in length. These are commercially available 

in the form of nanotubes, nanofibers, fiber tow (with ~8000 filaments), fabric, woven perform, 

etc. The extensive advantage of using carbon fibers in different types of the matrix includes 

light weight (density: 1.7-1.9 g/cc), high tensile strength (2-4.5 GPa), high stiffness, good 

chemical resistance and temperature stability, etc  [27]. These excellent properties of different 

types of carbon fibers are given in Figure 2.4 [13, 28–30]. Carbon fibers are used as 
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reinforcement in different types of matrix materials such as metallic (Al/CNF, Ti/CNF, 

Cu/CNF etc.,)  [29], polymeric (PI/CNF, PEEK/CNF, PEI/CNF)  [28], ceramic (C/SiC, C/B4C) 

and non-metallic (C/C composites) [31-32], etc. Based on the precursor material involved the 

fabrication process of carbon fibers are classified as 1) Polyacrylonitrile (PAN) 2) Pitch 3) 

Rayon 4) Gas-phase grown carbon fibers  [27]. On the other hand, while considering the 

mechanical performance, carbon fibers are classified as low modulus, medium modulus, high 

modulus and ultra-high modulus and the respective modulus vs tensile strength of these fibers 

are as given in Figure 2.4  [31]. 

 

Figure 2.4: Classification of carbon fibers based on the mechanical performance [13, 29-31]. 

 

Carbon fiber (short or long) is considered to be potential high-temperature secondary phase 

reinforcement in the SiC matrix which not only improves the fracture toughness and other 

mechanical properties but also aids the thermal conductivity of newly formed SiC composite. 

The mechanical properties of various types of carbon fibers are given in the Table 2.1 below. 
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Table 2.1: Commercially available carbon fibers and their specifications [33–35]. 

Trade name 

and Company 
Specifications 

Tensile 

Strength 

(MPa) 

Tensile 

Modulus 

(GPa) 

Coefficient 

of thermal 

expansion 

(CTE) (m/ m 
օ
C) 

Thermal 

conductivity 

(Cal/ cm s 
օ
C) 

PX30, 

Zoltek
TM

, U.S. 

Filament dia: 7 µm,  

Density:1.75 g/cc 

 242   

T300, Toray. 

Inc., USA. 

Filament dia: 7 µm,  

Density:1.76 g/cc  

3530 230 -0.41×10
-6

 0.0250 

NCF W300C, 

SHIMTEQ, 

Japan. 

Filament dia: 6 µm,  

Density:1.80 g/cc 

    

T700S, Toray. 

Inc., USA. 

Filament dia:  7 µm,  

Density:1.80 g/cc 

4900 230 -0.30×10
-6

 0.0224 

T800S, Toray. 

Inc., USA. 

Filament dia: 5 µm,  

Density:1.80 g/cc 

5880 294 -0.56×10
-6

 0.0839 

T100, Toray. 

Inc., USA.0G 

Filament dia:  5 µm,  

Density:1.80 g/cc 

6370 294 -0.55×10
-6

 0.0765 

M40J, Toray. 

Inc., USA. 

Filament dia:  5 µm,  

Density:1.77 g/cc 

4410 377 -0.83×10
-6

 0.1640 

M50J, Toray. 

Inc., USA. 

Filament dia:  5 µm,  

Density:1.88 g/cc 

4120 475 -1.10×10
-6

 0.3720 

M60J, Toray. 

Inc., USA. 

Filament dia: 5 µm,  

Density:1.93 g/cc 

3920 588   
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ii. Silicon carbide fibers: The excellent combination of thermo-mechanical properties of SiC fibers 

such as high modulus, high strength, thermal stability, superior creep, better resistance to 

chemicals and oxidation even at high-temperatures, are considered ideal for high-temperature 

reinforcement for ceramic matrix composites. SiC fiber-reinforced SiC-based composites are 

mostly used for high temperatures, for applications under harsh conditions such as heat 

exchangers, nuclear fuel cladding, gas turbines, water reactors, etc. Commercially available SiC 

fiber dimensions range from 5-150 µm diameter and a few hundreds of mm to cm in length  [32–

36].  SiC fibers are generally reinforced as continuous fibers in the ceramic matrix (due to 

chemical compatibility and low thermal gradient). SiC fibers are composed of silicon and carbon 

as the primary molecules. Based on the manufacturing process they also possess a small amount 

of oxygen, boron, nitrogen, etc. The commercial processing methods used for the fabrication of 

SiC fibers are 1) melt spinning of polymer precursor and subsequent heat treatment, 2) chemical 

vapour deposition of Si based precursor on the carbon filaments. The variation in the thermal 

stability of various types of SiC fibers depending on the composition and specifications are given 

in Table 2.2. 
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Table 2.2: Different types of SiC fibers along with their specifications [36-37]. 

Fiber type 
Nicalon 

CG 

Hi-

Nicalon 

Hi-Nicalon 

type S 
Sylramic Tyrano HPZ 

Manufacturer 

Nippon 

Carbon 

Ltd., 

Japan 

Nippon 

Carbon 

Ltd., 

Japan 

Nippon 

Carbon 

Ltd., Japan 

Dow Corning 
Ube Industries 

Ltd., Japan 

Dow 

Corning-

ATK COI 

Ceramics 

Inc., USA 

Fiber diameter 14 12 11 10 10 10 

Composition wt % 

Si 

C 

O 

 

56.6 

31.7 

11.7 

 

62.4 

37.1 

0.5 

 

68.9 

30.9 

0.2 

67 

29 

0.8 

 

Si-Ti-C-O 

 

Si-C-N 

Crystallization of 

SiC 
Low Moderate High 

Near-

stoichiometric 

β-SiC with a 

large grain 

size 

Near-

stoichiometric 

β-SiC with a 

large grain size 

 

Thermal stability 

(
օ
C) 

1110 1230 1450 1420 1300  

Tensile strength 

(GPa) 
3.0 3.4 2.6 3.1 2.76  

Tensile modulus 

(GPa) 
190 270 420 400 193  

 

2.2 Surface treatment of secondary phase materials 

Most of the available secondary phase materials such as fibers, tubes and particles etc., (µm to 

nm range) contain a small percentage of impurities due to the processing methods involved.  As 

already explained in the above section, the main role of secondary phase material in many 

composites is to enable the acquisition of unique properties by the composite to avoid the 

catastrophic failure and to improve the load bearing capacity of the brittle matrix. Moreover the 

unique properties of these nanophases can be transferred only through good adhesion.  However, 

the presence of impurities and their structure made them hydrophobic or inert, and therefore not 

miscible with many solvents and forms agglomerates. In order to form a good adhesion with the 

matrix, the reinforcement needs to be homogeneously dispersed in the matrix. Hence, before the 

reinforcement, the material needs to be purified and functional groups embedded on its surface 

as per requirement, a process known as surface treatment or functionalization. Based on the type 
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of the secondary phase material, process involved and the required outcomes as per the 

applications, surface treatments are varied  [37-39].  

 

The different purification methods are classified based on mode of separation. Such as, 1) The 

physical separation which can be further classified as arc method  [40], photo-oxidation  [41], 

gas phase treatment [46-47], 2) The chemical separation method further differentiated as acid 

oxidation treatment, liquid-phase oxidation treatment [48-49], and finally 3) physical and 

chemical separation method that are bifurcated into microwave heating of nitric acid [50-51], and 

coating: sol-gel dip coating  [48]. 

 

With regard to interfacial adhesion of CNFs or SiC nano particles with SiC matrix for the current 

work, incorporation of oxygen containing functional groups (mainly carboxyl and hydroxyl) on 

its surface is a very crucial step. The exfoliation of nano particles or fibers aided by these oxygen 

functional groups helps in enhancing its dispersion stability in the matrix. In the present study, 

chemical oxidation routes were adopted for the surface treatment of nano particles or fibers and 

sol-gel dip coating method was employed for the coating of continuous or long carbon and SiC 

fiber filaments with suitable interface material. In the present study, boron nitride (BN) was used 

as interface material [53-54]. The fiber-matrix interface plays an important role to protect the 

fiber from cracks and deflects the cracks by transferring the loads between the fiber and matrix 

[55-56]. The main purpose of interface is to maintain the fiber intact and optimize the fracture 

toughness of the composite. The ability of the fiber to remain intact even with the initial cracking 

of the matrix can be assessed by the frictional sliding of fiber-matrix interface. The BN has a 

layered crystal structure, is light weight, has high temperature stability, enjoys high thermal 

shock resistance, and has excellent oxidation resistance and good thermal conductivity. Hence, 

the BN material with its structure, low shear modulus and superior thermo-mechanical 

properties, is considered to be an effective interface material for various continuous fibers 

reinforced ceramic matrix composites  [53–57].  
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2.3 Various processing methods to fabricate SiC based composites  

Majority of polycrystalline ceramic parts are fabricated via powder consolidation followed by 

pressureless sintering. The advantages of these methods such as easy processing of complicated 

shapes over a considerable range, better control of the component size, shape and properties, 

moderate processing costs, etc., are reasons for them to be employed in many industrial 

applications. Processing of polycrystalline ceramic components generally involves three basic 

steps: a. slurry preparation (mixing the powders with the additives), b. powder processing 

(granulation or drying, crushing, grinding), c. shaping and firing. Some of the processes like slip 

casting and injection molding etc., have only two step processes such as mixing of raw powders 

with the additives and shaping (casting or molding) followed by firing  [58]. In general, ceramic 

powders are processed either by mechanical route or chemical route   [59]. Mechanical route 

involves processes like screening, ball milling, elutriation, vibratory milling, roll crushing etc. 

The chemical processes involve precipitation, sol-gel, decomposition, freeze drying, liquid mix, 

hydro thermal, laser, plasma etc  [60].  

 

Many studies in the literature reveal that SiC based composites have been fabricated with  

reinforcement such as the ones mentioned in previous section (2.2) : carbon fibers (nano or 

micron), SiC fibers (nano or micron) and nano powders of cubic SiC are most commonly 

incorporated for high temperature and high corrosion resistance applications  [18,61,62].  There 

have been many attempts to fabricate SiC based composites, using various processes, some of 

which are given below :  

 

i) Polymer infiltration and pyrolysis (PIP) process is known to be one of the most preferred 

processes to fabricate SiC composites with complex shapes and large sizes. Preform 

fabrication (Cf/C preform), infiltration of polymer (silicon-based polymer) and pyrolysis are 

the steps involved in PIP  [63].  

ii) Chemical vapour infiltration (CVI) process offers distinct advantages in obtaining highly 

pure SiC matrix with minimal damage to the fibers (Cf) with the use of simple processing 

equipment. A major shortcoming of the CVI process is the formation of occasional large 

pores in the matrix leading to inferior mechanical performance in an oxidizing atmosphere 

 [64–66].  
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iii) Liquid silicon infiltration (LSI) process also called reactive melt infiltration (RMI), where 

the Cf is coated with a polymeric precursor to produce porous Cf/C preform. Liquid silicon 

(Si) is then infiltrated in the porous carbon perform, due to the capillary action of molten Si at 

a temperature of more than 1450 
օ
C (exceeding the melting point of Si) which rises into the 

pores of carbon perform and simultaneously reacts with carbon, resulting in the formation of 

Cf/C-SiC composite, where SiC acts as matrix  [67–69]. 

iv) Electrophoretic deposition (EPD) process in which a thick film of the matrix is deposited on 

tightly woven fiber preform. EPD is known as a simple and easy process involving two steps. 

Firstly, the charged particles are dispersed in a suitable liquid medium move towards an 

oppositely charged electrode in an applied electric field called electrophoresis. The second 

step involves the deposition of accumulated charged particles on to the electrode as a thick 

film  [70–72]. 

v) Ceramic route or nano powder infiltration and transient eutectic phase method (NITE) 

method comprises nano matrix slurry impregnation on the coated fibers followed by drying 

and sintering of stacked fabric layers under pressure. In this process, an interface is formed 

between fibers and matrix with a transient eutectic phase which solidifies before cooling of 

the composite  [73]. However, fabrication of composites using these processes has been a 

challenging task due to the presence of residual porosity, inclusions, and microscale defects 

which especially influence the properties of the Cf/SiC composites.  

vi) Powder processing and sintering: Among the various afore-cited processes the fabrication of 

SiC composites by powder metallurgy route is known to be very common as well as cost-

effective. In powder processing route, composite powder is normally produced by initial 

mixing of SiC powder and appropriate binders, sintering aids and secondary phase (micron to 

nano range fibers or particles) materials in a suitable solvent media. Hence, the suspension or 

slurry generated is dried and sieved. The three different types of powder processing routes 

used in the thesis have been discussed here. 

 

Conventional drying of ceramic composite slurries by air or rotary evaporator is an old, well-

known old and easy technique for powder processing. Even though it is time taking (for drying), 

it is suited for monolithic powder processing and also economically viable for large scale powder 

production. However, obtaining the homogeneous dispersion of the reinforcement in processing 
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of composite powders through conventional process is difficult, due to the easy agglomeration of 

nano sized reinforcement. Some of the drawback of the conventional process such as non-

uniform shape and sizes, inhomogeneous composition and non-favorable flow properties of the 

powders etc., are highly influencing the compaction process, macrostructure characteristics and 

sintered properties of the final components.  

 

However, powder in the form of granules has made the fabrication process easy. Since, the free 

flowablity of granules is helping in filling the pressing die evenly and can easily get disintegrated 

at pressing.  In this regard, to improve the powder properties which further optimize the final 

product properties of SiC based composites, advanced powder processing routes have been 

initiated. There are few literatures mentioning the improvement of the properties of SiC by 

adopting combinations of various advanced powder processing techniques like spray drying, 

spray freeze granulation are given brief here.  

 

Spray drying is comparatively advanced and a well-practiced process compared to conventional 

process. In spray drying process, composite powder slurry is sprayed through a nozzle of 

required dimensions and spherical granules are produced after the drying process. However, the 

draw backs of spray granulation technique are its non-uniform flow properties, non-

homogeneous and hard granules, with cavity inside due to the thermal gradient effect during 

slow drying process  [74].  

 

The density of the final product depends largely on the nature of the powders which in turn 

depends on the processing routes. Among the various routes of powder processing, spray freeze 

granulation is considered a superior technique for producing high-quality composite spherical 

granules as it offers uniform dispersion of the second phase in the matrix maintaining sphericity 

of the powder  [75,76]. A recent study by our group has revealed that the spray freeze granulated 

nano SiC spherical powder has shown superior green and sintered properties  [77]. Nyberg et al. 

carried out a study where micron size SiC powder was used for producing low-temperature 

liquid phase sintered SiC with yttrium oxide (Y2O3) and aluminium oxide (Al2O3) as sintering 

additives showing improved properties  [78]. 
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In freeze granulation process, powdered slurry is prepared in an aqueous media using suitable 

dispersants and sintering aids. Hence, produced well mixed slurry is sprayed through a spherical 

nozzle into a liquid nitrogen chamber using nitrogen gas as a carrier. The sprayed granules are 

instantaneously frozen in liquid nitrogen like spherical ice balls, which are further dried through 

the sublimation process, using freeze drier under low pressure and negative temperatures, as 

shown in Figure 2.5(a). The spray dried powders have internal void or dried shell due to the 

formation of large thermal gradient. However, due to the negligible or low thermal gradient, the 

spray freeze granulation process produces spherical, homogeneous and free flowing granules, as 

shown in Figure 2.5(b). Hence, with these advantages, the spray freeze granulation process has 

been adopted to produce powder of different materials for various applications [79,81-82]. 

 

 

Figure 2.5: Illustration of a) spray freeze granulation process b) comparison of spray granulation 

and spray freeze granulation processes [83]. 

 

2.4 Shaping or compaction process 

Shaping or powder compaction is one of the most important steps in producing ceramic 

components in powder metallurgy route, where powders are densified in a die under high 

pressure. Along with the green density, compaction provides handling strength and desired final 

shape to powders. The green product properties after the compaction are mainly influenced by 

the powder properties such as size, shape, flowability, porosity, homogeneity, etc., and in turn 

green properties influence the final microstructure and sintered properties of the components 

 [80]. While considering various factors such as component shape, size, productivity, surface, 

 a  b 
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microstructure characteristic, shaping process or compaction etc., can be selected. Various types 

of shaping process are summarized in Table 2.3. Die pressing is known to be most widely 

employed compaction process in many large scale production industries.  

 

Table 2.3: Major compaction techniques used for ceramic components fabrication [85]. 

Techniques Sub-category 

Pressing 

Uniaxial 

Isostatic (cold and hot isostatic 

pressing) 

Hot pressing 

Slip casting 

Gel casting 

Pressure casting 

Vacuum casting 

Drain casting 

Centrifugal casting 

Electrophoretic deposition 

Fugitive-mold casting 

Tape casting 
Doctor blade 

Waterfall 

Plastic forming 

Extrusion 

Compression molding 

Roll forming 

Injection molding 

Additive 

manufacturing 

3D printing 

Inkjet printing 

Robocasting 

 

In the present study, only pressing technique has been adopted for fabrication green components 

of SiC based composite. Pressing is accomplished by compaction of free flowing powder into die 

under pressure. Some commonly employed pressing techniques are 1) uniaxial and 2) isostatic 

pressing. 

