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Abstract
A continuous carbon fibre/silicon carbide/amorphous carbon (Cf/SiC/Cam.) matrix composite
material has been produced by a low-cost manufacturing method. According to this method, the
space in a 2-D carbon fibre preform is filled with a SiC powder by a pressure infiltration
method. Then the compact body is heat treated at 400oC to form a porous framework, followed
by an infiltration step with a liquid phenolic resin. Subsequently the infiltrated resin is
carbonised in argon at a temperature of 1000oC. The densification degree, mechanical and
thermal properties of the composite material have been measured and related to the
microstructure. The plates of 144.0 mm in diameter and thickness of 14.0 mm were
manufactured from the developed Cf/SiC/C material. The wear resistance and friction of dry
sliding on the disc-on-disc configuration were tested. The developed composites are considered
to be a promising material for low energy conditions which are representative of braking
systems for the automotive sector and rapid train systems. They can be also used as high
temperature components in chemical reactors, Stirling engines, gas turbines, etc.
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1.

INTRODUCTION

The ceramic-matrix-composites (CMC) are potential candidates for applications where a low
specific density, high strength and high toughness are required. Inside this group the carbon
fibre reinforced ceramic composites are known as an excellent high-temperature structural
material. Carbon fibre reinforced silicon carbide (Cf/SiC) composite is a material which posses
all the parameters of ceramics like oxidation resistance, resistance to acids and lyes, hardness,
heat resistance up to the high temperatures, above 1600oC, and from the other hand, is much
more damage tolerant like normal polycrystalline ceramics. Therefore they are ideal candidates
for demanding low- and high-temperatures environments like those in brake discs, heat
exchangers, Stirling engines, gas turbines, and chemical reactors. However the major obstacle to
a much broader CMC components application in the civil sector of the economy is still their
quite high price [1-4]. C/SiC materials may be produced in a several processes such as Tape
Casting/Lamination (TC/L), Chemical Vapour Infiltration (CVI), solid and Liquid (Polymer)
Infiltration (LPI) followed by Hot Pressing (HP) or Hot Isostatic Pressing (HIP) [2-7]. All
mentioned manufacturing techniques have some disadvantages, i.e. high manufacturing cost,
long manufacturing time or limitation of the component only to the simple plate shape.
Therefore it is required to develop process routes for low-cost Cf/SiC composite materials. Such
an attempt has been made and a novel low-cost manufacturing method has been developed,
primarily for manufacturing of the C/Si3N4/SiCN and C/SiC/SiCN composites [8, 9]. In this
method, a long 2-D carbon preform is mounted on a filter within a die cavity. A small quantity
of the SiC slurry is homogeneously distributed on the surface of carbon ply of fabric, the next
ply of fabric is layered and infiltrated with the ceramic slurry, etc. The number of steps is
repeated to reach a designed composite thickness. Then a pressure is exerted on the dispersed
slurry to cause the majority of the water to be squeezed out of the green composite body and the
ceramic particles to be trapped at the filter and build a consolidated layer within the fibre
preform. After removing the liquid via evaporation, the powder is strengthened by infiltrating
the composite with a liquid phenolic resin, followed by carbonisation process. After
carbonisation, the phenolic resin molecules form an amorphous (glassy) carbon material that
bonds the SiC particles together and also the SiC particles to the carbon fibres.
The objective of this paper was to develop a simple, fast and cheap process leading to materials
able to compete with C/SiC composites obtained by the chemical vapour infiltration, liquid
polymer infiltration and liquid silicon impregnation methods. The material obtained is
characterised in terms of its porosity, microstructure, thermal and mechanical properties. The
tribological properties of the material were measured in the disc-on-disc configuration.
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2.

