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Abstract 

Silicon carbide multilayer composites containing short carbon fibres (Csf/SiC) were 

prepared by tape casting and pressureless sintering. The short C fibres were firstly 

dispersed in solvents with the aid of dispersant and then mixed with SiC slurry to 

limit fibre breakage. The relative densities, mechanical properties, oxidation 

behavior of Csf/SiC multilayer composites were evaluated. Thermal expansion, 

diffusivity and conductivity behavior in three directions were tested. The effect of 

addition of short C fibres on shrinkage, mechanical and thermophysical behavior 

was discussed. 

Triton X100 was found to be the best one for Toho Tenax HTC124 (with water 

soluble coating) among BYK-163, BYK-410, BYK-2150, BYK-9076, BYK-9077 

and Triton X100 dispersants. Although the average fibre length (0.5 to 0.6 mm) 

after mixing was only one-sixth or -fifth of original length (3 mm), it is still much 

longer than in other Csf/SiC composites using ball-milling, indicating that mixing 

the SiC slurry with the fibre-predispersed solution is an effective method for adding 

fibres with limited breakage. 

Fibres were homogeneously distributed in the tapes and tended to align fairly well 

along the tape casting direction. The relative density of the composite containing 

short C fibres decreased with the fibre amount. The Csf/SiC multilayer composites 

demonstrated significant anisotropic shrinkage behavior in different directions, 

while the addition of short C fibres hindered the shrinkage in the plane containing 

the fibres (X and Y directions) during sintering. Elastic modulus, bending strength 

and fracture toughness decreased with increased porosity, which implies that 

bending properties are affected significantly by residual porosity. However, due to 

residual thermal stress, the fracture toughness of SiC/(Csf/SiC) multilayer 

composites was higher than that of SiC multilayer, which indicates that the fracture 

toughness of SiC-based thermal protection system could be improved through 
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designing its architecture. 

The weight loss during oxidation tests was larger for Csf/SiC multilayer composites 

than for SiC multilayer and increased with the porosity and the fibre amount. 

Passive oxidation of SiC was still occurred after addition of short fibres. Specific 

heat of Csf/SiC multilayer composites slightly increased with fibre amount. No 

significant different in thermal expansion behavior of SiC, 5 and 10 vol.% Csf/SiC 

multilayer composites in different directions was found. 

In X direction before oxidation treatment, the thermal conductivity firstly slightly 

increased after addition of 5 vol.% short C fibre, and then decreased with further 

fibre addition. However, in Y and Z directions, the thermal conductivities decreased 

with the increase of fibre amount before oxidation treatment. After oxidation 

treatment, the thermal conductivities decreased with the increase of fibre amount 

regardless of test directions. Since fibre aligned along tape casting direction, 

Csf/SiC multilayer composites demonstrated highest thermal conductivity in X 

direction regardless of fibre amount. Moreover, due to the presence of the interface 

between adjacent layers, Z direction showed lowest thermal conductivity. Because 

of the oxidation of C fibre (in Csf/SiC multilayer composites) and formation of 

silica (both in SiC multilayer and Csf/SiC multilayer composites), thermal 

conductivities of SiC multilayer and Csf/SiC multilayer composites decreased after 

oxidation treatment. 

Keywords: Multilayer composite; Short C fibre; SiC; Tape casting; Mechanical 

properties; Thermophysical properties; Thermal conductivity. 
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Chapter 1. Introduction 
Re-entry vehicles with higher flight speed (order of 8 km/s in plan) have to endure 

extreme environment during space mission. In order to be maneuverable at hypersonic 

velocities, controlled surface with sharp leading edges are required. However, the 

low-radius components would be subject to much greater aerothermal heating than 

blunt ones. For leading edges and nose cap, the maximum temperature may be more 

than 2000 °C [1]. Moreover, the other external components of these hypersonic 

vehicles would also experience high temperature over 1300 °C [2]. Thus, thermal 

protection systems (TPS) represent a key issue for the successful re-entry of future 

spacecrafts [3]. The TPS materials must be light-weight and be able to withstand high 

temperature, high heat flux and mechanical strength associated with vibrations at 

launch and re-entry into Earth's atmosphere [4]. Current available thermal protection 

materials will not survive such extreme condition. Therefore, new materials should be 

developed for advance TPS. 