1. Uniaxial pressing: It involves the compaction of powders by applying pressure along a single 

axis direction through rigid punch and piston, as shown in Figure 2.6. Pressure can be applied 

either i) mechanically i.e. by applying cyclic loads either manually or through automation, or 

ii) hydraulically where pressure media is fluid which transmits the pressure via fluid against 

piston. Based on the moisture content present in the powders, the pressing is classified as dry 



37 
 

pressing (0-5 %) and wet pressing (10-15 %). In dry pressing, compaction occurs by crushing 

of the powder granules and the crushed particles are redistributed into a close-packed array.  

2. Wet pressing on the other hand is mainly carried out on clay based composites to achieve 

plasticity. Even though the pressing process is easy, quick, and economic for many 

applications, there are a few drawbacks of using this process such as non-uniform density, die 

wearing, surface cracks etc., which can severely affect the final sintered product properties. 

Maximum theoretical green density achieved through the uniaxial pressing for ceramic 

powder is around 55-58 %  [81] 

 

 

Figure 2.6: Schematic of automated uniaxial pressing [86]. 

 

3. Isostatic pressing: It is also called cold isostatic pressing (CIP), where compaction is 

attained by applying pressure from all directions  [82]. Applying pressure from multiple 

directions has a great influence in attaining great uniformity of green body properties. Along 

with uniform green density, some of the advantages of CIP are reduced surface flaws and 

improved shape capabilities. CIP is the most preferred process for the consolidation of metal 

and ceramic powders. In this process granulated powders are isostatically pressed using a cold 

isostatic press where liquid media was used as a pressuring media and the powders are sealed 

in a mold. Mold is equipped with the mandrel, core set-up for internal shape and the seal 

plates, which preserves the shape of the components and protects it from liquid pressure 

media. Commonly employed liquid media for the CIP process are water, oil or glycol mixed 
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water mixture. Through Trough CIP process, maximum theoretical green density of around 

95-100 % can be achieved (for metallic and ceramic powders)  [83].  

 

Based on the type of mold used for the pressing, the CIP process is classified as  [84] 

a) Wet-bag isostatic pressing: powders are sealed in the mold and placed in the liquid 

containing high-pressure chamber and the pressure of the liquid media has been increased 

by hydraulic pump. The uniform green properties are achieved by the distribution of 

pressure isostatically to the mold. Advantages of adopting the wet-bag isostatic pressing 

are uniform density, wide verity of complex shapes and various sized components etc.  

b) Dry-bag isostatic pressing: In the process, the mold is not immersed in the fluid media 

and the set-up has a separate internal channel to pump the high pressure liquid media. 

Advantages of this process are close dimensional tolerance and quicker process compared 

to wet-bag isostatic pressing and high production rate etc. 

The schematic of the CIP process, i.e., wet bag and dry bag processes are as illustrated in 

Figure 2.7. 

Common applications for CIP include the consolidation of metallic and ceramic powders for 

various applications such as electrical insulators, spacecraft parts, automotives, refractories, 

dental parts, etc.,  [82, 85–87].  

 

Figure 2.7: Schematic illustration of a) wet-bag and b) dry-bag CIP processes [89]. 

 a  b 
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2.5 Taguchi Modeling techniques for process optimization of SiC composites 

Taguchi method is a well-known modeling technique employed in various fields of research 

enabling one to obtain high quality products economically through optimization of properties by 

reducing the number of experiments. A lot of time and resources are therefore saved by adopting 

this process  [88–91].  It is known that the powder properties, processing techniques, sintering 

conditions like temperature, holding time and rate of heating play an important role in 

densification process of SiC based ceramic composites. Amongst the various controlling 

variables, sintering parameters command fundamental importance in dictating the final 

properties  [92]. The individual and combined effects of parameters on the properties of the 

composites are even more complicated when the number of controlling variables are more. These 

require more number of experiments using all combinations of response variables. Hence, to 

obtain optimized condition and a set of variables with the well balanced experiments, the 

Taguchi method of design of experiments and analysis is employed in the present study  [93–95]. 

In this method, a set of control parameters were arranged in an orthogonal array to give the 

optimum number of experiments with the best combination of parameters. A La (b^c) orthogonal 

array was used in the present study where, ‘a’ represents the number of experimental runs, ‘b’ is 

the number of levels of each factor, and ‘c’ is the number of variables. The acquired 

experimental results were analyzed with respect to signal to noise ratio (S/N) and analysis of 

variance (ANOVA) to understand the effect of variables on the properties of the composites  

 [95–97]. 

 

2.6 Sintering techniques 

Densification of green compact under heat or pressure or both is known as sintering or firing 

process. Sintering process is primarily influenced by parameters like sintering temperature, 

average particle size, atmosphere, applied pressure, packing efficiency, green body properties 

etc. Decrease in free energy of the system initiates the sintering process. The driving force and 

material transport mechanisms play a vital role in achieving the required microstructure 

characteristics and final sintered properties. Sintering process can take place in various 

mechanisms based on the driving energy and the material transport mechanism, as shown in 

Table 2.4 and in the form of phase diagram as shown in Figure 2.8. Solid state sintering and 

liquid phase sintering techniques are most commonly employed for ceramic materials. 
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Figure 2.8: Various types of sintering techniques [62]. 

 

Solid state sintering: Surface free energy or chemical potential between the surfaces of the 

adjacent particles are the main driving forces for the solid state sintering process. The grain 

coarsening during the sintering process reduces the driving force for the densification and acting 

as an alternative route for densification. Carbon and boron are the most commonly used additives 

for sintering of SiC system  [98–100]. 

 

Liquid phase sintering: This process involves sintering green compact under conditions where 

solid grains coexist along with liquid media. Usually this process is employed on hard materials 

where sintering is difficult e.g. Si3N4, SiC, WC etc [106-107]. The presence of viscous liquid 

provides the capillary force to pull the grains together, enhance the densification rate and 

accelerate grain growth. The identification of suitable liquid forming additives and its 

requirement based on the sintering material is the key point in obtaining the enhanced 

densification of the system  [92]. Even though the liquid phase vigorously accelerates the 

sintering process and densifies the system, it remains a glassy intergranular phase, which in turn 

degrades the high temperature properties (creep and fatigue) of the component. 
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Table 2.4: Classification of sintering mechanisms [108]. 

S. No Type of sintering Material transport mechanism Driving energy 

1. Vapour-phase Evaporation-condensation 
Differences in vapour 

pressure 

2. Solid-state Diffusion 

Differences in free 

energy or chemical 

potential 

3. Liquid-phase Viscous flow, diffusion 
Capillary pressure, 

surface tension 

4. Reactive liquid-phase 
Viscous flow, solution 

precipitation 

Capillary pressure, 

surface tension 

 

The strong covalent bonding between silicon and carbon atoms of the SiC and the poor 

diffusivity of reactant species as well as the densification of SiC is a challenging task whether it 

is solid state or liquid phase. Sintering process often needs sintering additives with low melting 

temperatures to enhance densification. Carbon (C) and boron (B), either as elemental form or in 

the form of compounds, is mostly preferred as sintering aid for solid state densification process 

while aluminum or Yttrium and its compounds, mainly Al2O3/ Y2O3 are the liquid phase 

sintering additives  [98, 103–106]. Alternately, recent studies have revealed sintering of SiC 

without sintering aids at high temperatures could be enhanced by using pressure assisted 

sintering processes such as hot isostatic press (HIP), hot press (HP), pulsed electric current 

pressure sintering (PECPS) and pressure assisted microwave sintering  [107–109].  
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3.0 Introduction  

In this chapter, an overview of various characterization techniques and design of experiments for 

the development of CNFs/ CNT dispersed SiC composites have been explained. Different 

processing techniques for the fabrication of composites are delineated. The optimization of 

processing parameters of SiC composites is carried out by using Taguchi’s statistical design of 

experiments. The characterization techniques employed to investigate the properties of the 

samples are also discussed.  

3.1 Characteristics of raw materials and methods 

SiC powder (α-SiC (CUMI’s M-15, M-25, India) of 0.6 µm and 0.4 µm size were used as matrix 

material. The β-SiC (particle size: 350 nm) (IAM, USA) with cubic structure and carbon 

nanofibers of length 35 µm, diameter 70 nm, (Grupo Antolin, Spain), and long carbon fiber 

bundles (Cf) (5-7K, IndiaMART, India) were used as secondary phase material. Boron (B) (from 

Sigma Aldrich, USA) and Carbon (C) in the form of sucrose (from SDFCL, India), were used as 

sintering additives. Sigma Aldrich, USA make Polyethylenimine (PEI-25000) was used as a 

dispersant of SiC in water media (freeze granulation process). Nitric acid (HNO3) (Sigma-

Aldrich, USA) and sulphuric acid (H2SO4) (Fisher Scientific, USA) were used to surface-treat 

the fibers while sodium dodecyl sulphate salt (SDS) (Fisher Scientific, USA) was used as a 

surfactant for well dispersion with the aqueous matrix. The long carbon fiber bundles (Cf) were 

coated with boron nitride (BN) by allowing polymeric precursors of boric acid (Fisher Scientific, 

USA) to react with urea (MERCK, USA). The overall work flow chart of the thesis experimental 

work is as given in Fig. 3.0. 



51 
 

  

Figure 3.0: Overall workflow chart of the experimental work.Table 3.1: Information of the 

raw material for the fabrication of CVD SiC coated Cf/C-SiC hybrid composite tubes. 

Raw material Role Specifications 

SiC (CNFs) 

composite tube 
Base matrix 

In house fabricated dense and 

pressureless sintered SiC composite 

tube with 1 wt % CNFs reinforcement 

 [1] 

Wall thickness: ~2 mm  

High strength 

carbon fabric 

(HSC) 

Reinforcement 

TS 700S, TORAY, Japan 

Tensile strength 4900 MPa, 

Filament diameter: 7 µm 

Number of filaments per tow: 6K 

(K=1000), 

Density: 1.80 g/cc 

Carbon non-

crimped fabric 

(NCF) 

Reinforcement 

NCF W300C, SHIMTEQ, Japan 

Filament diameter: 6 µm,  

Number of filaments per tow: 7K 

Density: 1.80 g/cc 

Spun yarn 

graphitized carbon 
Reinforcement 

Zoltek
TM

 PX30, U.S, 

Filament diameter: 7 µm,  
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fabric (SYG) Number of filaments per tow: 6K 

Density:1.75 g/cc 

Coal-tar pitch 

Binder as well as 

the precursor to the 

matrix 

Carbon residue rate 46.3 %, 

IndiaMART, India 

Silicon lumps 
Infiltration material 

to form SiC matrix 

Purity: 99 %, 

IndiaMART, India 

Methyl-

trichlorosilane 

(MTS) 

Protective coating 
Purity: 99 %, 

Sigma Aldrich, USA. 

 

3.2 Taguchi designing of experiments 

In this study, an attempt was made to process SiC – CNFs composite from establishing the 

influence of sintering parameters and secondary phase material (CNFs) on the properties of SiC 

composites. Experiments were designed by Taguchi statistical analysis. SiC-CNFs were prepared 

with varied CNFs composites at different sintering conditions and processed through solid state 

pressureless sintering technique. The physical and mechanical properties of the composites were 

then measured and analyzed statistically by Taguchi method. 

3.2.1 Design of Experiment  

The experiments were designed with Taguchi L9 orthogonal array to minimise the number of 

experiments with the optimized combination of factors. The L9 array contains 4 factors and 3 

levels with a total degree of freedom (DF) of 8. Since the sintering parameters have a major 

impact on SiC-CNFs composite properties, the input sequence of the factors were given as 

sintering temperature (
օ
C), heating rate (

օ
C/min), holding time (hours) and CNFs composition 

(wt %), as listed in Table 3.2. Minitab 18 software version has been adopted for Taguchi 

analysis. The experimental results were studied with help of signal to noise (S/N) ratios, 

ANOVA, etc., as shown in flow chart given below (Figure 3.1). ANOVA helps in analyzing the 

influence of individual factors on total variance.  The S/N ratio analysis will provide the most 

efficient set of operating conditions by the variation in the results. The signal-to-noise ratio 

measures how the response varies relative to the nominal or target value under different noise 

conditions. One can choose from different signal-to-noise ratios, depending on the goal of 

experiment. Out of three types of analysis based on characteristic S/N ratio viz. i.e, smaller is 
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better, normal is better and larger is better offered by Minitab, the last methodology i.e. larger is 

better was adopted and equation 3.1, shown below, was considered for analysis.  

N = -10Log  
 

 
  

 

    
             Equation (3.1) 

Where n is the number of experiments, y is observed data or results of the corresponding 

experiments carried out. The parameters consists the ANOVA tables such as DF, Adj SS, Adj 

MS, F and P values are default generated with the given inputs. P is probability that measures the 

significance of the term further. P ≤ 0.05 is significance level. Each parameter value has its 

unique way of representing the influence of factors on the properties.  

From the S/N ratio and ANOVA response tables, the major influencing factors of particular 

composite properties are studied. 

Table 3.2: List of processing parameters and their respective levels for experimental design. 

 

Processing parameters Level 1 Level 2 Level 3 

Sintering temperature (
օ
C) (A) 

 

Heating rate(
օ
C/min) (B) 

 

Holding time (hours) (C) 

 

CNFs composition (wt %) (D) 

2125 

 

6 

 

1 

 

0 

2150 

 

8 

 

2 

 

1 

2175 

 

10 

 

3 

 

2 

 

Figure 3.1: The sequential steps involved in the Taguchi analysis. 
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3.3 Surface treatment methodology of reinforcement materials 

The CNFs offer superior support to SiC matrix with its unique combination of properties. 

However, avoiding micro segregation or bundling and uniform dispersion are challenges one 

faces while using carbon nanofibers as reinforcement. As explained in the previous chapter, 

extensive research work has been carried out to develop dispersion technologies of submicron to 

nanometer range reinforcement in various media. In the present study, chemical oxidation route 

was adopted for functionalization of carbon nanofibers and nano SiC powder particles. Long 

fiber filaments of carbon and SiC are coated hexagonal boron nitride (h-BN) an inter-phase 

material. The process details are as given below. 

3.3.1 Functionalization of CNFs using acid treatment 

In the present study, acid treatment of carbon nanofibers was carried out for improving their 

dispersibility in water. Nitric acid (HNO3) and sulphuric acid (H2SO4) solution in the ratio of 3:1 

at various concentrations were used to treat the fibers  [2]. Zeta potential studies and FTIR 

Analysis were considered for fixing the acid concentration as 0.5 M so as to avoid the aggressive 

surface treatment of CNFs. The dispersion of fibers in the matrix was further enhanced by using 

suitable surfactant i.e sodium dodecyl sulfate salt (SDS) at optimized quantity and along with 

ultra-probe sonication. Ultra-probe sonication is a physical way of separating entanglement of 

carbon fibers using shear forces via sonication  [3,4]. The literature studies, reveals that the SDS 

concentration used for CNFs or CNTs dispersion was minimum and the ratio of SDS to CNFs 

quantity is approximately 0.2:1 and further optimization of dispersion was carried out by zeta 

analyzer  [5]. Vigorous mixing of composite slurry, before granulation, with an ultra-probe 

sonicator helped in removing air entrapment. 

 

3.3.2 Surface coating of long carbon fibers with BN using Sol-gel dip coating 

To improve the thermal stability and chemical inertness of long carbon fiber bundles (Cf) 

(IndiaMART, India), they were coated with boron nitride (BN) by allowing polymeric precursors 

of boric acid (Fisher Scientific, USA) to react with urea (MERCK, USA)  [6]. The dip-coating 

technique in combination with sol-gel process was chosen to coat the fibers with BN. The carbon 

fiber filaments were separated from the bundle, cleaned and dried prior to coating and then 

subjected to dip-coating process at optimized experimental titration conditions, i.e. four cycles of 
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dip-coating. After the completion of each cycle, the dip-coated fibers were dried at 120 
o
C 

followed by curing at 800 
օ
C for 2 hr at the rate of 5 

օ
C/min under N2 atm (Figure 3.2). BN 

coated Cf filaments thus synthesized were used as reinforcement for the fabrication of hybrid 

composite tubes.  

 

Figure 3.2: Process flow chart of interface coating of BN using sol-gel dip coating route  [6,7]. 