EXPERIMENTAL PROCEDURE

The 2-D ceramic fibre plain weave supplied by Amoco P25 Carbon FMI Composites Ltd,
Scotland, was used in the preparation of the fibre preform. The low-cost pitch based carbon
fibres are characterised by the following properties: tensile strength – 1.4 GPa, tensile modulus
– 160 GPa, density – 1.9 g/cm3, filament diameter – 11 μm, thermal conductivity – 22 W/m.K
[10]. Silicon carbide powder, UF 15, from Starck, Germany, with an average particle size of 0.5
µm and specific surface area of 14-16 m2/g was used as the major component of the slurry for
the pressure impregnation process. Sodium hydroxide (NaOH) from Merck, Germany was
added to the slurry as a dispersing agent, Glydol from Brunchwig Chemie, Germany as a
wetting agent and demi-water as a solvent. From the large variety of possible phenolic resins,
Cellobond FRP grade J2027L resin, made by Blagden Chemicals Ltd., Great Britain, was
selected for the experiments. The resin was delivered as a high-viscosity liquid (Viscosity at
25oC = 25.0 cPa.s, at 60oC – 1.0 cPa.s), can be processed in an ambient air environment and,
which is equally important, it is available in large quantities at a low cost [11]. Some specific
properties of the resin are: density - 1.22-1.25 g/cm3, pH = 7.3-7.8, free formaldehyde content –
max. 3 wt%, water content – 10-13 wt%, specific heat - 2.1 kJ/kg/oC and thermal conductivity –
0.4 W/m.K.

Gas pressure

grid
green body

filter

vacuum

Figure 2.1 Set-up for pressure infiltration process
Stacks of 12 sheets of 2-D woven fibres in the shape of discs 150.0 mm in diameter were
pressed together in a steel mould and infiltrated with a SiC slurry under a pressure of 20 bar for
60 min. (Figure 2.1). The slurry contained 66.2 wt% (37.8 vol.%) SiC. The relative viscosity of
the slurry was 8.5 ±0.3 cPa.s and pH =9.5 at 20oC. After the infiltration process the green body
was dried overnight at ambient temperature and calcinated at 400oC for 1 hour. Then the
calcinated material was infiltrated with a liquid phenolic resin at a temperature of 50oC for 4
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days. The plate disc was removed from the liquid resin, wiped free of excess resin, and then
cured at 120oC for 1-2 h. Thickness of the manufactured component was 6.0±0.1mm. Pyrolysis
of samples was first performed in a resistance-heated laboratory furnace under a flow of
nitrogen at a temperature of 700oC for 2 hours while the samples were kept under a pressure of
1 MPa to prevent plate delamination and then at a temperature of 1000oC or 1250oC under a
flowing argon atmosphere (0.1 MPa) for a further 1 h. The flow diagram of this novel
processing route is presented in Figure 2.2. The manufactured C/SiC/C composites were
characterised according to their density and residual porosity, microstructure, phase
identification, strength in bending, fracture toughness, elasticity, thermal expansion and thermal
conductivity. The density and open porosity was evaluated using the water immersion technique
and the latter parameter also by nitrogen porosimetry. The microstructure of the sintered
samples was analysed by SEM. The room-temperature flexural strength of composite samples
was measured on bars of 3.5 x 4.5 x 50 mm3 in 4-point bending tests (4-PBT), span 40/20 mm
and a crosshead speed of 0.1 mm/min. The load versus displacement curves were recorded and
the maximum of the curve gives the flexural strength δ and the slope dδ/dε when ε is small gives
the elastic modulus. The average values of flexural strength and Weibull modulus were
calculated from 10 measurements. The fracture toughness (K1c) was determined by the chevron
notch beam method and the result is reported as an average of three measurements. The
coefficient of thermal expansion (TCE) was measured parallel to the fibre orientation in the
temperature range of 20-1000oC. The thermal diffusivity was characterised with a laser flash
technique and then the thermal conductivity was calculated from the equation: k = ν x ρ x C,
where: k - thermal conductivity, ν - thermal diffusivity, ρ - density, C - heat capacity of the
specimens. The bulk density was measured using Archimedes’ method and the constant
pressure specific heat, C, was taken from the literature [2].
The tribological properties were performed by Messier-Bugatti on brakes of sizes 144 mm in
diameter and thickness of 14.0 mm under dry condition in the brake-on-brake configuration.