1.1 High temperature thermal protection materials 

High temperature thermal protection materials include refractory metals, monolithic 

ceramics, ceramic foams, ceramic multilayer and ceramic matrix composites (CMCs). 

Refractory metals include alloys of molybdenum, tantalum, tungsten and niobium. 

Although refractory metals were used in the first generation of solid propellant 

rockets, they are hard to be used as TPS materials of future reusable spacecraft due to 

their high density, high cost and low oxidation resistance [5]. 

1.1.1 Monolithic ceramics 

Generally, monolithic ceramics are hard, strong in compression, chemical inert and 

can withstand very high temperature [6]. Considering the high temperature and 

corrosive environment, oxides, borides and silicides are preferred for this application. 

The passive oxidation of borides and silicides would generate glassy B2O3 and SiO2 

layers, respectively. These thin glass layers are very effective in limiting the inward 

diffusion of oxygen into the inner bulk and thus enhance the resistance to oxidation. 

Some basic properties of several ceramic materials, which are regarded as potential 

thermal protection materials, are listed in Table 1.1.  
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fibre surface. The best interphase materials for SiC/SiC composites have been 

postulated to be those with a layered structure paralleling to SiC fibre surface, while 

these layers are weakly bonded to each other but strongly adhere to fibres. 

Pyrocarbon (PyC) and boron nitride (BN) have been well investigated as the single 

interphase. PyC has a structure similar to that of graphite in which graphene layers are 

stacked roughly parallel to each other. However, these elementary graphene layers are 

of limited size and stacked with rotational disorder [177]. The rough lamina-PyC, 

which is usually deposited by CVI, has a tendency to grow with grapheme layers 

parallel to fibre surface. To achieve a strong fibre/interphase (FI) bonding, Nicalon 

fibre should be pre-cleaned due to enrichment of oxygen and free carbon at the 

surface [ 178 ] while Hi-Nicalon fibres should be pre-treated to stabilize the 

microstructure [179]. The bonding between PyC and stoichiometric SiC fibres (Hi- 

Nicalon type S and Tyranno SA), which are more stable in microstructure and consist 

of free carbon on surface, is expected to be relative strong. Moreover, the thickness of 

PyC layer also has a great influence on the thermal residual stresses and fibre surface 

roughness, which finally affect the mechanical properties of SiC/PyC/SiC composites. 

Yang et al. [180] found that the tensile strength of SiC/PyC/SiC composites increased 

from 60 to near 300 MPa when the carbon layer thickness increases to 100 nm. 

Although PyC was thought to be the best interphase in SiC/SiC composite in terms of 

mechanical behavior, the oxidation of the PyC can occur even at low temperature (500 

ºC) and leads to interfacial degradation. Based on self-sealing mechanisms, boron (B) 

is doped into the single layer [181]. However, B2O3 would volatilize at 600 °C in 

environments containing water, which significant reduce the lifetime of composite. 

Another method to improve PyC oxidation resistance is replace part of PyC by SiC or 

TiC to make a multilayer interphases, which will be discussed independently later. As 

an alternative, hexagonal BN, which has a layered structure similar to that of graphite, 

presents better oxidation behavior than PyC. The BN interphase could be deposited on 

SiC fibre by CVI from BF3-NH3 [182], BCl3-NH3-H2 [183] and B[N(CH3)2]3 [184]. 

BN interphase could be formed by in situ reaction [185]. The occurrence of corrosion 

and chemical reactivity of BN with oxygen and moisture when prepared at low 

temperature still need to be solved.  