3.4 Slurry preparation and powder processing of SiC based composites 

The slurry preparation and powder processing are crucial steps in deciding the properties of the 

final product. In processing homogenous SiC based composite, lubricants, additives (sintering 

aids) and secondary phase material (carbon nanofibers) were mixed with the SiC matrix under 

wet conditions (aqueous solvent) using comminution methods. Some of the comminution 

techniques are crushing and grinding. In order to avoid the agglomerates or lump formation and 

to obtain the required particle size, milling was done. Ball milling is the most commonly 

employed comminution technique, where powders are ground or milled in a cylindrical container 

with the help of grinding media (suitable balls). The most commonly preferred grinding media is 

hard and inert material or similar type of material to avoid the contamination of media. In ball 

milling, slurry is homogeneously milled with applied mechanical forces. As the ball mill rotates, 

the slurry or ceramic powder lumps moves between the balls and the walls of the mill and hence 
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the agglomerates or lumps found reduces in size as represented in Figure 3.3. The rate of milling 

depends on the relative size and the density of the media. 

In ball milling, the milling time, grinding media and applied mechanical force are the main 

parameters, which influence the properties of the powder largely. In the present study, powders 

were processed under optimized conditions of milling parameters such as the grinding media 

being twice the weight of the slurry or powders to be grounded, milling time of 20 min with a 

mechanical force rendered by 80 rpm.  

 

Figure 3.3: Schematic of ball milling process [8]. 

3.4.1 Conventional and rotary evaporation powder processing methods 

The conventional powder process is a fast and economic processing technique. In this process 

the mixed or milled composite slurry is placed in a tray and dried in normal atmosphere or hot air 

oven. Hence the produced powder lumps are crushed and sieved.  

Rotary evaporation is a controlled drying process to reduce the volume of solvent and commonly 

employed when compounds or additives in the slurry have lower boiling point than solvent. It is 

an effective technique to remove solvent from a compound of interest. In this process, slurry is 

placed inside a glass flask and mechanically rotated in hot water bath under controlled vacuum 

conditions; the set-up is shown in Figure 3.4. The flask rotation and the hot water bath helps in 

increasing the surface area of the compound thereby exposing the solvent for faster evaporation. 
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Figure 3.4: Schematic of rotary evaporator. 

3.4.2 Freeze granulation process 

 SiC and its composite formulations were prepared with fixed carbon (2.4 wt %) in the form of 

sucrose, elemental boron (0.6 wt %) and varying CNFs content (1 to 3 wt %,). Sucrose was 

selected as carbon containing precursor for ease of subsequent aqueous processing of the slurries 

for freeze granulation. Prior to the addition of fibers in the matrix powder, acid treatment of the 

fibers were carried out for improving the dispersibility in water. The concentration of acids were 

optimised and fixed as 0.5M by mixing nitric acid and sulphuric acid in the ration 3:1.Surface 

modified fibers were dispersed in water with the help of sodium dodecyl sulfate salt (SDS) as a 

surfactant mixed using an ultra-probe sonicator. The dispersed CNFs solution was then added to 

SiC slurry to produce the composite powder of 30 vol % solid loading, which was then sprayed 

in the form of spherical granules into a chamber. The sprayed spherical granules were then 

frozen in liquid nitrogen gas using a freeze granulator (Powder Pro, Model: LS-2, Sweden) to 

make frozen granules, resembling spherical ice balls entrapping the well dispersed additives in 

the SiC matrix. Subsequently, drying of frozen granules through the sublimation of ice into 

vapour was carried out with the help of a freeze drier (SRK System Technik Gmbh, Model: LYO 

GT 2, Germany) at an initial temperature of less than -30 °C under constant vacuum level of 1.5 

mbar. Thus, granules of CNFs containing SiC composite powders with fiber content varying 

from 1 to 3 wt % were prepared. The spherical shaped SiC/CNFs containing composite powder 
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with a bi-modal size distribution having a mean granule size of ~ 50 µm as shown in Figure 3.5 

(c), was obtained which was used for further experiments. 

  

 

Figure 3.5: a) Spray freeze granulation set up b) freeze drying set up c) bi-model distribution of 

spray freeze granulated SiC composite powder. 

 

3.5 Shaping, sintering and post sintering processes of the samples 

Freeze granulated SiC-CNFs composite powder were used to produce highly dense green thin 

tubes of SiC based composites with dimensions 60-600 mm length, 1-10 mm wall thickness and 

20-30 mm outer diameter in a cold isostatic press at 80 MPa pressure for 10 min using a 

specially designed neoprene mould as shown in the Figure 3.6. Green coupons of 32
L 

X 32
W 

X 4
T
 

mm
3
 size were also compacted at 491 MPa pressure using a uni-axial hydraulic press with an 

average density of 55-58 % to the theoretical value.  

 a  b 

 c 
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Figure 3.6: Processing steps involved in shaping a) fiber weaving around core rod b) substrate 

insertion inside the rubber bag c) vacuum tight sealing of bag d) cold isostatic press set up e) 

CIPed green SiC hybrid composite tubes with long fibers projections f) hydraulic uni-axial 

compaction press g) uniaxial pressed composite tiles. 

 

The compacted green tubes along with the green coupons were then subjected to pressureless 

sintering at 2150 
օ
C for a holding period of 1 hr in Argon atmosphere in a special holding 

arrangement to avoid warpage of the tube during sintering as shown in Figure 3.7. The time, 

temperature and heating rate variation of the sintering process are shown in Figure 3.8. 

 a  b  c  d 

 e  f  g 
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Figure 3.7: V-Channel arrangement for CIP tubes in the furnace.  

 

Figure 3.8: Pressureless sintering cycle. 

3.5.1 Fabrication of SiC hybrid composite tube through liquid silicon infiltration (LSI) 

and Chemical vapour deposition (CVD) techniques  

As a primary step of the process, a 2D conventional braiding of 8H satin of high strength carbon 

fibers (HSC), quadriaxial form of non-crimp carbon fabric NCF, and 8H satin form of spun yarn 

graphitized (SYG) fabric (using weaving machine) were produced on the in-house fabricated SiC 

(CNFs) composite tubes and the specifications of the fabric used are given in Table 3.1. The 
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process to produce the SiC (CNFs) composite tube is mentioned in previous section. The volume 

fraction of carbon fibers or fabric was maintained as 60 % [9]. The thickness of the fabric 

braiding was measured to be 8-9 cm with different types of braiding patterns as shown in Figure 

3.9(a). 

 

The schematic diagram of the fabrication process for CVD SiC-coated hybrid composite tubes is 

shown in Figure 3.10. The raw materials used for the processing of the composite tubes along 

with their specifications are shown in Table 3.1. As-received carbon fabric containing the active 

groups on the surface forms a strong bond with the polymer preform and avoids further 

interaction with liquid Si.  

 

In the second step, processing and curing of porous preform on Cf braiding was carried out. The 

liquid Coal-tar pitch was used as carbon source and forms a layer during carbonization process, 

which produces porous Cf/C preform. Initially, the Cf braiding was impregnated with liquid coal-

tar pitch at 280 
օ
C for 2 hr and carbonized at 950 

օ
C to form porous Cf/C composite. The 

porosity of the Cf/C composite was further increased by the graphitization process carried out at 

2200 
օ
C for 48 hrs. Graphitization facilitates interlocking of the elongated cracks in the porous 

Cf/C matrix, which interact with silicon and influence the infiltration process thereby enhancing 

SiC formation  [10].  

 

The third step, known as LSI process, consists of infiltration of the molten silicon into the cured 

porous Cf/C braided SiC (CNFs) composite tubes. The infiltration process is carried out with the 

help of capillary forces of liquid silicon under vacuum conditions to prevent oxidation and to 

obtain effective silicon infiltration. In the present study, LSI was carried out at 1700 
օ
C for 1 hr 

by placing the tubes inside silicon lumps with an average size of 10 -20 mm in a graphite 

crucible in vacuum. During infiltration, silicon reacts with the carbon present in the preform and 

forms SiC matrix. The density of LSI Cf/C-SiC composites of differently braided carbon fabric 

was calculated.  
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Finally, the tubes were subjected to CVD coating. Prior to CVD coating, the Si infiltrated tubes 

were surface-smoothened by grinding operation for better adherence of coating. The ground 

hybrid composite tubes are shown in Figure 3.9(c).  

The sintered SiC-CNFs composite tubes and liquid silicon infiltrated hybrid tubes were further 

densified by depositing a uniform 500-800 micron thick coating of SiC on the surface by CVD. 

The CVD was carried out at 1400 
օ
C, maintaining 150-200 torricelli pressure with a deposition 

rate of 100 µm/hr using methyl-trichlorosilane (MTS) as a precursor in excess of hydrogen and 

argon as the carrier gas in a reactor as per the following reaction: 

 

   CH3SiCl3 → SiC    +   3 HCl             where MTS: H2 is 1:1 mole ratio      Equation (3.2) 

CVD-SiC coating was carried out at 1400 
օ
C under 150 torr vacuum. A uniformly dense SiC 

coating with ~ 500-800 µm thick layer was formed on the composite and hybrid composite tubes. 

CVD SiC coated hybrid composite tubes and the coated layers are shown in Figure 3.9 (d) and 

(e) respectively. 

 

 

 

Figure 3.9: (a) Cf braided SiC/CNFs composite tubes before Si-infiltration (b) digital camera 

images of SiC (CNFs) tubes with different braided patterns i.e. i) HSC ii) SYG iii) NCF (c) Cf 

4.5cm 

 i  ii  iii 

H2 

 a  b 

 c  d  e 
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braided SiC/CNFs composite tubes after Si-infiltration (d) grounded Samples for CVD SiC 

coating e) cross section of CVD SiC coated samples. 

 

Figure 3.10: Flow chart of liquid silicon infiltration of hybrid composite tubes. 

 

3.6 Materials characterization  

3.6.1  X-ray diffraction (XRD) 

The crystal structure analysis of raw SiC powders, secondary phase materials (raw and surface 

treated), sintered and post sintered samples were analyzed using high intensity multi-functional 

2D X-ray diffraction system, shown in Figure 3.11. The RAPID-II-D/MAX (RIGAKU corp., 

Japan) was used to scan the samples under Cu-Kα radiation with the wavelength of 1.5406 Å and 

at an angle (2Ɵ) range from 20-90
o
. The results obtained were analyzed and compared against 

the patterns found in international centre for diffraction date (ICDD) using crystal impact match 

software.  
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The structural and quantitative phase analysis of XRD data obtained from samples was carried 

out by Rietveld’s refinement using MAUD software  [11]. Rietveld’s refinement is a software 

approach which is widely accepted to be an exceptionally valuable method for structural analysis 

of nearly all classes of crystalline materials. The various structural properties of the sample can 

be obtained including: accurate quantitative phase information, crystallite size, site occupancy 

factors etc. The refinement of structural information such as lattice parameters, atomic position, 

peak position, background parameters has been carried out while considering the standard 

reference crystal structure information (CIF). The symmetry and the space group considered for 

the refinement along with the refined structural parameters such as goodness of fit factor (χ
2
) and 

R-factors: weighted residual error (Rwp), expected (Rexp), background (Rwnb) and Bragg (Rb). The 

values of χ
2
 and Rwp acceptable for the effective refinement are very low (χ

2 
< 2, Rwp < 15). The 

refinement was carried out at a maximum number of cycles (21 cycles) until it matches with the 

standard reference peak positions.  
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Figure 3.11: X-ray diffractometer set-up. 

 

3.6.2 Zeta potential and UV-Vis spectroscopy analysis for dispersion stability of CNFs 

in the matrix 

In processing of nanomaterials reinforced composites, characterization of nanomaterials is a 

crucial step in studying the properties of the composite component. The nanomaterials (carbon 

nanotubes, carbon nanofibers, nanoparticles etc.,) have a tendency to form agglomerates in an 

aqueous media due to their inert surface properties, as discussed in section 3.4. In order to 

produce homogeneous dispersion of reinforcement in the matrix, it is important to study the 

dispersion stability of the same quantitatively. In the present study, to produce homogenous 

dispersion of CNFs in the SiC matrix, the standardization of surface treatment process by the 

titration of acid’s ratio and surfactant quantity has been optimized with the help of i) UV-Vis 

spectroscopy (Model: Carry 5000, Varian Inc., US) in the wavelength range: 190-3300 /cm, 
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maximum , scan rate of 200 (UV-Vis) and 8000 (NIR) ii) Zeta potential  analyzer (Model: Zeta-

Meter Inc, Zeta-Meter 3.0+ Unit-ZM3-577, USA) at a potential range from -125 mV to + 125 

mV, pH range: 2.5-11 and minimum of 20 ml sample volume. 

Zeta potential analyzer was used to optimize acid concentration for CNFs surface treatment and 

concentration of surfactant (SDS) for homogenous dispersion in aqueous medium by analyzing 

the dispersion stability of CNFs. The dispersibility of fibers was measured by taking a dilute 

solution of 0.01 vol % in distilled water and the results obtained i.e zeta potential plots were 

compared. 

The UV spectroscopy was employed to study the dispersion stability of CNFs in the wavelength 

range of 200-800 nm (Figure 3.12). The resulting spectrum was plotted with wavelength against 

the absorption. The absorption spectrums of the compounds were distinguished based on the 

specific wavelength of the dispersed CNFs in the solution by following Beer-Lambert law, as 

given in equation 3.3. In general, quality of dispersion was analyzed by the rate of absorption i.e 

more the absorbance, better the dispersion of CNTs or CNFs in aqueous media  [12].  

 

A log 
  

  
                      Equation (3.3) 

where A- absorbance, I0- intensity of incident light, It- intensity of transmitted light. 

 

 

Figure 3.12: Schematic of UV-Vis spectroscopy mechanism. 

 

3.6.3 Laser diffraction analysis of the composite powders  
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Particle size eanalysis is an important study in understanding the final property of a product and 

its appropriate application. The laser diffraction particle size analyzer provides the  size 

measurement based on the variation in the intensity of light scattered or diffracted through a 

given angle from the particles to the incident laser beam. The as received SiC and spherical spray 

freeze granulated SiC-CNFs composite powder size analysis was carried out using laser 

diffraction technique (Model: MS3000, Malveren Instruments Ltd., UK) and the average size of 

granules was obtained from the plots i.e the plots of particle size against vol %. 

 

3.6.4 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR is a common laboratory spectroscopy instrument that deals with the infrared region of 

electromagnetic spectrum with the wave number ranging from 400-4000 cm
-1

. The IR 

spectroscopy works based on the principle that the specific frequency of the IR radiation is 

absorbed by the molecules of the sample, which characterize the sample structure. FTIR is useful 

for several types of analysis, such as it can be employed to identify unknown materials, quality 

and consistency of samples, and provide quantitative results of components present in the 

mixture. In the current study, FTIR was employed (Model: Vertex 70; Bruker Optik GmbH, 

Germany) to analyze surface functionalities of as-received carbon fibers, acid treated CNFs and 

BN coated long carbon fibers at spectra resolution of 0.4 cm
-1

. The picture of FTIR used for 

analysis if given in figure 3.13. 
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Figure 3.13: FT-IR instrument. 

 

 3.6.5 Scanning Electron Microscope (SEM) 

SEM is one of the versatile instruments used to examine the surface, microstructure, composition 

and crystallographic analysis of samples (organic or inorganic) in nanometer to micrometer 

scale. It has been used in a wide range of medical fields and produces topographic image in the 

magnification range of 10x-10000x. The SEM produces images by scanning (raster scan pattern) 

the sample using a focused electron beam. When the electrons from the beam interact with the 

sample electrons produced various types of signals which contain the different types of 

information of the sample such as surface topography, composition and the crystallographic 

details. The types of signals produced by SEM are shown in Figure 3.14. 

The microstructure, composition and phase analysis of secondary phase materials, sintered and 

post sintered samples were studied using field emission scanning electron microscope (FE-SEM) 

(Model: Gemini 5000). The elemental analysis and crystallographic studies were carried out with 

the help of the EDS and EBSD units attached with the FE-SEM equipment. 

Prior to SEM analysis, the sample surface was polished to mirror finish. The sequence of the 

steps followed while sample preparation is as follows: The sintered and post sintered samples of 
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different dimensions were hot mounted for sample preparation. The flat-mounted samples were 

polished with fine-grit SiC paper (45-30 micron), followed by precise diamond cloth polishing 

(Buehler EcoMet
®

 4000, USA) (15 – 0.5 µm). Care was taken to avoid any deep scratches and 

damage of coating at each stage of polishing. As per the requirement of EBSD analysis, the 

samples were further polished using vibratory polishing (Buehler VibroMet
®
 2, USA) with 

colloidal silica (0.02 µm) for 5 hours.  

 

 

Figure 3.14: Illustration of SEM analysis and various types of signals emitted. 
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3.6.6 Transmission electron microscope (TEM) 

The distribution of fibers and sintered SiC based composites samples was characterized by the 

transmission electron microscope (TEM) (Technai G
2
, Netherland), operated at 200 kV (Figure 

3.15). The EDS unit and electron energy loss spectroscopy setup were connected to TEM 

system. Hence, structural and chemical information of samples were obtained from TEM 

analysis at low and high resolutions (HR-TEM). 