2-D carbon fibre preform

SiC slurry
Pressure infiltration
(20 bar, 1 h)

Precalcination
(400°C, 1 h)

Resin infiltration
(60°C, 4 days, 1 bar)

Phenolic
resin

Curing
(120°C, 1-2 h)

Pyrolysis
(1000/1250°C, Ar, 1 h)

Machining

Figure 2.2 Flow diagram of a novel processing route for the C/SiC/C composite production
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Table 2.1 Tribological test protocol

Rodage

Phase 1

Phase 2

V0(m/s)
6
8
3

P (MPa)
0.32
0.32
0.32

Number
10
10
20

3
6
8
9
13
14
17

0.32
0.32
0.32
0.32
0.32
0.32
0.32

40
40
40
40
40
40
40

14
17

0.56
0.56

40
40

End
The friction tests were conducted under a well-defined protocol allowing exploring different
values for the initial sliding speed (Vo) and the contact pressure (P). The protocol is
summarised in Table 2.1. Relative humidity was kept constant at 20%. Temperatures beneath
the friction surface (both specimens), friction torque, normal load and wear are recorded
continuously. The wear and friction coefficient values versus temperature were continuously
recorded.
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3.

RESULTS AND DISCUSSION

The preparation of the C/SiC composite material from the carbon pre-form by pressure
impregnation with the SiC slurry resulted in the formation of a porous sample exhibiting
relatively poor mechanical properties. The porous material after calcination at 400oC was
characterised by a high particle packing density within the fibre pre-form (Figure 3.1). Filling
the interstices with a powder increases the composite density and also limits the size of cracklike voids within the matrix. The pore size distribution measured by mercury porosimetry
showed that the majority of pores are in the range of 20-100 nm, with the average pore diameter
of 67 nm (Figure 3.2). The measured porosity of the compact, 27.9%, was very close to the
theoretically calculated value, 28.5%. The composition of the green compact calculated from
densities of separate components in a given volume of the mould was as follows:
• Carbon fibres
- 28.5 vol.%
• SiC powder
- 43.0 vol.%
• Total porosity
- 28.5 vol.%
The size of (nano)pores homogeneously distributed in the whole volume of the compact had a
significant influence on the time of the polymer infiltration process. This time was prolonged to
nearly 4 days and was in a very low degree related to the pressure of infiltration. Therefore the
porous compact was infiltrated only once with the Cellobond resin at the temperature of 60oC
for 4 days under an atmospheric pressure. Under these conditions the porous C/SiC preform was
fully infiltrated with resin which was confirmed on the cross section of the infiltrated sample.
The up-take of the polymer into the open structure of calcinated C/SiC composite was up to
18.8 wt %. The density of the green composite body cured at 120oC was 2.36 g/cm3. The
density decreased after pyrolysis at 700oC (2.18 g/cm3) due to the evaporation of water and
gaseous waste products (mainly nitrogen and hydrogen) at temperatures between 120-600oC
[12]. After the pyrolysis at 1000oC the density increased again to the value of 2.21 g/cm3. The
open porosity of the product carbonised at 1000oC was 2.0 % and total porosity was 7.1%.