As mentioned above, another method to improve the oxidation resistance of PyC or 

BN interphases is to prepare multilayer interphases. Multilayer interphases, which 

extend the concept of layered structure to the nanometer scales, are a stack of films of 
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thermal expansion coefficient with SiC, low evaporation rate and low permeability for 

oxygen, is another candidate for anti-oxidation coating materials [211]. However, the 

defect such as cracks in coating, which is unavoidable due the thermal expansion 

mismatch between composites and matrix, lead to oxygen diffusion inward and 

oxidation of interface and fibre [212]. Therefore, composite coatings (Si-MoSi2 [213], 

3Al2O3-2SiO2 mullite [214], HfB2-SiC [215], SiOC-barium-strontium aluminosilicate 

[216] and SiCN-Sc2Si2O7 [217]), multilayer coatings (SiC/B/SiC [218], SiC/C-B/SiC 

[219] and ZrC/SiC [220]) and composite multilayer coatings (Y2Si2O7/celsian-Y2SiO5 

[221] and ZrB2-SiC/SiC [222]) have been studied. 

 

Fig. 1.3 Typical microstructure of multilayered matrix in (a) SiC/SiC [207] and (b) C/SiC 

composites [210]. 

However, due to the anisotropic thermal expansion behavior of C/SiC, the oxidation 

protection is more difficult than for non-reinforced carbon or graphite bulk materials. 

Therefore, cracks are apt to form due to the thermal expansion mismatch between 

coating and the C/SiC composite when temperature changes dramatically. As a result, 

sophisticated oxidation and corrosion coatings could only reduce the material 

degradation in a certain temperature interval under static conditions, but all available 

protection coatings are not able to prevent oxidation completely under dynamic 

conditions. 

1.5 Short fibre reinforced SiC composites 

Although SiC-based composites with long carbon fibres display greatly improved 

toughness, processing of these composites (CVI, PIP and LSI) is usually 

time-consuming and very expensive. Moreover, owing to their high matrix porosity, 

they easily undergo oxidation and then need tailored surface coatings for application 
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[290] reported that methacrylamide (MAM) with methylene bisacrylamide (MBAM) 

as monomer and cross-linker were suitable for aqueous gelcasting, and they were 

much lower in toxicity as compared to the previously used acrylamides [288].  

Montgomery et al. [291] prepared the Al2O3/porous Al2O3 bilayers by gel casting. 

They first casted a lower density slurry, and a higher density slurry was then 

immediately casted beneath the first layer, and then both layers were gelled 

simultaneously. This method induced a small gradation between the two layers. They 

found that the volume change of each layer can be matched by tailoring the Al2O3 

particle size and Al volume fraction, which resulted in a density step and no 

macroscopic cracking. Montgomery et al. [292] reported another method to produce a 

sharp interface between two layers. They partially filled a steel mold with initiated 

slurry, which was then frozen immediately by dry ice. A glass slide was placed in 

contact with the slurry to close the system and create a flat surface. After removal of 

the glass slide, the second initiated slurry containing pore-forming fugitive filler was 

cast on the solid surface of the frozen layer. Finally, the entire filled mold system was 

heated to simultaneously gel both layers. It was observed that the failure initiated at 

the interface between the layers due to stress redistribution by modulus mismatch. 

Baskin et al [293] fabricated single-phase laminates with alternating layers of aligned 

and randomly oriented FeTiO5 by gel casting. A mold with removable dividers was 

used in their work, and the preparation process of laminates is shown in Fig. 1.7. 

Hovis et al. [294] using a stackable mold system, Neoprene gaskets and Escalt 

film-covered glass slides to produce BaFe12O19 laminates by gel casting, as shown in 

Fig. 1.8. 

Based on the similar laminate processing method of Hovis et al [294], Montgomery et 

al. [295, 296] used thermoreversible gelcasting (TRG) to produce Al2O3 laminates. 