The sequential steps involved in TEM sample preparation were as follows:  

i) As-sintered samples were cut into thin and disc shaped using ultrasonic disc cutter (Model: 

601, Gatan Inc., USA) at slow speed.  

ii) The discs were ground manually to nearly 150 µm.  

iii) The surface of ground samples were dimpled by dimpler grinder (Model: 656, Gatan Inc., 

USA) to a thickness of about 30 µm. 

iv) Samples were further polished with the precision ion polishing system (Model: PIPS, 

Gatan Inc., USA) at low kV for better electron transparency area. 

 

Figure 3.15: TEM set-up. 
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3.7   Evaluation of properties 

3.7.1 Bulk density measurement 

The density of green compact, sintered and post sintered (CVD and LSI) samples was measured 

using Archimedes principle given in equation 3.4. The sintered and post sintered samples were 

cleaned with acetone before the measurement of mass. The dry mass measured samples were 

immersed in the deionized water and boiled for 2 hr from room temperature to 40 
օ
C. The water 

was allowed to cool to room temperature and samples remained soaked in water (min. four 

hours) for better results. The samples were taken out, dabbed with cotton cloth to remove excess 

water and immediately the soaked mass was measured and the samples were suspended in water 

to measure the suspended weight.   

Bulk density 
 ry mass        ensity of water

Soaked mass    Suspended mass S 
  100                  Equation (3.4) 

 

Principle: weight loss of the sample in water is equal to the weight of the equivalent volume of 

the water displaced by the sample.  

 

3.7.2 Mechanical properties 

3.7.2.1 Vickers micro-indentation  

Average hardness and indentation fracture toughness values of the sample were evaluated 

using a Vickers micro-hardness tester (Wateruhl technische Mikroscopie GmbH & Co. 

KG, Model:  UHL VMHT, Germany) under a load of 4.9 and 9.8 N (1 kgf). Indentation 

fracture toughness of the samples was calculated with an average of ten indents using 

Anstis' empirical equations 3.5  [13]. The indented surface of the sintered samples were 

polished to mirror finish without any surface scratches and cleaned ultrasonically before 

the testing. 

KIC      1   
 

 
 

1

 
  

 

 
 
 

        Equation (3.5) 

          where  

KIC = fracture toughness (MPa m
1/2

), 

E = young’s modulus (GPa), 



72 
 

H = Vickers hardness (GPa), 

F = indentation load (N), 

c = half crack length (m). 

3.7.2.2 Three-point bend test 

Strength was measured through 3-point bend test as per ASTM standards C1161-13 and 

samples with dimension 25
L
x4

W
x2

T
 mm

3
 were made using the universal testing machine 

(UTM, INSTRON-4483, UK) under the 0.5 mm/min of cross head speed and a span 

length of 20 mm. 

 

3.7.2.3 Nano-indentation 

In this study, an iNano
®
 nanoindenter (Nanomechanics, INC., Oak Ridge, USA) 

equipped with a pyramidal Berkovich (three-faced) diamond tip indenter was used for 

the analysis, as shown in Figure 3.16. The geometrical inconsistency of the diamond 

indenter tip was calibrated with fused silica before the measurement. Continuous 

stiffness measurement (CSM) test was carried out as a function of indentation depth 

(maximum 200 nm) up to a maximum load 50 mN for mechanical properties 

measurement (15 x 15 indents with 10 μm apart). The average hardness and the elastic 

modulus of the samples were measured continuously throughout the indentation. The 

large indentation load and indent spacing of conventional nano indentation or CSM 

make it difficult to measure the properties of individual phases present in the matrix 

such as secondary phase, agglomerates or pores, etc. On the other hand, high-speed 

nano indentation mapping was conducted at a maximum load of 20 mN in 150 x150 

μm
2
 area with 10000 indents (100 x 100), with a spacing of 1.5 μm apart from one 

another. Hence, hardness and the elastic modulus values of individual phases from the 

maps can be measured and correlated with the microstructure. All the averaged test 

results of the samples were measured and compared with one another [14–16]. The 

sample preparation for high-speed nano-indentation mapping is very critical as the 

nano range tip is used for indentation. The samples were flat mounted as per the nano-

indenter system’s stage requirement and evenly polished without any deep scratches. 

The procedure followed was similar to EBSD sample preparation. 
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.  

 

Figure 3.16: Advanced high-speed nanoindentation set-up. 

 

3.7.3 Thermal Properties 

3.7.3.1 Thermal conductivity Thermal conductivities (K) of the composites were calculated with 

DSC (STA 449 Jupiter- Netzsch GmbH, Germany) by Laser flash technique up to 1000 
օ
C. 

The conductivity was calculated using equation (3.6), given below:  

K = α ρ Cv where        Equation (3.6) 

α - thermal diffusivity, ρ- density and Cv - specific heat. 

3.7.3.2 Thermo gravimetric analysis The oxidation study of the composites samples was carried 

out by thermogravimetric analysis (TGA) (STA 449 F3; NETZSCH, Germany) in the ambient 

air. A constant heating rate of 10 
օ
C/min and 80 ml/min oxygen gas flow rate were maintained 

from the beginning (room temperature) till the experiment was completed at 1450 
օ
C in 

oxygen or air (~ atmospheric pressure). The sample of dimensions 4 X 4 X 3 mm
3
 was 

prepared using slow speed iso-Met cutting machine (isoMet
TM

 Low Speed Saw, Buehler, 

USA).  
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The weight (< 200 mg) and dimensions (< 6 X 6 X 6 mm
3
) of the samples was maintained 

according to the sample holder (pure alumina crucible) design in TGA setup. The samples 

were cleaned in an ultrasonic bath and dried at 100 
օ
C before testing. Weight changes in the 

samples with respect to the temperatures were recorded by an automated weighing balance 

connected with the crucible. Considering the statistical significance of the analysis, the 

average of a total of five samples were taken for the oxidation analysis as well as for other 

property measurements. 

The residual mass or weight change (∆m) of the samples after the TG test was calculated from 

the following equation 3.7: 

    Equation (3.7) 

Where mo: initial mass, m: mass after the test [17]. 

 

  

 m
o
- m

 
 

m
o
  

∆m   = X 100%  
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Optimization of processing parameters  

and fabrication of CVD coated SiC-CNFs thin composite tubes 

using Taguchi statistical analysis 
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4.0 Introduction 

This chapter deals with the optimization of material properties of CNFs composite tubes through 

Taguchi experimental design method to optimize processing parameters such as sintering 

temperature, heating rate and holding time for different CNFs compositions. Further, 

experiments were designed at the optimized processing conditions to evaluate the effect of 

particle size of SiC and CNFs loading on the properties of CNFs composites by choosing an L9 

(3^3) orthogonal array of design. The experimental results i.e. performance parameters were 

analyzed by Taguchi optimization method and microstructure analysis. The effect of variables on 

the properties of the composites were studied from the signal to noise ratio (S/N), analysis of 

variance (ANOVA), and interaction plots. At optimized conditions of processing parameters 

reported by Taguchi analysis, the fabrication and characterization of CVD coated CNFs thin 

composite tubes were also discussed. The impact of surface treatment of CNFs and CVD SiC 

coating on the properties of SiC composite tubes were also analyzed.  

 

 4.1 Results and Discussion 

4.1.1 Taguchi analysis of the CNFs composite properties for anticipation of the optimal 

experimental condition by  

4.1.1.1 S/N ratio analysis of CNFs composites properties- density, hardness and fracture 

toughness 

The S/N ratio of CNFs composites properties i.e, average values of density, hardness and 

fracture toughness were calculated using larger is better criterion though Equation 4.1 as given in 

experimental section. Based on the S/N ratio difference obtained from Table 4.1, the rank of the 

variables (A, B, C, D) was calculated and given in the S/N ratio response (Tables 4.2 and 4.3) of 

its properties. From the S/N ratio value and ranks from the properties response Tables 4.1 and 

4.2, it was observed that factor A has major influence on optimizing density and hardness. The 

main effect plots of density and hardness of CNFs composites reveals that factors A and C were 

exercising a combined influence on optimizing the density, whereas factors A and B were  

primarily influencing the hardness, as depicted in Figure 4.1(a & b) respectively. The SEM 

images of sintered SiC composites at 0-1 wt % CNFs variation in Figure 4.1(c & d) respectively, 

show packed grain structures, which provide supporting evidence for optimum density of 
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particular processing conditions of variables as mentioned above. The microstructure has few 

closed pores with CNFs dispersion (marked with arrows). 

The S/N ratio and response Tables 4.1 and 4.3 shows that factor D has greater impact on fracture 

toughness of CNFs composite than other factors , which was also apparent based on  the main 

effect plot given in Figure 4.2(a). It was observed that as CNFs wt % increases from 0-3 wt %, 

the increase in non-homogeneous dispersion of CNFs leads to the formation of CNFs bundling or 

agglomerates, as evident from Figure 4.1(c & d) and Figure 4.2(b). 

 

 

Table 4.1: Experimental layout along with and the S/N ratio CNFs composites average ρ (g/cc), 

Hv (GPa) and F.T (MPa m
1/2

). 

Sintering 

temperature 

(
օ
C)  (A) 

Heating 

rate 

(
օ
C/min) 

(B) 

Holding 

time 

(hour) 

(C) 

 CNFs 

Composit

ion (wt 

%) (D) 

Avg. 

ρ 

g/cc 

S/N ratio 

(Density) 

Avg. 

Hv 

(GPa) 

S/N ratio 

(Hardness) 

Avg. 

F.T 

(MPam
1/2

) 

S/N ratio 

(Fracture 

toughness) 

2125 6 1 0 2.91 9.6289 22.8 26.6891 3.33 12.4856 

2125 8 2 1 3.03 9.7992 21.6 27.2722 4.21 11.4806 

2125 10 3 2 3.09 9.9662 23.1 28.3660 3.75 13.6067 

2150 6 2 2 3.15 10.1301 26.2 27.7833 4.79 11.5268 

2150 8 3 0 3.21 9.9109 24.5 28.4649 3.77 13.7684 

2150 10 1 1 3.13 10.0212 26.5 27.8187 4.88 14.1854 

2175 6 3 1 3.17 9.8831 24.6 27.0437 5.12 11.9539 

2175 8 1 2 3.12 9.9662 22.5 28.3991 3.96 11.4574 

2175 10 2 0 3.15 9.6289 26.3 26.6891 3.74 12.4856 
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Table 4.2: Response table of S/N ratio (Larger is better) for a) density b) hardness. 

 

Level 

Density Hardness 

Sintering 

temp 

(
օ
C) (A) 

Heating 

rate 

(
օ
C/min) 

(B) 

Holding 

time 

(hour) (C) 

CNFs 

Composition  

(wt %) (D) 

Sintering 

temp 

(
օ
C) (A) 

Heating 

rate 

(
օ
C/min) (B) 

Holding 

time (hr) 

(C) 

CNFs 

Composition  

(wt %) (D) 

1 9.569 9.755 9.691 9.791 27.04 27.78 27.56 27.78 

2 10.002 9.881 9.854 9.854 28.20 27.17 27.82 27.66 

3 9.957 9.892 9.983 9.883 27.75 28.05 27.62 27.56 

Delta 0.434 0.137 0.293 0.091 1.16 0.87 0.26 0.22 

Rank 1 3 2 4 1 2 3 4 

    

 

Figure 4.1: a) Main effect plot for S/N ratio in density b) Main effect plot for S/N ratio in 

hardness; Scanning electron microscope (SEM) image of c) monolithic SiC d) 1 wt % CNFs 

composites. 

  

 a  b 

 c  d 

 a 

 b 
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Table 4.3: Response table of S/N ratio (Larger is better) for fracture toughness of CNFs 

composites. 

Level Sintering 

temperature 

(
օ
C) (A) 

Heating 

rate 

(
օ
C/min) 

(B) 

Holding 

time 

(hour) 

(C) 

CNFs 

Composition  

(wt %) (D) 

1 11.47 12.75 12.06 11.14 

2 12.97 11.99 12.52 13.48 

3 12.53 12.24 12.40 12.35 

Delta 1.50 0.76 0.46 2.34 

Rank 2 3 4 1 

 

  
Figure 4.2: a) Main effect plot for S/N ratio in fracture toughness b) TEM image of CNFs 

distribution in 2 wt % CNFs composite. 

 

4.1.1.2 Analysis of variance of density, hardness and fracture toughness 

ANOVA helps to study the contribution of each factor for attaining the optimum process 

outcome. ANOVA helps in analyzing the influence of individual factors on total variance. In ANOVA 

table, DF is defined as degree of freedom which provides detailed information of the factors used 

in analysis. Total DF was determined based on the total number of experimental observations. 

Adj SS quantifies the amount of variation in the response data explained by each term in the 

model. Adj MS measures the amount of variation of a factor, regardless of order in which they 

are entered. Large F-value was used to determine the statistical significance of the term or factor 

 a  b 
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and its association with the response. P is probability that measures the significance of the term 

further. P ≤ 0.05 is significance level.   

The ANOVA response tables of density, hardness and fracture toughness report that the first two 

large Adj MS value and lowest P-values (< 0.05) were observed to increase  in case of A & C, A 

& B, D & A respectively shown in tables (4.4, 4.5 and 4.6).  

 

Table 4.4: ANOVA analysis table for density. 

Factors DF Adj SS Adj MS F-Value P-Value 

Sintering 

temperature 

(
օ
C) (A) 

2 0.042467 0.021233 30.33 0.032 

Heating rate 

(
օ
C/min) (B) 

2 0.004067 0.002033 2.90 0.256 

Holding time 

(hour) (C) 
2 0.016067 0.008033 11.48 0.080 

Error 2 0.001400 0.000700       

Total 8 0.064000          

 

 

Table 4.5: ANOVA table for hardness. 

Factors DF Adj SS Adj MS F-Value P-Value 

Sintering 

temperature 

(
օ
C) (A) 

2 15.9267 7.9633 29.49 0.033 

Heating rate 

(
օ
C/min) (B) 

2 9.2867 4.6433 17.20 0.055 

Holding time 

(hour) (C) 
2 1.0067 0.5033 1.86 0.349 

Error 2 0.5400 0.2700       

Total 8 26.7600          
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Table 4.6: ANOVA analysis table for fracture toughness. 

Factors DF Adj SS Adj MS F-Value P-Value 

Sintering 

temperature 

(
օ
C) (A) 

2 0.81642 0.40821 13.22 0.070 

Heating rate 

(
օ
C/min) (B) 

2 0.29242 0.14621 4.74 0.174 

CNFs 

Composition 

(wt %) (D) 

2 1.89296 0.94648 30.65 0.032 

Error 2 0.06176 0.03088       

Total 8 3.06356          
 

 

 

4.1.1.3 Anticipation of the optimal experimental condition of processing parameters w.r.t the 

properties by interaction plot 

Interaction plot helps in analyzing the effect of interaction between the two variables on the 

properties of CNFs composites, while the other two factors are fixed to the optimized level. The 

interaction between sintering temperature and heating rate has shown an increase in mean value 

of density till a certain heating rate, after which it goes down, as depicted in Figure 4.3(a). 

The S/N ratio response tables and ANOVA response tables would aid us in understanding the 

individual and combined effects of factors that impact certain properties of CNFs composites. 

Interaction plots exhibited that density (ρ) continuously increased with A and C values from low 

to high, hardness (Hv) and fracture toughness (F.T) improved during the interaction of A and B, 

D and A respectively, up to maximum experimental temperature. 
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Figure 4.3: Interaction plot of a) density b) hardness c) fracture toughness with the parameters. 

 

 4.1.1.4 Confirmation test 

To validate the experimental results and to evaluate the analysis, confirmation tests were 

conducted. At optimized condition of the previous analysis, experiments were designed and 

evaluated by choosing SiC powders of three different particle size and CNFs wt % as influencing 

factors using L9 (3^2) array (experimental layout as given in section 3.2). The results are given in 

the Tables 7, 8, 9, which show that the results were comparable with previous analysis and that 

the particle size was the major determining parameter, which was directly proportional to 

properties of the composite. 

 

 

 

 

 c 

 b  a 
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Table 4.7: Confirmation test results. 

Particle 

size 

CNFs 

composition 

(wt %) 

Relative 

Density 

(%) 

Hardness 

(GPa) 

Fracture 

toughness 

(MPa m
1/2

) 

S/N ratio 

M-15 

(0.6μm) 
1 98.4 26.30 4.92 18.4507 

M-15 2 97.5 23.53 4.17 17.0319 

M-15 3 96.2 22.07 3.99 16.6438 

M-25 (0.4 

μm) 
1 97.5 25.01 4.12 16.9453 

M-25 2 96.6 23.24 3.89 16.4434 

M-25 3 95.3 21.03 3.64 15.8589 

Beta SiC 

(0.350 μm) 
1 90.2 25.54 3.76 16.1745 

Beta SiC 

(0.350 μm) 
2 87.5 24.03 3.42 15.3581 

Beta SiC 

(0.350 μm) 
3 83.1 21.98 3.59 15.7509 

 

Table 4.8: Response table of S/N ratio (Larger is better). 