Figure 3.1 Cross section of the C-fibre preform infiltrated with the SiC slurry under a pressure
of 20 bar and calcinated at 400oC for 1 h. Carbon fibres surrounded by dense
packed microsize SiC particles. The total porosity of the calcinated compact was
27,9 % and average pore size was 67 nm
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Figure 3.2 Pore size distribution in the C/SiC preform manufactured by a pressure infiltration
method and calcinated at 400oC
The SEM investigation showed that long crack-like voids (named microcracks) are formed in
the glass-carbon/SiC based matrix (Figure 3.3 A). The microcracks were partly filled with
glassy carbon phase and partly open. The microcracks are formed partly due to the inherent
property of pressure casting process and partly to high shrinkage of the phenolic resin-base
matrix during carbonisation process and the stiff structure of the carbon preform [12, 13]. The
length of microcracks is comparable to the thickness of the matrix layer, and it is even up to a
few hundred micrometers. Some residual pores exist also in the composite body pyrolysed at
1000/1250oC formed during carbonisation process of the phenolic resin (Figure 3.3 B). The
SiC/glassy carbon-based matrix sticks very well to the surface of the carbon fibres
(Figure 3.3 D).
It is well described in the professional literature that the carbonisation of the phenolic resin to
glassy phase results in the volume shrinkage up to 50% if the process is unhindered [12]. The
stiff carbon fibre and highly packed SiC microsize particles hinder this shrinkage in the axial
direction to the fibre, whereas transverse to the fibre shrinkage can take place relatively
unhindered. This leads to shrinkage stresses which gives rise to a typical shrinkage crack pattern
visible in Figure 3.3 A. In this case the majority of matrix cracks are transverse to the fibre
directions. The fibres prevent the formation and the extension of cracks inside the bundle of
fibres due to crack bridging phenomenon. It is well know that the strength of C/C composites
after carbonisation (heat treatment temperature maximum 1000oC) generally is low, especially
for low modulus fibres. The strength of such composites can be partly recovered if the material
is treated at the higher temperature [13]. The mechanical properties of C/C composites are
mainly dominated by the carbon fibre strength not by the strength of the matrix.
The composite materials pyrolysed at 1000 and 1250oC were characterised in respect to
mechanical and thermal properties. The properties of the Cf/SiC/Cglass composite fabricated by
mixed process of Pressure ceramic Slurry Infiltration followed by Liquid Resin Infiltration
(PSI-LRI) are compared with the properties of other composites (C/SiC/SiCN and
C/Si3N4/SiCN) manufactured by this same route in Table 3.1 [8, 9].
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D.

E.
Figure 3.3 Polished cross-section of a Cf/SiC/C composite after carbonisation process at
1000oC:
(A, B) Multiple matrix cracking in the composite material; (C) Carbon fibres
surrounded by the SiC/glass-carbon based matrix; (D) Interface between carbon
fibres and SiC particles embedded into the glass-carbon phase; (E) Closed
nanopores of sizes 50 - 200 nm visible in the glass-carbon matrix
The density of the C/SiC composite infiltrated with phenolic resin was a little bit lower than the
density of the composites manufactured by other methods, due to a lower density value of
pyrolised product, the glass-carbon in comparison to the SiCN–based glasses, 1.7-1.9 to 2.35
g/cm3, respectively. The existence of micro-cracks and the residual porosity had a negative
influence on the thermal conductivity parameter. The measured thermal conductivity of the
developed composite, 15-16 W/m.K, was significantly lower than the values reported for the
separate components of the composite. The values of 22 W/m.K for carbon fibres Amoco P25
and 110 W/m.K for silicon carbide monolithic ceramics have been reported [3]. As expected the
coefficient of thermal expansion (CTE) of the tested composite depends on the direction of
layered fibres.
14
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Table 3.1

Properties of the Cf/SiC/Cglass composites manufactured by PSI-LRI method,
pyrolysed at 1000 and 1250oC, in comparison to properties of other composites
manufactured by this same method [8, 9].

Parameter

Unit

PSI-LRI*

PSI-LRI*

C/SiC/C

C/SiC/C

o

(1000 C)
28-30
2.21
7.1
2.5
3.5
15

o

(1250 C)
28-30
2.22
7.3
-

PSI-LPI*

PSI-LPI*

C/SiC/SiCN C/Si3N4/SiCN
(1300oC)
28-30
2.32
7.4
3.0
4.0
14
105±11
7.2
9.9
27±3

Fibre content
vol. %
Density
g/cm3
Porosity
%
Coefficient of thermal 10-6 K-1 ║
expansion (20-1000oC)
⊥
Thermal conductivity
W/m.K ║
16
⊥
MPa
Bending strength (RT*)
69±4
82±13
Weibull modulus
16.1
5.1
6.4
6.1
Fracture toughness
MPa.m1/2
Young’s modulus
GPa
21.8±0.8
25.1±1.0
* PSI-LP(R)I – pressure slurry infiltration/liquid polymer (resin) infiltration, RT – room temperature