TGD involves a rapid, reversible, cross-linking process to form a polymer network 

rather than a monomer reaction as in traditional gelcasting. The reversible polymer gel 

is a triblock copolymer, whose midblock is selectively solvated by an alcohol. Below 

Tgel (60 ºC in their work), the triblock copolymer end blocks aggregate into nanometer 

size spherical domains, which are randomly dispersed in a matrix of solvent and 

solvated midblocks. The aggregates provide the sites for physical crosslinking. Above 

Tgel (60 ºC in their work), the end blocks dissociate and create a freely flowing liquid. 

The thermoreversible gel can maintain its thermoreversibility even being filled with 

high amount ceramic powder. Since the solid can be reheated to form a liquid and 
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then be re-casted, the waste of ceramic powders and polymers could be minimized 

[295, 296]. 

 
Fig. 1.7 Laminates preparation method by gel casting reported by Baskin et al. [293]. 

 

 
Fig. 1.8 Laminates preparation method by gel casting reported by Hovis et al. [294]. 

1.6.2.3 Freeze casting 

Freeze casting technique is a novel environmentally friendly forming method, which 

has attracted much attention due to its simplicity and the absence of organic 

substances [297]. In the forming process, the ceramic suspension (water is used as 

solvent) is poured into a mold, then frozen and subjected to sublimative drying of the 

solvent (water) under vacuum. Frozen water (ice) temporarily acts as a binder to hold 

the parts together for unmolding. The sublimation of the solvent (water) is made to 

eliminate the drying stress, and to avoid shrinkage, cracks and warpage of the green 

body that generally existing in the normal drying [298].  

Munch et al. [299] formed large porous Al2O3 scafolds with architectures by freeze 
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fibresand increased porosity in the neighbor matrix [332]. Therefore, more efficacious 

fibre dispersion should be achieved to develop the effect of short C fibres.  

1.8 Scope of current research 

Since the dispersion of C fibres with epoxy coating in water or organic solvent was 

difficult [330, 332], The C fibres with water-soluble coating, which is more 

compatibility with water or organic solvent (based on alcohols), are expected to 

demonstrate better dispersion result. In present work, the effect of seven dispersants 

on the dispersion behavior of Toho Tenax HTC124 fibres (with water-soluble coating) 

was tested. Then the Csf/SiC multilayer composites with different fibre amount were 

prepared by tape casting and presureless sintering. The relative density, mechanical 

properties, oxidation behavior and thermophysical properties were evaluated, and the 

effect of addition of short C fibres on these properties was discussed. 
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The gluing solution was made of water, ethanol and polyvinyl alcohol (PVA) in the 

weight proportion of 10:10:1. A mandrel was passed on the samples to make 

successive layer adhere without the formation of air inclusion, as shown in Fig. 2.2b.  

It should be noted that the roughness of lower-side (in contact with Mayler film) and 

upper-side (in contact with air) is different due to the presence of the Mayler film, as 

shown in Fig. 2.3. The rougher upper-side was always pasted with the smoother 

lower-side of another tape during stacking. 

 
Fig. 2.3 Roughness profiles of lower-side (in contact with Mylar film) and upper-side (in contact 

with air) of SiC green tape. 

 
Fig. 2.4 Preparation process for green specimens for bending test. 
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The preparation process for green specimens for three point bending test is shown in 

Fig. 2.4. Ten tapes with dimension of 100× 60 mm were stacked. The length direction 

of cut tapes was perpendicular to the tape casting direction. After removed of the 

edging, eight specimens with dimension of about 60×12×2.5 mm were obtained. 

In order to meet the thickness requirement for fracture toughness test, twenty layers 

were stacked and 9 samples with dimension of about 50×8×5 mm were cut. For 

preparing SiC/(Csf/SiC) multilayer composites, two SiC layers and one Csf/SiC layer 

(total 18 layers) were stacked alternatively, and then another two SiC layers (thus total 

20 layers) were stacked on the upper surface of Csf/SiC layer to make sure both side 

of the composites were SiC layer.  