Level Particle size CNFs composition 

1 17.38 17.19 

2 16.42 16.28 

3 15.76 16.08 

Delta 1.61 1.11 

Rank 1 2 

 

Table 4.9: Analysis of Variance. 

Source DF Adj SS Adj MS F-Value P-Value 

Particle size 5 1.50392 0.30078 14.58 0.026 

Error 3 0.06190 0.02063 
  

Total 8 1.56582 
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4.1.2 Processing and properties analysis of sintered and CVD coated CNFs thin 

composite tubes 

The dense CVD SiC coated CNFs thin composite tubes were fabricated at optimized processing 

condition as obtained through Taguchi statistical analysis. In addition, to avoid entanglement or 

bundling during the dispersion, the CNFs were surface modified or acid treated at optimized 

titrations.  

4.1.2.1 Dispersibility and stabilization of CNFs in the suspension for uniform distribution in 

the composite matrix 

 

Figure 4.4: TEM images of a) bare b) acid treated CNFs. 

 

Acid treatment, also known as chemical treatment, was carried to reduce hydrophobicity, 

inertness and impurity of as received CNFs or CNTs [1]. Further, the concentrated acids form 

oxygen-containing functional groups on the surface of the CNFs which help to reduce 

entanglements and improve dispersion of CNFs in the matrix. The TEM image of as received 

CNFs shows (Figure 4.4(a)) that the fibres were mostly bundled which got separated after acid 

treatment as shown in Figure 4.4(b). The acid treatment was conducted at elevated temperature 

involving only surface bonding with oxygen functional groups without changing any internal 

structure of CNFs. Hence, the crystallinity of CNFs remained intact even after acid treatment 

which was evident from XRD peak positions (Figure 4.5) and high resolution image as shown in 

Figure 4.4 (a & b). The XRD peaks corresponding to 26
o
, 43

o
, 45

o
 reflected from (002), (100), 

and (101) planes respectively, were identified as diffraction peak of graphite. The FTIR analysis 

of as received and surface treated CNFs is as shown in Figure 4.5 (b). Carbon materials usually 

show very weak IR response. In the FT-IR spectrum of the acid-treated CNFs the peaks which 

 b  a 
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are identified at 1515, 1682 and 3738 cm
-1

 corresponds to O-H stretching, and 2331, 3081 cm
-1 

corresponds to C-H stretching. As received CNFs have shown FTIR peaks at 1047, 1543 cm
-1

 

which correspond to C-O and C-H stretching respectively. 

 

The effect of acid treatment and surfactant on the dispersion of CNFs in aqueous media was 

analyzed at different titration conditions using Zeta Potential Analyzer. Average zeta potential of 

bare CNFs was 19.6 mV and surface modified CNFs treated with acids of 0.3 M & 0.5 M 

concentration was reported to be 35.1 mV & 55.4 mV respectively. Good dispersibility as 

indicated by high zeta potential value of acid treated CNFs in the matrix is shown in Figure 4.6. 

 

  

Figure 4.5: a) X-ray diffraction patterns and b) FTIR analysis of CNFs before and after 

treatment. 

 a 

 b 
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Figure 4.6: Apparent zeta potential of a) bare CNFs b) & c) acid treated CNFs at 0.3M and 0.5M 

respectively. 

 

 4.1.2.2 Microstructure analysis of SiC and its composite samples                                                                                    

Scanning electron microscopy images of polished SiC and its CNFs containing composites were 

shown in Figure 4.7 (a-d). The microstructures of both bare and fiber containing composites 

comprised equiaxed, elongated and platy grains. A few carbon-rich, non-stoichiometric SiC 

phase originating from sucrose was also observed in the matrix. The SEM image molothic SiC, 

in Figure 4.7 (a), shows a mixture of two morphologies i.e., elongated and equiaxed grain 

structures. In case of 1 wt % CNFs composite, more equiaxed grains were observed as shown in 

Figure 4.7(b), indicating that the grain growth was inhibited by fibers due to entrapment in the 

junctions of SiC grain boundaries (Figure 4.7(e)). SiC composites with more than 1 wt % CNFs 

content showed agglomerated regions. A representative microstructure of composites containing 

more than 1 wt % CNFs shows the presence of agglomerated regions which were marked with an 

arrow in Figure 4.7(c). Investigation of the fracture surface reveals the presence of toughening 

mechanisms like fiber pull-out and fiber bridging from the SiC-CNFs composite fracture surface, 

as may be seen from Figure 4.7(d), indicated by a circle and this was correlated to the improved 

 a  b 

 c 
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mechanical properties of the composite. TEM images of SiC-CNFs composite as depicted in 

Figure 4.7(e) show densely packed grain with CNFs entrapment (marked with arrow) at triple 

point junction of the grains.  

 

EBSD studies on SiC-1 wt % CNFs composite also confirms the presence of equiaxed grains as 

shown in image quality map Figure 4.8(a). In EBSD grain boundary maps and table as shown  in 

Figure 4.8(b),  the grain boundaries were differentiated with colour coding with respect to the 

angles, where red coloured boundaries represent the sub-grain boundaries (1
o 

- 5
o
), green 

denoting the small angle grain boundaries (5
o 

- 15
o
) and blue is for high angle boundaries (15

o
 - 

180
o
). As SiC-1 wt % CNFs composite contain predominantly high angle grain boundaries with 

regular grain orientation, it is expected that the presence of dislocations or lattice defects are 

fewer , with minimal residual stress in SiC crystals [2].   
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Figure 4.7: Field emission scanning electron micrographs (FE-SEM) of a) SiC bare b) SiC-1 wt 

% CNFs c) SiC-2 wt % CNFs d) fracture surface of SiC-CNFs composite e) TEM image of 

CNFs entrapment. 

 a  b 

 c  d 

 e 
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Figure 4.8: Electron backscatter diffraction (EBSD) of SiC-1 wt % CNFs a) image quality map 

b) grain boundary map with the boundaries table. 

 

4.1.2.3 Characterization & Micro-structural analysis of CVD-SiC coated tube 

In case of sintered SiC substrate, the XRD patterns correspond to the diffraction planes of intense 

peaks (102), (103), (104), (110), (202) with the diffraction angles 36.4
օ
, 38.2

օ
, 42.7

օ
, 60.1

օ
 and 

73.3
օ
 respectively, indicating the presence of α-SiC with hexagonal crystal structure in Figure 

4.9(a). The XRD pattern of CVD coated layer is also shown in Figure 4.9(b), indicating 

diffraction angles at 35.6
օ
, 41.3

օ
, 60.1

օ
, 72.1

օ
 and 75.5

օ
 respectively, corresponding to the 

diffraction planes of β-SiC such as (111), (200), (220), (311) and (222). The angle at nearly 29.4
 

o 
and ~ 33.7

o
 corresponds to graphitic carbon and 6H-SiC, respectively.  Normally, CVD coated 

SiC deposits grow preferentially either in (111) or (220) plane, depending on the processing 

parameters [3]. In the present work, the deposits are preferentially oriented along (111) plane as 

shown in Figure 4.9(b). Considerable growth was also observed in (222) and (311) planes. 

 a  b 
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However, with varying processing parameters such as deposition temperature and H2 / MTS 

ratio, the growth of deposits can preferentially be oriented in different planes.  

 

From the SEM - EDS area mapping it is assumed that the stoichiometric SiC compositions at 

different regions of CVD coating confirming uniform coating which formed on the tube surface, 

as evident from Figure 4.9 (c, d) and Table in 4.9(d). 

 

  

 

Figure 4.9: X-ray diffraction patterns of a) substrate before the CVD coating b) CVD coated SiC 

tube c) Energy dispersive spectroscopy (EDS) d) area mapping and stoichiometric atomic ratios 

of Si & C of selected regions. 

 b  a 

 c 
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4.1.2.4 Physical and mechanical properties of sintered and CVD coated SiC and its   composite 

tubes 

The physical and mechanical properties of sintered SiC and its composite tubes are listed in 

Table 4.10 and depicted as a Figure 4.10. As compared with Taguchi analysis results, it is 

evident that the superior properties of the composites were achieved through proper surface 

treatment and dispersion of CNFs in SiC matrix employing advanced freeze-dried powder 

processing technique. In this study, the surface modified 1 wt % CNFs containing composite 

achieved the highest density, which is 98.5 % of its theoretical value. Consequently, the 

hardness, strength and fracture toughness values were measured (average of ten samples) and 

found to be superior,  corresponding to an average value of 25.62 GPa, 464.79 MPa and 5.14 

MPam
1/2

 respectively,  compared with bare SiC. However, the density of the composites 

decreases with increase in CNFs content which can be attributed to the agglomeration of carbon 

fibres in the matrix. It is worth mentioning that the properties of surface modified 1 wt % CNFs 

containing composite processed through pressureless sintering technique is superior to the 

properties reported in the literature for the same composite, processed through advanced 

processing techniques such as Pulsed electric current-pressure technique, Hot-pressing which are 

highly cost-intensive processes [4, 5].  

 

Table 4.11 shows the density and hardness values of CV  SiC coating which comprises β – 

phase corresponding to cubic structure deposited on monolithic SiC substrate having α – phase 

corresponding to the hexagonal structure. The density of CVD coating applied on monolithic SiC 

tube was noted to be 3.20 g/cm
3
 i.e. more than 99 % of its theoretical value. Hardness and 

indentation fracture toughness values were measured as 28.97 GPa and 3.87 MPam
1/2

 

respectively.  

 

Table 4.10: Relative densities of monolithic SiC and SiC-CNFs composites. 

Composition 0 wt % CNFs 1 wt % CNFs 2 wt % CNFs 3 wt % CNFs 

Relative 

density (%) 
99 98.5 97.5 96.3 
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Figure 4.10: Mechanical properties of SiC-CNFs composites with respect to the CNFs content a) 

wt % CNFs vs bend strength b) wt % CNFs vs hardness c) wt % CNFs vs fracture toughness. 

 

Table 4.11: Properties comparison of sintered SiC tubes (SSiC) and CVD coated SSiC tubes. 

Properties SSiC CVD SiC 

Coating thickness (μm) --- 500-600 

Density (g/cm
3
) 3.17 3.20 

Vickers Hardness (GPa at 1kg load) 27.12 28.97 

Phase  α (Hexagonal) β (cubic) 

Indentation fracture toughness (MPam
1/2

)  4.02 3.87 

 

 

 b  a 

 c 
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4.1.2.5 Thermal properties of SiC and its Composites 

 

The thermal conductivity value of CNFs containing SiC composites along with monolithic SiC 

processed out of spray freeze-dried powders was determined with respect to temperature by laser 

flash method and compared with values in the literature [6]. The overall thermal conductivities 

of in-house processed monolithic SiC and SiC-1 wt % CNFs composite are shown in Figure 

11(a). Porosity or defects, grain boundaries orientations and impurities at the grain boundaries 

are known to be the main parameters in materials which determine and control thermal 

conductivity. High-resolution TEM image (HR-TEM) as shown in Figure 4.11(b) depicts good 

bonding between the SiC matrix and highly conductive CNFs, leading to more than two-fold 

increment in thermal conductivity value for SiC-CNFs composite even at the high temperature  

compared to monolithic SiC i.e. thermal conductivities of monolithic at 100 
օ
C was 149 W/mK ; 

for the composite it was 158 W/mK and at high temperature i.e at 1000 
օ
C, the monolithic SiC 

was having 30 W/mK, while that for the composite, it was reported as 74 W/mK. The superior 

thermal conductivity value for 1wt % CNFs containing SiC composites compared to that 

reported in the literature may be attributed to better green and sintered properties of the 

composite. 

 

 The use of advanced spray freeze granulation technique helped in obtaining strong bonding 

between the matrix and the fiber in the sintered tubes. The detailed analysis of SiC-1 wt % CNFs 

composites was carried out using TEM, EBSD and HR-TEM images, as illustrated by Figures 

4.7, 4.8 and 4.9. The high thermal conductivity value of SiC-1 wt % CNFs composite can be 

attributed to the fine and uniform dispersion of secondary fiber phases, minimization of porosity 

due to improved density as revealed by TEM. Further, the HR-TEM shows good bonding 

between CNFs and the SiC matrix causing the thermal conductivity of the composite to increase. 

Finally, the EBSD mapping shows regular grain orientation with high angle clean grain 

boundaries confirming vastly improved thermal conductivity. 
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Figure 4.11: a) Thermal conductivity variation of monolithic SiC & SiC-1 wt % CNFs 

composite with respect to temperature b) HR-TEM image of SiC & CNFs interface. 

 

 

0 200 400 600 800 1000

0

20

40

60

80

100

120

140

160

180

T
h

e
rm

a
l 
c
o

n
d

u
c
ti
v
it
y
 (

W
/m

.K
)

Temperature (
o
C)

 Thermal conductivity Ref SiC

 Thermal conductivity in-house SiC

 Thermal conductivity SiC/1wt%CNF

 a 

 b 



97 
 

4.2 Conclusions 

1. The following conclusions are drawn from the S/N ratio and ANOVA analysis of Taguchi 

design of experiments,  

i. The best combination of optimized sintering parameters was obtained when composites 

were sintered at 2150 
օ
C with heating rate of 8 

օ
C/min for 1 hr holding time. 

ii. Sintering temperature and CNFs wt % were identified to be major factors impacting 

directly the physical and mechanical properties, in particular, one of the most important 

parameters i.e., fracture toughness of CNFs composite tubes. As the CNFs quantity 

increased, the decrease in the fracture toughness of the composite was observed due to 

the agglomeration or bundling of CNFs. The superior fracture toughness obtained in this 

study was 5.12 MPam
1/2

 with 1 wt % CNFs dispersion in SiC matrix. 

2. The best combination of properties i.e. density (ρ): 3.21 g/cc (at 0 wt % CNFs), hardness (Hv): 

26.5 GPa (1 wt %), and fracture toughness (F.T): 5.12 MPam
1/2

 (at 0 wt % CNFs) of CNFs 

composites was obtained through adopting Taguchi statistical analysis with an L9 (3^4) 

orthogonal array. 

3. Tests were conducted at optimized set of conditions to establish the effect of SiC powder 

particle size and CNFs loading, which confirms the physical and mechanical properties of the 

composites determined from results of previous analysis.  

4. Fine particle powders with large surface area have a high tendency to form agglomerate. 

Confirmation test with CNFs composite of M-15 grade having relatively larger particle size 

than other grade powders, reveals superior properties of the particles processed though the 

present experiments.  

5. The thin and dense CVD SiC coated CNFs composite tubes were fabricated at optimized 

processing condition obtained through Taguchi statistical analysis. In addition,   to avoid the 

entanglement or bundling during dispersion, the CNFs were surface modified or acid treated 

at optimized titrations.  

6. Spray freeze granulation process was used to produce well-dispersed spherical SiC composite 

powder at variation of CNFs from 0–3 wt %. 

7. Cold isostatic pressing was employed to shape thin and dense green SiC tubes and it’s 

composite. 
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8. Sinterability of the composites was enhanced due to the use of spray freeze granulated 

composite powder. Hence, produced superior physical and mechanical properties of SiC-

CNFs composites. 

9. Highly dense green tubes produced out of surface modified 1 wt % CNFs composite spherical 

granules could achieve 98.5 % theoretical density and exhibited 25.62 GPa, 464.79 MPa and 

5.14 MPa m
1/2 

hardness, strength and fracture toughness values respectively which are the 

highest amongst all other composites.  

10. The thermal conductivity value of 1wt % CNFs containing composite was measured from 

room temperature to 1000 
օ
C and found to be more than a monolithic SiC sample, which can 

be attributed to the strong bond between high thermal conductive CNFs with SiC matrix and 

high angle grain boundaries with less phonon scattering, made evident from the HR-TEM & 

EBSD analysis. 

11. Highly dense CVD coating was employed on SiC tubes to form uniformly distributed 

stoichiometric coating with improved physical & mechanical properties, which was revealed 

by SEM & EDAX analysis.  
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CHAPTER 5 

_______________________________________ 

Fabrication of BN coated long carbon and carbon nanofibers reinforced 

SiC based hybrid tubes through CIP and pressureless sintering 

________________________________________ 
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5.0 Introduction 

In this chapter, fabrication of boron nitride coated continuous carbon fiber (BN-Cf) reinforced 

SiC based hybrid composite tubes (BN-Cf/SiC-CNFs) and its characterization have been 

discussed. The hybrid composite tubes were fabricated by systematically laying long carbon 

fiber in spray granulated premixed CNFs dispersed SiC composite powder. High-density hybrid 

composite tubes were processed by cold isostatic pressing (CIP) of the aforementioned powder 

in a specially designed mould followed by pressureless sintering. The microstructure and phase 

analysis of the raw materials, BN coated Cf, and sintered hybrid composite samples etc., were 

characterized using SEM, FTIR, XRD and TEM. The fractographic analysis of the fracture 

surface of the hybrid composite tubes was also carried out to understand the influence of long 

fibers on the improvement of fracture toughness of nanofibers containing a hybrid composite 

matrix.  