The preparation process of samples for thermal diffusivity test is more complex. 

Thermal conductivity properties in X (parallel to tape casting direction), Y 

(perpendicular to tape casting and thickness direction) and Z (through thickness 

direction) directions were tested, as shown in Fig. 2.5.  

 
Fig. 2.5 Three-dimensional Cartesian coordinate system used to describe test directions of thermal 

properties. X direction is parallel to the tape casting direction; Y direction is perpendicular to tape 

casting and thickness direction; Z direction is the through thickness direction. 

 
Fig. 2.6 Preparation process of green samples for thermal properties test in Z direction. 
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Fig. 2.7 Preparation process of green samples for thermal properties test in Y direction. 

One hundred and eight layers of green tape with dimension of 50×33 mm were cut 

and stacked. The length direction of cut tapes was perpendicular to the tape casting 

direction. Then the stacked samples were fixed by cold mounting resin (Presi S.A, 

France). After removed of the edging by cutting machine (Isomet 4000, Buehler, Lake 

Bluff, IL, USA), three samples for thermal conductivity test in Y direction were cut 

firstly, as shown in Fig. 2.7. Finally, three samples for thermal conductivity test in X 

direction were cut, as shown in Fig. 2.8. The thickness of green samples for thermal 

conductivity test in X and Y directions were 5 mm. The slowest speed of the cutting 

machine (1.2 mm/min) was used to avoid delamination of green tapes during cutting.  
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Fig. 2.8 Preparation process of green samples for thermal properties test in X direction. 

2.1.4 Debinding process 

In order to remove the binder and the other organic components, a debinding 

treatment should be performed before sintering.  

 
Fig. 2.9 Decomposition curves of binder, plasticizer and fibre dispersant. 

The main organic components in SiC green samples are binder and plasticizer. 

However, in Csf/SiC green samples, there is also the presence of fibre dispersant 

(Triton X100) in addition to binder and plasticizer. The decomposition behavior of 
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binder, plasticizer and dispersant was tested by TGA from room temperature to 

1000 °C at a constant rate of 20 °C/min in flowing chromatographic air (50 ml/min). 

Fibre coated with Triton X100 was used to evaluate the decomposition behavior of 

Triton X100. The result is shown in Fig. 2.9.  

Most of the organic components would be decomposed before 400 °C (Fig. 2.9). 

Moreover, the organic materials will decompose faster and completely at 

comparatively lower temperature under slower heating rate (3 °C/h) [333]. Therefore, 

the process, as shown in Fig. 2.10a, was used for debinding treatment. The debinding 

treatment was performed up to 800 °C in argon atmosphere in Elite thermal systems 

limited (Tersid s.r.l, Italy).  

 
Fig. 2.10 Schematic diagram of (a) debinding and (b) pressureless sintering process. 

2.1.5 Pressureless sintering 

Usually, pressure requiring techniques are widely applied in fabrication of ceramic 

composites and multilayers. However, due to shape and size limitations and high 

equipment cost, these methods are difficult to extend towards large industrial 

applications. Thus, pressureless sintering was adopted in present work. The samples 

were submitted to pressureless sintering treatment in argon (partial pressure of 55 Pa) 

at 2200 °C for 30 min in a furnace operating under controlled pressure and 

atmosphere (TAV. S.p.A, Italy). The sintering temperature and time were based on the 

preliminary experiment [262, 330]. The sintering process is shown in Fig. 2.10b. 

During debinding and sintering process, the samples were placed on a graphite 

support and a graphite weight was put over them to avoid sample deviation from 

planarity. 
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chemical structure of nonionic surfactant, Triton X-100, is given in Fig. 3.2. The 

hydrophobic octyl group of Triton X100 (polyethylene glycol) can interact with 

carbon fibre through adsorption and cover the carbon fibre over its axial length, while 

the hydrophilic segment can interact with the solvent through hydrogen bonding.  