5.1 Results and Discussion 

5.1.1 Phase and chemical composition analysis  

The XRD pattern of as received and BN coated carbon fibers and the hybrid composite tube is 

shown in Figure 5.1. A broad diffraction peak is seen from Figure 5.1(a) at 25
օ
,
 
corresponding to 

(002) plane, which is identified to be the common peak for both carbon fibers and BN coating 

with hexagonal crystal structure. The diffracted peaks from the surface of BN coated carbon 

fibers were observed at 2Ɵ value 25.80
օ
, 43.54

օ
, 53.43

օ
 corresponding to (002), (100), and (004) 

diffraction planes respectively, representing hexagonal h-BN phase. An intense peak was 

observed at 28.15
օ
 corresponding to (310) plane, revealing the presence of B2O3 phase, which 

can be expected due to the processing method adopted for BN coating (will be discussed in the 

upcoming sections).  

The XRD pattern of the hybrid composite is identified in three different phases, as shown in 

Figure 5.1(b). The corresponding 2Ɵ value and diffraction planes of the phases represent 

hexagonal crystal structured SiC, BN. The XRD peak at 37.32
օ
 with (021) as the reflection plane 

identified to be boron carbide (B4C) with rhombohedral crystal structure [ICDD file no: 00-006-

0555] [1]. The formation of B4C phase may be attributed to the reaction between the free carbon 
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and excess boron oxide (B2O3) deposited on the surface of BN coated C fiber taking place at 

high temperature [2].  

FTIR spectrum of as-received and BN coated carbon fibers are shown in Figure 5.1(c). From 

FTIR spectroscopy principle, it is known that the absorbed light energy of the material can be 

converted into rotational and vibrational energy to make the absorption peaks visible. The FTIR 

spectra of as-received carbon fiber have shown the bands at 1525 cm
-1

, 1732 cm
-1

, 2349 cm
-1

, 

2914 cm
-1

, and 3712 cm
-1

, which correspond to the bonding of C-N, C=O, C-H, O-H, N-H, 

respectively. In the case of BN-Cf, the bands observed at 738 cm
-1

 and 1401 cm
-1

 are attributed 

to B-N-B in-plane bending, B-N stretching vibration, respectively  [3,4]. 

 

 

 

Figure 5.1: XRD pattern of a) as received and BN coated carbon fibers b) BN-Cf /SiC-CNFs 

hybrid composite; FTIR spectra of c) as received and BN coated carbon fibers. 

 a  b 

 c 
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5.1.2 Rietveld refinement analysis 

The structural and quantitative phase analysis of XRD data obtained from composite samples 

(i.e., SiC-CNFs composite sample and SiC-based hybrid composite sample) was carried out by 

Rietveld’s refinement using MAU  software [24–26]. Refining structural information such as 

lattice parameters, atomic position, peak position, background parameters were carried out while 

considering the standard reference crystal structure information from crystallographic 

information file (CIF). The symmetry and the space group considered for the refinement along 

with the refined structural parameters, such as goodness of fit factor (χ
2
) and R-factors: weighted 

residual error (Rwp), expected (Rexp), background (Rwnb) and Bragg (Rb) are given in Table 5.1. 

The values of χ
2
 and Rwp acceptable for the effective refinement were very low (χ

2 
< 2, Rwp < 

15) [26].   The refinement was carried out at a maximum number of cycles (21 cycles) until it 

matched the standard reference peak positions. Figure 5.3 shows that the calculated (black line) 

and observed (red lines) data have completely coincided with each other and the multi-phase 

peaks matched well with the respective standard reference files. The observed and standard 

lattice parameters (a, b, and c) were found to be nearly equal (Table 5.1). The refinement output 

values such as χ
2
 (1.710 and 1.125), Rw (13.7222 and 9.014) indicate good refinement. Rietveld 

refinements of the composites also identified the presence of multi-phase in the samples which 

was also confirmed by XRD phase analysis. The SiC-CNFs composite sample is identified with 

two phases, whereas hybrid composites comprises of three phases. The phases were measured 

quantitatively considering the influence of all sharp or intense and small broad peaks. The phase 

analysis reveals that the amount of SiC and B4C present in SiC-CNFs composite is 84.981 % and 

15.018 % respectively whereas SiC hybrid composite contains 79.942 % SiC and 18.897 % B4C 

and 1.160 % BN respectively.  

 

The B4C phase was found to be slightly more in the case of hybrid composite than SiC-CNFs 

composite sample. The formation of B4C in SiC-CNFs composite may be attributed to the 

reaction between the free carbon and boron, which were added to the matrix as sintering 

additives. On the other hand, in case of SiC hybrid composites, the source of B4C was expected 

due to the reaction between the free carbon, boron and excess boron oxide (B2O3).  
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Table 5.1: Rietveld refined structural parameters and quantitative phase contents of the samples. 

Sample Phase 
Space 

groups 

Lattice 

parameters 

(Å) 
Crystallite 

size (nm) 

Phase 

present 

(wt %) 

Sig / 

GOF 
Rw Rwnb Rb Rexp 

a=b 

 

c 

SiC-CNFs 

composite 

SiC 
P63mc 

[186] 
3.084 

15.

136 
54.1832 

 

84.981±0.

00 

1.710 13.722 
14.60

3 

9.59

0 
8.024 

B4C 
R  m 

[166] 
5.618 

12.

119 

15.018±3.

014 

SiC-based 

hybrid 

composite 

SiC 
P63mc 

[186] 
3.081 

15.

117 

54.1832 

 

79.942±0.

00 

1.125 9.014 9.650 
8.08

5 
8.012 B4C 

R  m 

[166] 

6.129 10.

708 

18.897±1.

088 

BN 
P63/mmc 

[194] 

2.013 6.7

30 

1.160±0.1

16 
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Figure 5.2: Rietveld refinements of XRD patterns of a) SiC-CNFs composites b) BN-Cf /SiC-

CNFs hybrid composites. 

 

5.1.3 Formation mechanism of BN coating on C fibers  

 

The dip-coating technique in combination with sol-gel process was chosen to coat the long 

carbon fibers with BN, adopting the process mentioned in the previous section. The difference in 

the surface morphology of the fibers before and after the coating process was evident from SEM 

images as shown in Figure 5.3 (a) and (b). The dip-coating and curing process forms a rugged 

surfaced thin film with adherence of different sized clusters on the evenly surfaced carbon fibers, 

as shown in Figure 5.3(b).  
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Figure 5.3: SEM image of a) as-received b) BN-coated c) cross-sectional view of carbon fibers. 

 

The possible chemical reactions and the mechanism involved in the synthesis of BN protective 

coating on carbon fibers using urea and boric acid have been reported to follow the equations 

given below [7]. The initial reaction of BN coating starts with dehydration of boric acid at 

elevated temperatures, which results in the formation of boric oxide (B2O3) (Eq 5.1).   

 

2H3BO3→ B2O3 + 3 H2O            Equation (5.1) 

 

Boric acid (H3BO3) reacts with urea (CO (NH2)2) at temperature ranges of 250-300 
օ
C and forms 

ammonium polyborate ((NH4)2B4O7). In aqueous media, urea thermally decomposes into 

 a  b 

 c 
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ammonia and carbon dioxide. At further high temperatures, ammonium polyborate reacts with 

ammonia (NH3) and forms  ~ 300 nm thin layer of h-BN on the fibers, as evident from Figure 

5.3(c) (Eq 5.2-5.4)  [8].  

 

4H3BO3 + CO (NH2)2 → (NH4)2B4O7 + CO2 + 4H2O at 250-300 
օ
C            Equation (5.2) 

CO (NH2)2 + H2O → 2NH3 + CO2                      Equation (5.3) 

½ (NH4)2B4O7 + NH3 → 2h-BN + 7/2H2O at 750-800 
օ
C              Equation (5.4) 

 

The reaction between boric oxide and ammonia at high temperatures also results in the formation 

of BN layer on the fiber surface (Equation 5.5) [7]. 

 

B2O3 + 2NH3→ 2BN + 3H2O        Equation (5.5) 

 

The BN layer thus produced helps in protecting the carbon fiber from high-temperature oxidizing 

atmosphere.  

 

At temperatures above 1350 
օ
C, the un-reacted excess boron oxide clusters adhering to the long 

carbon fiber surface react with the free carbon added as sintering additive to SiC hybrid 

composite matrix to form boron carbide as per the following reaction (Equation 5.6): 

 

2B2O3 + 7C → 6CO + B4C                   Equation (5.6) 

 

The B4C phase was also identified from XRD analysis (Figure 5.1(b)) [9,10].  

 

5.1.4 Microstructure and properties correlation 

A detailed microstructural analysis highlighting the interfacial bonding of different phases 

present in the matrix and its correlation with the properties of the hybrid composites was carried 

out by means of SEM imaging, SEM-EDS mapping, TEM, HR-TEM, and EELS analysis. 

 

The high thermo-mechanical properties of BN coating protect the long carbon fibers from higher 

temperature oxidation to retain the properties of hybrid composite tubes [11]. Superior thermal 



108 
 

conductivity of many structural ceramic composites at high temperatures is also attributed to 

stable crystalline Cf reinforcement and CNFs dispersion in the matrix [12]. The fracture surface 

of fiber-matrix bonding is shown in Figure 5.4 (a) & (b). The weak BN interface provides 

toughness for the composite by de-bonding and sliding between fiber and coating, which shield 

the matrix from cracking at higher loads [13]. The fiber pull-out from the matrix was observed 

from Figure 5.4(a), indicating improved fracture toughness of the composite, which is also 

evident from the values given in Table 5.2. The distribution of BN on the surface of continuously 

coated carbon fibers that protruded from the fracture surface of the hybrid composite tube was 

evident from EDS X-ray mapping and line scan analysis, as shown in Figure 5.5(a, b) which is 

further confirmed by FTIR analysis (Figure 5.1(c)). 

 

The interfaces between  BN coating, long carbon fibers, and SiC matrix are shown in Figure 

5.6(a) at high magnification using TEM. The dispersion of CNFs in the SiC matrix was evident 

from Figure 5.6(b). High-resolution TEM image acquired from Figure 5.6(a) shows the interface 

between the BN coating and the SiC grain,  with a lattice spacing of 0.33 nm, 0.27 nm 

respectively, as shown in Figure 5.6(c). The uniform distribution of CNFs and crystalline BN-Cf 

makes a major contribution in leading to superior properties of the hybrid composite tube.  

 

SEM observations and the properties measured to justify the influence of BN coating on the 

stability of Cf. The influence of other parameters like improved green density of green tubes 

formed by cold isostatic pressing and optimized sintering parameters helped in achieving 

superior properties of hybrid composite tubes. The properties of the hybrid composites such as 

relative density hardness and fracture toughness obtained through the novel process were 

measured to be 96.4 %, 22.68 GPa, 5.26 MPam
1/2

 respectively (Table 5.2). The results were 

observed to be comparable with the base matrix (SiC-CNFs composite) properties with slight 

variation (less). This variation, mainly the density of hybrid tubes was expected due to the loose 

bonding between the BN-coated continuous carbon fibers with the matrix. However, a small 

improvement in fracture toughness of the matrix was observed with the reinforcement of the 

continuous carbon fiber, in the case hybrid composite as shown in Table 5.2. 
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Figure 5.4: SEM image of the fracture of the hybrid composite tube a) surface view b) cross-

sectional view. 

                 

       

Figure 5.5: SEM-EDS mapping of BN coated Cf in the hybrid composite matrix a) X-ray 

mapping b) line scanning. 
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Figure 5.6:  TEM characterization of a) magnified interface image of SiC grain and BN coated 

long carbon fibers b) CNFs dispersion in the SiC matrix c) HR-TEM interface image of BN 

coating and SiC grain. 

   

 

Table 5.2: Physical and mechanical properties of the pressureless sintered hybrid composite 

tube. 

Sample 
Relative density 

(%) 

Vickers hardness 

(GPa) 

Indentation fracture toughness 

(MPa m
1/2

) 

BN-Cf/SiC-CNFs 

hybrid composite 

tube 

96.4 22.68 ± 2.17 5.26 ± 0.74 

 SiC Carbon fibers 

BN 

Carbon fibers BN 

 SiC 

CNFs 

 SiC 

 0.27nm 

 0.33nm 

 ___  5nm 

BN 

 a  b 

 c 
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Figure 5.7 (a), TEM image of hybrid composite shows the presence of the boron carbide (B4C) 

phase (size 60-90 nm) within the matrix at the triple point junction of SiC grains [14]. The EEL 

study also confirms the new phase as boron carbide by identifying B and C elements in the area 

analysed, as shown in Figure 5.7(b). The grain refinement assisted by B4C phase with strong 

interface bonding between SiC matrix interns resulted in excellent physical and mechanical 

properties of the hybrid composite, as mentioned earlier. A high-resolution TEM image of Figure 

5.7(a) shows strong crystalline interface bonding between B4C phase and SiC phase with a lattice 

spacing of 0.36 nm as shown in Figure 5.7(c).  

 

 

 

Figure 5.7: TEM image of hybrid composite a) B4C phase at the junction of SiC grains b) EELS 

spectra of B4C phase c) HR-TEM image of B4C phase. 
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5.2 Conclusions 

A novel approach was adopted for the fabrication of dense BN coated continuous carbon fiber 

reinforced SiC-CNFs hybrid composite tubes to exploit the dual benefit of nanocarbon fiber 

dispersion with long carbon fibers in the matrix. Highly dense composite tubes of SiC-CNFs host 

matrix with systematically laid BN coated long Cf was produced by cold isostatic pressing 

followed by pressureless sintering.  

 

The highly dense hybrid composite tubes (relative density-96.4 %) showed superior mechanical 

properties in terms of hardness and fracture toughness of 22.68 GPa, 5.26 MPam
1/2

 respectively. 

The XRD phase analysis and FTIR studies on BN coating and its interface bonding showed that 

the stability of BN coating even after high temperature sintering (2150 
օ
C), which had a great 

impact on Cf stability. The improved fracture toughness and other mechanical properties of the 

composite tube reveal combined contribution of fibers in the matrix, such as uniform distribution 

of CNFs in the matrix and long carbon fiber pullouts from the matrix.  

 

The systematic phase and microstructural analysis have shown that highly stable and weak 

interface BN bonding with long Cf, helped in fiber pullouts as revealed in the fractographic 

study. TEM analysis and EELs studies reveal the presence of B4C phase within the matrix and its 

grain refinement action, which in turn contributed to the enhancement of density as well as 

mechanical properties of the composite. 
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CHAPTER 6 

_______________________________________ 

Enhancement of oxidation resistance of CVD SiC coated Cf/SiC-

SiC(CNFs) hybrid composites processed through Si-infiltration 

_______________________________________ 
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6.0 Introduction 

Three different types of Cf/SiC-SiC(CNFs) hybrid composite tubes were fabricated by LSI 

process. The surface of the preprocessed dense CNFs containing silicon carbide composite tubes 

(SiC(CNFs)) wrapped with carbon fiber (Cf) of different braiding patterns was used as base 

matrix material for LSI. The steps involved in LSI process are as follows: precursor 

impregnation (liquid coal-tar pitch) of the brandings, carbonization to form C/Cf porous 

structure, graphitization, pyrolysis and liquid Si-infiltration. Further, a dense and uniform cubic 

β-SiC coating was applied on the surface of the above-mentioned hybrid composite tubes using 

chemical vapor deposition process to improve its oxidation resistance property. The oxidation 

behavior of bare Cf, Cf/SiC composite and CVD-SiC coated Cf/SiC composite was examined 

separately using TGA at a temperature between room temperature to 1350 
օ
C. The influence of 

individual phases on the oxidation resistance of the hybrid tube was studied thoroughly using 

XRD, SEM-EDS analysis and its results are discussed in detail. 

 

6.1 Results and Discussion 

6.1.1 Microstructure and phase analysis  

 

 

Figure 6.1: XRD phase analysis of carbon fabric (Cf), LSI composite (Cf/C-SiC), and SiC coated 

Cf/C-SiC hybrid composite a) before and b) after TGA. 

 a  b 
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Phase analysis of as-received carbon fabric (Cf), Cf/C-SiC composites, and SiC coated Cf/C-SiC 

hybrid composite cross-sectional samples before and after TG analysis was carried out using 

XRD and the evolution of phases are shown in Figure 6.1(a) and (b) respectively.  