 
Fig. 3.1 Effect of dispersant (1 wt.%) on fibre dispersion (0.075 vol.%) in mixture of ethanol and 

butanol. (a) without dispersant, (b) BYK-163, (c) BYK-410, (d) BYK-2150, (e) BYK-9077, 

(f)BYK-9076, (g) Triton X-100. 
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Fig. 3.3 Microstructure of (a) original commercial fibres, (b) dried fibres dispersed in solvent 

without any dispersant, (c) dried fibres dispersed in solvent with Triton X100. 

3.2 Dispersion of short carbon fibres in SiC slurry 

After a good dispersion of fibres was obtained, the fibre-predispersed solution was 

then mixed with SiC slurry by mechanical stirring. It should be noted that the carbon 

fibre would also be shorten in present work due to the mechanical stirring. The fibre 

length distribution after mixing was observed. Parts of mixed slurry containing 

different C fibre amount (corresponding to 5, 10 and 15 vol.% in the final sintered 

samples) was dissolved in a large amount of ethanol. Afterward, the diluted slurry was 

taken out by dropper and then dropped on Mylar film. After the solvent was 

evaporated completely, the fibre length distribution was observed by optical 

microscope. Forty-two different areas were observed to improve statistical 

significance of the results.  

Typical fibre length distribution and the statistical results in the mixed slurry are 

shown in Fig. 3.4. The original fibre length was about 3 mm. As shown in Fig. 3.4b, d 

and f, the average fibre length in the slurry, whose fibre amount in final sintered 

samples were 5, 10 and 15 vol.%, were about 0.6, 0.55 and 0.5 mm, respectively. The 

mixing time for preparation of slurry with 5, 10 and 15 vol.% fibre amount was 2, 4 

and 6 h, respectively. Therefore, prolongation of mechanical mixing time slightly 
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decreased the average fibre length. However, it should also be noted that the amount 

of very short fibre (less than 0.1 mm) or fibre fragment increased very sharply with 

mixing time. Meanwhile, the amount of longer fibre (longer than 1 mm) also 

decreased with mixing time.  

 
Fig. 3.4 Typical fibre length distribution and statistical results after mechanical mixing of SiC 

slurry and fibre-predispersed solution. (a), (c) and (e) are the typical length distribution in the 

slurry whose fibre amount in final sintered samples were 5, 10 and 15 vol.% respectively. (b), (d) 

and (f) are the corresponding statistical results of (a), (c) and (e), respectively. 

Since the fibre length observation was carried out in the slurry to make the green tapes 

and no obvious mechanical damage could be occurred during dissolution and 
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Fig. 3.6 Roughness profiles of upper-side (in contact with air) of SiC and Csf/SiC green tapes (a) 

SiC, (b) 5 vol.%, (c) 10 vol.%, (d) 15 vol.% Csf/SiC green tapes. 

 
Fig. 3.7 Cross section surface of stacked green tapes of 10 vol.% Csf/SiC. (a) lower magnification 

and (b) higher magnification. 

3.3.2 Debinded samples 

Fracture surface of Csf/SiC multilayer composites (5, 10 and 15 vol.%) after 

debinding are shown in Fig. 3.8a, b and c, respectively. Fibre bundles were not 

observed, which indicates that the fibres are homogeneously distributed in the tape. 

Moreover, the fibres tended to align fairly well along the tape casting direction, since 

orientation of fibres in different directions was rarely observed. 

Generally, anisotropic phases are supposed to be oriented along tape casting direction 

since the slurry is sheared when passing the casting blade. This phenomenon is more 

obvious in the slurry containing whiskers [327, 328] or short fibres [229, 330, 332]. 


















































































