 

The phase analysis of as-received Cf reveals peaks at 26.12
o
, 44.25

o
 reflecting from (002), (101) 

planes respectively before TG analysis (Figure 6.1(a)), confirming crystallinity with a regular 

hexagonal arrangement of C atoms [ICDD no: 04-015-2407]. The high-intensity peaks at 28.51
o
 

(111), 44.94
o
 (220), 56.19

 o
 (311) were seen (Figure 6.1(a)) in the case of LSI composite (Cf/C-

SiC) indicating the presence of free Si [ICDD no: 01-071-3770]. The peaks at 35.78
o
 (111), 

60.08
o
 (220), 71.83

o
 (311) (Figure 6.1(a)) confirm the formation of textured β-SiC (cubic) phase 

[ICDD no: 00-001-1119]. The presence of free Si and β-SiC was also observed in the XRD 

pattern of SiC coated hybrid composite cross-sectional area as well as LSI composite sample.  

 

The XRD pattern of Cf samples after TG test, shown peak at 35.69
o
 (210), which corresponds to 

the presence of CO2 and represents the formation of amorphous structure [ICDD no: 04-007-

0541]. The peaks at 21.96
o
 (101) and 26.04

o
 (011) corresponds to presence of quartz [ICDD no: 

04-008-8228] and cristobalite [ICDD no: 04-006-2056] structures as shown in Figure 6.1(b). The 

peaks at 35.78
o
 (111), 60.08

o
 (220), 71.83

o
 (311) (Figure 6.1(b)) confirm the stability of the 

textured β-SiC (cubic) phase of LSI composite sample and SiC coated hybrid composite sample. 

It was observed that the XRD pattern of TG tested SiC coated hybrid composite sample has 

showed less amorphous nature than LSI composite sample and also retained all the major intense 

peaks of cubic SiC along with few low-intensity peaks of SiO2. 

 

SEM analysis also reveals the presence of three different phases in LSI composite. This can be 

identified by color contrast i.e, bright-greyscale, dull greyscale, and black scale regions 

corresponding to Si, SiC and Cf respectively and the same is shown clearly in Figure 6.2(a). 

Densely packed columnar grains of SiC coating were noticed in Fig. 6.2(b) [1,2].  

 

The distribution of elements present in the composites was studied by the EDS elemental 

mapping and line scanning as shown in Figure 6.3. This shows that the variation of Si and C was 

more prominent (Figure 6.3(a)) in the case of LSI composite. Whereas, in the case of the SiC 
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coating and SiC(CNFs) composite surface regions, Si and C variations were almost 

stoichiometric as evident from elemental analysis, line scan graph and also from the table, given 

in Figure 6.3(b). TG analysis shows that SiC coated hybrid composite samples formed an oxide 

layer of Si on the surface, which was confirmed by SEM-EDS as well as XRD analysis, as 

shown in Figure 6.1(b). After the TG test, the distribution of elemental oxygen was observed to 

be more on the surface of Cf/C-SiC composite compared to SiC coating and bare SiC(CNFs) 

region, as shown in Figure 6.3(c).  

 

The microstructural change and elemental analysis of the LSI composites before and after the TG 

test is shown in Figure 6.4(a) and (b) respectively. It was observed that due to high-temperature 

oxidation, LSI composite formed an oxide layer on the surface and the presence of oxygen was 

also detected by the SEM-EDS study, as shown in Figure 6.4(b). 

 

 

Figure 6.2: SEM image of a) cross-section of LSI composite (Cf/C-SiC) b) SiC-CVD coating. 

 a  b 
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Figure 6.3: SEM, EDS (X-ray mapping, line scanning) analysis of a) Cf/C-SiC matrix b) and c) 

cross-section image of CVD SiC coated hybrid composite sample before and after TGA test 

respectively. 

 

6.1.2 Physical and mechanical properties analysis of hybrid composite tubes 

The density of LSI Cf/C-SiC composites of differently braided carbon fabric was measured using 

Archimedes principle, and the results were as listed Table 6.1. From the results, a slight variation 

in the density of the infiltrated tubes with respect to the type of braiding pattern was observed 

 c 
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and expected due to the braiding process of the fabric. Finally, the tubes were provided with 

CVD coating. Prior to CVD coating, the Si infiltrated tubes were surface smoothened through 

grinding for better adherence of coating. The density of the applied CVD-SiC coating was 

measured to be 3.20 g/cc, which is nearly equal to the theoretical value, as shown in Table 6.2. 

The mechanical properties of the coating were evaluated as per ASTM standard, which is 

discussed in subsequent sections.   

 

Table 6.1: Densities of the LSI composites (Cf/C-SiC). 

Samples 
SiC (CNFs) 

tubes 

8H satin 

HSC 

Quadriaxial 

NCF 

8H satin 

SYG 

Avg. Density 

(g/cc) 
3.13 ± 0.01 2.08± 0.03 2.11± 0.02 2.35± 0.02 

 

 

Table 6.2: Physical and mechanical properties of CVD SiC coating. 

Samples Avg. Density (g/cc) 
Avg. Hardness 

(GPa) 

Avg. Fracture 

toughness (MPam
1/2

) 

CVD SiC coating 3.20± 0.01 28.76± 0.23 3.94± 0.11 

 

 

6.1.3 Thermogravimetric analysis (TGA) 

To investigate the influence of CVD-SiC coating on the oxidation resistance of Cf/C-SiC 

composites, TGA was conducted in the air (ambient), from room temperature (RT) to 1450
°
C. 

Oxidation process was at work as shown by weight change of the compositions which is 

captured in TG analysis. A slight increase in the weight of the samples was seen in the early 

stage of oxidation (25-100 
օ
C), which could be attributed to the buoyancy effect of TGA 

equipment [3,4]. The onset of the oxidation process of as received Cf was observed to be around 

300 
օ
C and the whole oxidation process was completed at 500 

օ
C, shown in Figure 6.1(a). In the 

case of LSI composite, the reaction between the oxygen and the exposed Cf/C preform resulted 

in rapid weight loss due to the evolution of carbon oxides at a temperature beyond 650 
օ
C till 
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1350 
օ
C. This process was very rapid and substantial weight change was observed as a result of 

the release of gaseous by-products formed through reactions (6.1) and (6.4) [5].  

 

C (s) + O2 (g)  CO2 (g)        Equation (6.1) 

C (s) + 
1

 
 O2 (g)   CO (g)        Equation (6.2) 

CO (g) + 
1

 
 O2 (g)   CO2 (g)                    Equation (6.3) 

2C (s) + O2 (g)  2CO (g)        Equation (6.4) 

 

The oxidation of SiC at high temperature may be either passive or active based on the factors 

mentioned earlier. Active oxidation is prevalent at low oxygen pressure (< 1 bar), where the 

reaction between SiC and oxygen leads to the formation of a gaseous form of SiO as per 

equation (6.5). With active oxidation, rapid change in the weight leading to a catastrophic 

decrease in the strength of the composite can be observed [6].  

 

SiC (s) + O2 (g)  SiO (g) + CO (g)                  Equation (6.5) 

 

The passive oxidation is preceded by oxygen pressure close to one bar (high oxygen pressure) 

and forms a solid SiO2 layer based on the following equations (6.6), (6.7) and (6.8). 

 

SiC (s) + 2O2 (g)  SiO2 (s) + CO2 (g)      Equation (6.6) 

2SiC (s) + 3O2 (g) 2SiO2 (s) + 2CO (g)      Equation (6.7) 

Si (s) + O2 (g)  SiO2 (s)        Equation (6.8)  

 

The passive oxide layer makes SiC stronger by blunting the strength limiting surface flaws [7]. 

Deposition of the oxide layer (SiO2) on the surface of SiC coating leads to a net increase in the 

mass of the sample. In the present study, the test conditions were suitable for the formation of a 

passive oxide layer on the surface of SiC coated hybrid composite samples. LSI composite has 

shown weight gain beyond the temperature range of 200-1350 
°
C due to simultaneous oxidation 

of free Si and SiC. Hence, the overall residual mass of LSI composite during the test from RT to 

1450 
°
C was observed to 24 %, as shown in Figure 6.5(a).  
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The CVD SiC coating forms a smooth and dense SiO2 oxide layer than the SiC processed 

through other routes [8]. Hence, unlike LSI composite, the diffusion and further reaction with the 

oxygen was restricted in CVD SiC coated composites. Therefore, no significant weight change 

was observed even at high temperatures. On the other hand, in the case of LSI composite, after 

gaining weight in the initial oxidation process, continuous weight loss was observed at later 

stages at a temperature beyond 650 
օ
C as shown in Figure 6.5(a). In the present study, the weight 

gain in the SiC coating was marginal which can be attributed to the formation of a few 

nanometer thin SiO2 layers. The literature has also revealed that pure SiC processed through 

CVD allows the formation of a very thin (~100-300 nm) layer of SiO2 scale on the surface [9]. 

Also, in our present study, the CVD coating with enough thickness (500-800 µm) was able to 

prevent further penetration of oxygen through the thin SiO2 layer. Hence, no further oxidation or 

weight change was observed and a more linear TGA graph can be seen in Figure 6.5(a).  SiC 

coated hybrid sample has retained its crystal structure and shown the formation of SiO2 with 

low-intensity XRD peaks. However, XRD analysis of TG tested LSI composite samples show an 

amorphous structure. The TG tested CVD SiC coated Cf/C-SiC hybrid composite samples 

showed overall residual mass of 0.7 %, which shows the excellent oxidation resistance of hybrid 

composite tubes when provided with dense and uniform SiC coating. 

 

Literature survey also reveals that high-temperature oxidation kinetics of SiC follows parabolic 

law of oxidation, which can be expressed as 

 

 X
2 

= Kpt          Equation (6.9) 

Where X is scale (SiO2) thickness, t- time, K is parabolic rate constant. 

 

Therefore, the rate of oxidation is inversely proportional to the oxide layer thickness. 

The residual mass and oxidation time curve are shown in Figure 6.5(b) for all the samples. The 

oxidation of carbon fabric was very rapid (~ within 40 min) and it oxidized completely at 650 
օ
C.  

In the case of LSI composite, the weight gain was seen after 20 min of oxidation with increase in 

temperature. The liner oxidation process was continuous up to 650 
օ
C beyond which weight loss 

was observed after 60min of oxidation due to the oxidation of a few exposed uncoated Cf/C 

preform. The reason for weight gain after 60 min of oxidation can be attributed to the oxidation 
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of free Si and SiC. The CVD SiC coated hybrid composite tube showed no significant weight 

change with the onset of oxidation time. Figure 6.5(b) reveals that the oxidation rate of CVD SiC 

coated hybrid composite is negligible compared to carbon fabric and LSI composite even at high 

temperatures. The high-temperature stability of CVD SiC coated composites at temperatures as 

high as 1450 
օ
C can be seen from the TGA graph shown in Figure 6.5.  

 

 

Figure 6.4: SEM-EDS analysis of LSI Cf/C-SiC composite a) before and b) after TG test. 

 a 

 b 
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Figure 6.5: Thermogravimetric analysis of mass change in samples with respect to a) 

temperature b) oxidation time. 

6.2 Conclusions 

1. Sintered SiC(CNFs) composite tubes braided with different carbon fabric and weaving patterns 

were infiltrated with liquid silicon. 

2. The infiltrated tubes were further coated with SiC by CVD technique to fabricate SiC coated 

Cf/C-SiC hybrid composite tubes. 

3. SEM-EDS line scan of SiC coated hybrid composite has shown stoichiometric distribution of Si 

and C on SiC coating. The formation of oxide layer (SiO2) on the surface of CVD SiC coated 

hybrid composite and LSI composite was observed after the TG test. The EDS elemental 

analysis revealed the presence of elemental oxygen which was more in the case of bare LSI 

composite compared to SiC coating.  

4. The overall residual mass of TG analysis was found to be 24 % and 0.7 % respectively for LSI 

and SiC coated hybrid composite samples.  

5. The oxidation of CVD SiC coated SYG braided hybrid composites showed minimal mass change 

and oxidation as revealed by TG and XRD analysis, due to the formation of dense CVD layer on 

the surface which restricts to form only a thin layer of SiO2 on the surface during the high-

temperature heating process. 

6. Hence, the CVD coated liquid Si infiltrated Cf/C-SiC hybrid composite tubes can be explored for 

high-temperature load-bearing applications because of the vastly improved mechanical and 

oxidation properties.  

 a  b 
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CHAPTER 7 

________________________________________ 

Surface properties evaluation of SiC-based composites using high speed 

nanoindentation technique 
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7.0 Introduction 

In the present study, an advanced high-speed nano-indentation technique was employed to 

analyze the combined benefit of the particulate and continuous carbon fibers’ reinforcing effect 

on SiC matrix. The properties of CVD SiC coated SiC based composite tube samples were 

evaluated using conventional processes as well as nano-indentation technique to compare the 

properties at different length scales. Attempts have been made to correlate the structure-property 

relations of complex multi-phase of SiC composites employing high-speed nano-indentation 

mapping as well as XRD, Digital optical, SEM and TEM analysis. The critical analysis of the 

structure-property correlation at the micrometer length scale helps in designing complex 

structures of fiber-containing SiC-based composites for applications in the fields of defense, 

nuclear, aerospace etc.  

7.1 Results and Discussions 

The crystal structure analysis of CVD coated SiC-based hybrid composite samples was studied 

individually with X-ray diffraction patterns is described in section 7.1.1. The microstructure and 

mechanical properties correlation with nano-indentation maps is explained in section 7.1.2. A 

comparative study on the properties of the samples with conventional tests and high-speed nano-

indentation test results were discussed in section 7.1.3. 

 

7.1.1 XRD phases of the samples 

XRD pattern of monolithic SiC and SiC-CNFs composite with intense peaks at 34.22
 o

, 35.77
 o

, 

38.27
 o

, 41.51
 o

, 60.13
 o

, 71.88
 o

 and 73.46
 o

 in Figure 7.1(a, b) correspond to α-SiC in the form of 

6H polytype (ICDD File no.01-075-8314). The CVD SiC coating reports the reflection peaks at 

35.6
 o

, 59.9
 o

, 71.8
 o

 and 75.5
 o

 corresponding to cubic SiC (ICDD File no. 04-008-4949) as 

shown in Figure 7.1(c). The XRD analysis of SiC hybrid composite has shown the corresponding 

2θ value and diffraction planes of the phases represent 6H-SiC, in Figure 7.1(d).    
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Figure 7.1: XRD phase analysis of a) monolithic SiC b) SiC-CNFs composite c) CVD SiC 

coating d) long C fibers reinforced SiC hybrid composite. 

 

7.1.2 Microstructure-property correlation 

 

The mechanical property maps (hardness (H) and elastic modulus (E)) obtained from the high-

speed nano-indentation test and respective microstructure are correlated in this section to 

understand phase level properties. 

 

The high-speed nano-indentation maps with different colors indicate the varied range of E or H 

values, and this feature may be due to the change in grain orientation, presence of multi phases, 

loose particles, pores, agglomerates or evolution of new phases. Although there is ambiguity 

about the variation of mechanical properties when indenter lands on any of the features specified 

 a  b 

 c  d 
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above, in the present study, the Berkovich indenter with indent spacing 1.5 μm provides reasons 

for the structure-property correlation at the micrometer length scale [1]. 

 

A. Monolithic SiC: 

The in-house processed monolithic SiC sample showed equiaxed grain structure for which the 

indentation maps are shown in Figure 7.2(a). This grain structure can be attributed to the grain 

growth-inhibiting action of sintering additives (carbon and boron) during the sintering process. 

The soft and hard phase present in the sample with variation in hardness ranging from 15-35 GPa 

is shown in Figure 7.2(b). The difference of the elastic modulus ranging from 250-600 GPa of 

the phases, is as shown in modulus map Figure 7.2(c). The sintered polycrystalline SiC sample 

being  anisotropic, such range in variation of properties can be expected, in addition to which 

few specific grains were noted to be having higher hardness (> 35 GPa) and higher modulus 

values (> 500GPa), as shown in Figure 7.2. The softer phases have hardness and elastic modulus 

in the range of 10-20 GPa and 250-350 GPa, respectively. The average hardness and elastic 

modulus of the monolithic SiC sample obtained from mapping were observed to be 29.67 GPa 

and 473.68 GPa, respectively. 



130 
 

 

 

Figure 7.2: High-speed nanoindentation of monolithic SiC a) digital optical image map, b) 

hardness map and c) modulus map. 

B. CVD SiC coating: 

CVD SiC coating was characterized by a homogenous matrix consisting of elongated columnar 

grains as evident from the microstructure and the indentation maps in Figure 7.3. The 

directionality in the properties (E & H) of the coating with respect to the arrangement of 

elongated grains may be seen from Figure 7.3(b, c). The directional growth of the cubic 

crystalline structure of SiC coating was also determined from XRD analysis (Figure 7.1(c)). The 

variation in the hardness and elastic modulus of the coating was observed to be in the range of 

30-40 GPa and 500-600 GPa, respectively. When compared to monolithic SiC, the variation in 

the properties was very low due to the directionality of dense columnar grain structure. The 

 a 

 b  c 
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advantage of the columnar grain structure is that it reduces the stress build-up within the coating 

and provides high directional properties with uniform dense structure. This dense structure is an 

essential property for many thermal barrier coating and high-temperature creep resistant 

applications [2–4]. The overall average hardness and elastic modulus of CVD SiC coating maps 

were observed to be 33.06 GPa and 509.02 GPa, respectively. 

 

 

Figure 7.3: High-speed nanoindentation of CVD SiC coating a) optical image map, b) hardness 

map and c) modulus map. 

 

C. SiC-CNFs composite: 

The SiC-CNFs composite consists of SiC grains and CNFs phase in addition to many soft phases 

with an equiaxed grain structure in the maps representing the presence of secondary phases, and 

 a 

 b  c 
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unreacted loose carbon particles (incorporated as sintering aid) with occasional agglomerates, as 

marked in Figure 7.4(a). The dispersion of CNFs and the agglomeration of unreacted loose 

carbon particles in the SiC matrix are discussed in subsequent sections. SiC composite with 

CNFs dispersion has shown significant variation in properties compared to monolithic SiC and 

the CVD SiC coating, as shown in Figure 7.4(b, c). The change in the hardness and elastic 

modulus of the composite was observed to be in the range of 5-35 GPa, 150-600 GPa, 

respectively. The average hardness and elastic modulus of the SiC-CNFs composite sample 

obtained from mapping were 29.91 GPa and 472.99 GPa, respectively. The softer phases had 

hardness and elastic modulus in the range of 5-20 GPa and 150-350 GPa, respectively. 

 

 

Figure 7.4: High-speed nanoindentation of SiC-CNFs composite a) optical image map, b) 

hardness map and c) modulus map. 

  

 a 

 b  c 
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D. SiC hybrid composite:     

SiC hybrid composite has matrix material as SiC-CNFs composite in which long BN coated 

carbon fibers were reinforced continuously. As explained in the previous section, hybrid 

composite also shows weak phases in the hardness as well as elastic modulus map. The size of 

the weaker phases in the hybrid composite is slightly larger than the SiC-CNFs composite 

sample due to the presence of closed pores surrounded by unreacted free carbon particles 

adjacent to continuous carbon fibers reinforcement, as is clear from Figure 7.5(a). The variation 

in the hardness and elastic modulus of the composite was observed to be in the range of 5-35 

GPa, 100-600 GPa, respectively, as shown in Figure 7.5(b, c). The average hardness and elastic 

modulus of the SiC hybrid composite sample obtained from mapping were observed to be 29.74 

GPa and 472.05 GPa, respectively. The softer phases had hardness and elastic modulus in the 

range of 5-20 GPa and 100-350 GPa, respectively. 

 

The weak bonding between the long C fibers and the composite matrix leads to the formation of 

loose carbon agglomerates [5]. High-resolution SEM-EDS analysis of such weaker spots in the 

map has shown carbon-rich region (from spectrum 2 and 3) which is indicated with arrows, as 

shown in Figure 7.5(d) and expected to be secondary phase dispersed region with free carbon 

particles, as specified above. The dispersion of secondary phases in the matrix can be seen from 

high magnification SEM and TEM analysis in the following sections. The overall composition of 

the sample is identified as having nearly stoichiometric SiC, which is clear from the EDS 

spectrum 1, shown in Figure 7.5(d) table. 
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Figure 7.5: High-speed indentation of SiC hybrid composite a) optical image map b) hardness 

map, c) modulus maps and d) SEM-EDS analysis respectively. 

 d 

 c 

 a 

 b 
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The distribution of CNFs in the SiC matrix, as shown in the high-resolution TEM image Figure 

7.6(a) is one of the primary reasons for significant variation in the hardness and modulus values 

of the composite, as discussed. However, it plays a vital role in optimizing the thermo-

mechanical properties of the composite [6]. The cross-section of the sintered hybrid composite 

tube, as shown in Figure 7.6(b) (circled region), reveals the long C fiber distribution in the 

matrix, which is further illustrated at higher magnification in Figure 7.6(c).  

It is apparent from Figure 7.6 (b, c) that the fibers are loosely bonded to the matrix, which helps 

avoid the micro and macro scale crack propagation in the matrix. Conversely, these loosely 

packed regions are accommodated with un-reacted free carbon, which was identified as weak 

regions in high-speed nano-indentation maps discussed in previous sections. The fracture surface 

of the hybrid tube reveals long fibre pull-outs, and the fiber bridging (marked with an arrow) is 

shown in Figure 7.6(d). Hence, it is expected that the weak bonding between the secondary phase 

material and the SiC matrix will enhance the fracture toughness of the composites by weakening 

the nearby grain boundaries. Further, the fibers also help in hindering grain growth.  
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Figure 7.6: Hybrid composite a) TEM image of CNFs dispersion in the SiC matrix b) SEM 

cross-sectional image of long BN coated C fibers distribution c) high magnification image of (b) 

d) fracture surface of the hybrid composite tube. 

 

7.1.3 Averaged response comparison 

In the previous section, the structure-property correlation was presented to understand the effect 

of processing on the microstructure obtained. In this section, we present a comparison of the 

averaged properties for different samples.  

 c 

 b  a 

 d 
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Figure 7.7: Conventional nanoindentation (CSM) test results, the average a) hardness b) 

modulus of the SiC samples. 

 

Figure 7.8: Average Vickers hardness and indentation fracture toughness of the SiC samples. 

 a  b 
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Figure 7.9: SEM image of a) square-based pyramid indent by Vickers test b)triangular based 

pyramid indent by high-speed nanoindentation test. 

 

Table 7.1 summarizes the relative density, hardness, elastic modulus, and indentation fracture 

toughness of multi-phase hybrid composites determined from conventional methods (Vickers 

and CSM) and high-speed mapping data. CVD SiC coating was measured to have theoretical 

density with the highest hardness and elastic modulus among all the samples due to its uniform 

and dense columnar structure [7]. Conventional nano-indentation results of the hybrid composite 

show the highest hardness and modulus among all samples as shown in Figure 7.7, while Vickers 

hardness test results show the highest fracture toughness with small variation in hardness value 

as shown in Figure 7.8.  

 

In Vickers hardness test, the indents were larger in size and the total area of contact was 

considered while measuring the properties, whereas in nano-indentation test the projected contact 

area was calculated from the penetration depth of the indent, which is the reason for variation in 

the values of the results as discussed and the differences (size and shape) were as shown in 

Figure 7.9 (a, b). High-speed nano-indentation mapping analysis was carried out keeping in mind 

the variation in properties at each indent with respect to the depth of penetration and the total 

 a  b 
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average of thousands of indents placed very close to each other. Due to close indentation maps, 

the small variation in properties was measured accurately and the interface properties between 

the fiber-matrix and surface coating-substrate matrix were visualized through micron range 

maps. However, the conventional nano-indentation (CSM) and Vickers test analysis results were 

the average values of some indents.  

 

The improvement in the fracture toughness can be attributed to fibers bridging and fiber pullouts 

in the hybrid composites, as explained earlier (Figure 7.6(c)). High-speed nano-indentation 

mapping results of hybrid composite was shown to retain the base matrix (SiC-CNFs composite) 

properties with an additional advantage of improved fracture toughness as shown in Table 7.1, 

also evident from XRD analysis (Figure 7.1(d)). 

 

Table 7.1: Physical and mechanical properties of the CVD SiC coated SiC composite samples. 

Sample 

Relative 

Density 

(%) 

Vickers 

Hardness 

(GPa) 

Indentation 

fracture 

toughness 

(MPam
1/2

) 

Nanoindentation 

Elastic modulus 

(GPa) 
Hardness (GPa) 

CSM MAPPING CSM MAPPING 

Monolithic 

SiC 

 

99.06 

 

25.50 ± 

2.09 

 

3.99 ± 0.21 

 

491.23 

± 20.39 

 

473.68 ± 

67.09 

 

33.59 

± 

2.05 

 

29.67 ± 

5.92 

CVD SiC 

coating 

 

99.60 

 

28.77 ± 

1.68 

 

3.94 ± 0.14 

524.58 

± 14.32 

 

509.02 ± 

35.86 

 

37.60 

± 

1.02 

 

33.06 ±  

3.06 

SiC-CNFs 

composite 

 

98.76 

 

24.89 ± 

3.16 

 

5.04 ± 1.20 

 

489.56 

± 19.32 

 

472.99 ± 

84.43 

 

34.19 

± 

1.87 

 

29.91 ± 

7.45 

SiC 

hybrid 

composite 

 

96.61 

 

23.76 ± 

4.02 

 

5.10 ± 1.30 

543.13 

±  9.55 

 

472.05 ± 

91.03 

 

36.83 

± 

1.71 

 

29.74 ± 

7.91 
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7.2 Conclusions 

1. The monolithic α-SiC and SiC-CNFs composite powders were processed using advanced 

spray freeze granulation technique, and SiC-CNFs composite powder was used as a base 

matrix for the fabrication of SiC hybrid composite tubes.  

2. The monolithic SiC, SiC-CNFs composite thin tubes (1-2 mm) and thick SiC hybrid 

composite tubes (10-12 mm) with systematic laying pattern of continuous Cf in SiC-

CNFs matrix were shaped using cold isostatic pressing (CIP) and subsequently 

pressureless sintered and surface coated with β-SiC through CVD process.    

3. Comparative evolution of mechanical properties of monolithic SiC, SiC-CNFs 

composites, CVD SiC coating, and SiC hybrid composite was studied using conventional 

processes (Vickers & CSM) and advanced high-speed nano-indentation mapping. 

4. An excellent correlation between the microstructure and mechanical properties has been 

made with the help of massive data generated through high-speed nano-indentation 

mapping.  

5. Uniform and dense columnar structured CVD SiC coating with the cubic phase showed 

superior mechanical properties (hardness and elastic modulus). 

6. Hybrid composite processed with BN coated continuous carbon fibers, reinforced in  

SiC-CNFs matrix has shown improved fracture toughness while retaining other superior 

base matrix properties. 

7. Hybrid composite with weak inter-phase bonding between continuous C fibers and the 

matrix helped to optimize the fracture toughness by restricting crack propagation through 

fiber pullouts.  

8. The insight studies on the structure-property correlation with high-speed nano-

indentation mapping at the micrometer length scale helped to design the complex 

structure of fiber-containing SiC-based composites for defence, nuclear and aerospace 

applications. 
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8.0 Summary 

 Earlier studies reported in the literature have explained the influence of secondary phase (carbon 

fibers) addition on the properties of SiC based composites. In this regard a detailed study was 

carried out in the present work, with the incorporation of different types of reinforcement in in-

house fabricated SiC based composites by adopting various processing techniques. 

  Fabrication of SiC based composites through various powder processing routes such as rotary 

evaporation, conventional route, advanced freeze granulation etc. was carried out. Surface 

modification of CNFs and spray freeze granulation process were used to produce well-dispersed 

spherical SiC – CNFs composite powder.  

 A systematic study was carried out to optimize the process parameters of SiC-CNFs composites 

using Taguchi approach. The material properties of the composites were optimized through 

design of experiments to optimize parameters like sintering temperature, heating rate, holding 

time using different CNFs compositions for the experimental design method with an L9 (3^4) 

orthogonal array. The surface treated CNFs and BN coated long C fibers incorporated SiC-based 

hybrid composite tubes of various dimensions were fabricated using CIP and pressureless 

sintering process.  

 Highly dense green tubes produced out of surface modified 1 wt % CNFs composite spherical 

granules could achieve 98.5 % theoretical density and exhibited 25.62 GPa, 464.79 MPa and 

5.14 MPam
1/2 

of hardness, strength and fracture toughness values respectively, which are highest 

amongst all the other composites. The thermal conductivity value of 1 wt % CNFs containing 

composite was measured from room temperature to 1000 °C and found to be more than the 

monolithic SiC samples, which can be attributed to the strong bond between high thermal 

conductive CNFs with SiC matrix and high angle grain boundaries with less phonon scattering as 

evident from the HR-TEM & EBSD analysis. Highly dense CVD-SiC coating was employed on 

SiC tubes to form uniformly distributed stoichiometric coating with improved physical and 

mechanical properties as revealed by SEM & EDAX analysis.  

 The sintered SiC-CNFs composite tubes were wrapped with long carbon fiber (Cf) of different 

braiding patterns for LSI. The surface properties of the sintered and LSI Cf/SiC hybrid composite 
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tubes (Cf/SiC-SiC(CNFs)) were further enhanced by coating with SiC by adopting chemical 

vapour deposition technique. 

 The qualitative and quantitative phase analysis of BN-Cf, SiC-CNFs matrix and SiC based hybrid 

composite samples was analyzed by X-ray diffraction (XRD), selected area electron diffraction 

(SEAD), SEM, FTIR and Rietveld refinement using MAUD software. In addition, influence of 

new secondary phase evolved (B4C), CNFs dispersion and long Cf reinforcement on optimization 

of physical and mechanical properties of the SiC hybrid composite were studied. 

 The physical and mechanical properties of CVD SiC coated SiC-CNFs composites have been 

measured. The effect of variables on the properties of the composites was studied from the signal 

to noise ratio (S/N), analysis of variance (ANOVA), and interaction plots. 

 The enhancement of oxidation resistance of LSI hybrid composite tubes by CVD SiC coating 

was also studied. The oxidation behavior of bare Cf, Cf/SiC composite and CVD- SiC coated 

Cf/SiC composite was examined separately using TGA under air from room temperature to 1350 

օ
C. The overall residual mass of TG analysis was found to be 24 % and 0.7 % respectively for 

LSI and SiC coated hybrid composite samples. The oxidation of CVD SiC coated SYG braided 

hybrid composites has shown minimal mass change and oxidation as revealed by TG and XRD 

analysis due to the dense CVD layer on the surface which restricts the formation of  SiO2 on the 

surface during the high-temperature heating process. 

 An advanced high-speed nanoindentation technique was employed to analyze the combined 

benefit of the particulate and continuous fiber reinforcing effect of secondary phase in SiC 

matrix. Mechanical properties and high speed mapping of the indented regions of CVD coated 

composite were investigated at different loading and holding time under ambient conditions. 

Further, XRD, SEM and TEM analysis were employed to characterize the microstructure of 

individual composites constituents and CVD coating. An excellent correlation between the 

microstructure and mechanical properties was made with the help of massive data generated 

through high-speed nanoindentation mapping. Uniform and dense columnar structured CVD SiC 

coating with the cubic phase showed superior mechanical properties (hardness and elastic 

modulus). The SiC-based hybrid composite processed with BN coated continuous carbon fibers 

reinforced in the SiC-CNFs matrix has shown improved fracture toughness while maintaining 
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other superior base matrix properties. Hybrid composite with the weak inter-phase bonding 

between the continuous C fibers and the matrix has helped to optimize the fracture toughness by 

restricting the crack propagation through fiber pullouts and fiber bridging. 

8.1   Future scope of the work and Implications 

Although the present study has helped in developing adequate understanding of the influence of 

reinforcements and processing method on properties of SiC based composites; a few areas 

emerged during the course of the present study, which demand further investigations for reasons 

given below. 

The possible plan of work for the future based on the summary drawn from the present work is 

as follows :  

Investigations of the impact of high temperature on the mechanical properties of processed SiC 

based composite such as modulus of rupture (MoR), Blast pressure, creep rupture tests, and 

radiation studies are planned. 

• Looking into the possibility of processing of continuous SiC fiber reinforced SiC based 

composites and its characterization. 

• The optimized processing parameter values and the role of the physical phenomena (e.g., solid 

state diffusion, crack initiation and propagation) using Taguchi stastical design and analysis. 

• Interpretation of XRD, SEM and TEM analysis of SiC based composites processed in the present 

work. 

• Elemental analysis of CVD-SiC coating and the SiC based composites using sophisticated 

techniques. 

• Apart from the high temperature applications of SiC composites in nuclear, aerospace, defence 

and automobile applications, research in SiC based composite for other applications like solar, 

solid-state batteries, thermo-electronics, sea water desalination, etc., are also being contemplated. 
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• Attempts to compare properties of SiC-based composites sintered via SPS, Hot Press, etc., are in 

the pipeline too. 

• Fabrication of SiC based composite using other processing techniques like, Electrophoretic 

deposition, CVI, PIP etc., is another viable area of research. 

• Study of various protective coating materials and techniques for continuous fibers. The detailed 

chemistry, kinetics of the coating processes. 

•  Simulation and Modeling of properties of the SiC composites will be another interesting area of 

research for better understanding of industrial scale complex systems analysis. 
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