(1350oC)
44
2.13
8.7
3.0
4.5
10.0
4.9
198±10
18.1
8.9
121±2

The CTE measured for the C/SiC composite perpendicular to the fibre orientation was over 40%
higher than that measured for the parallel direction. This is due to the marked anisotropy of the
CTE of the carbon fibres reported by the manufacturer. The room temperature flexural strength
of the composite material depends on the temperature of carbonisation. The value of 69 MPa
was measured for composites pyrolised at 1000oC and 82 MPa for composites pyrolised at
1250oC. These results are in a full agreement with the conclusions drawn by other research
group [12-14]. The measured values are slightly lower than the bending strength measured for
the C/SiC/SiCN infiltrated with the Ceraset polymer, and over two times as low as the strength
measured for the C/Si3N4/SiCN composites [8, 9]. In the composites manufactured by other
techniques such as CVI and LPI the matrix surrounding the fibres is very strong and limits the
stress concentration at the fibre surface. In the powder-filled composite, the matrix is composed
of two materials, the SiC powder and the pyrolysed polysilazane or phenolic resin [15]. The 7%
porosity remaining is also dispersed in a non-homogenous way across the composite. It is
assumed that the temperature of pyrolysis, 1000/1250oC, is still too low for a strong bonding
between the SiC grains and between the SiC grains and the carbonised phenol resin. The
mechanical properties of this matrix network are quite poor and this leads to the low mechanical
resistance of the composite. To improve the mechanical resistance of the matrix, the bonding
between the powder grains and the powder grains and carbonised phenolic resin must be
increased [15, 16]. This could be done by the introduction of a sintering additive such as
elementary boron to the matrix, by increasing the fibres content what translates to increasing the
quantity of infiltrated resin, or by increasing the temperature of carbonisation. Differences in the
composition of composites and in the processing procedure had a strong influence on the elastic
properties of the composites manufactured by the PCI-LPI method. The Young’s modulus of
the C/Si3N4/SiCN material was 120 GPa and for the C/SiC/C material was only 21-25 GPa.

Fracture toughness
It is well known that the mechanical behaviour of fibre-reinforced composites depends strongly
on the interface between the fibre and the matrix. A weak interface leads to energy-dissipative
mechanisms such as fibre pull-out and de-bonding which increase the energy required for the
propagation of the cracks and lead to a high toughness [5, 15]. Both phenomena were realised in
the manufactured composite body. The fracture toughness of the developed composite material,
being not so high – 6.2-6.5 MPa.m1/2, may be further improved by the increase in fibres content,
by increasing the temperature of carbonisation or by applying better quality high modulus
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carbon fibres. The content of carbon fibres, 28-30 vol%, is far below the average content of
fibres used in the fabrication of composites by CVI and LPI routes (38-45 vol%). The loaddeflection curves at room temperature for the C/SiC composite is shown in Figure 3.4.

Figure 3.4 Load-deflection curve at room temperature of the Cf/SiC/C composite carbonised at
1000oC
The SEM investigation of the sample used for measuring the bending strength demonstrated
qualitatively the damage-tolerant behaviour of the composite, showing pull-out lengths of single
fibres from the matrix between 10-50 µm (Figure 3.5 C). The crack deflection is generally
achieved by a “weak” interface between the carbon preform and the matrix (SiC powder bonded
with carbonised resin residue). This allows for the crack to be deflected between the fibre and
the matrix (Figure 3.5 B). It is obvious that it would be possible to reach much better values of
the thermal and mechanical properties of the developed composites by a further optimisation of
the manufacturing process (introduction of sintering additives such as the elementary boron,
zirconium diboride or boron carbide). The sintering temperature, 1000-1250oC, is too low for
this type of composite sintered without any additives. The Weibull modulus of the tested
composite was relatively low, 7.1, probably due to the non-homogenous structure of the
material and to the presence of long microcracks having a negative influence on the mechanical
strength of the composite. The value of Young’s modulus was also quite low, 27 GPa, due to
the presence of elongated cracklike voids and nanopores in the glass-carbon matrix.
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A.

B.

C.
Figure 3.5 SEM observation of the fracture surface of the Cf/SiC/C composite pyrolised at
1000oC. (A) The tip of the chevron notch with extensive fibre pull-out is shown; (B)
Crack deflection on the carbon fibre; (C) Pull-out of the carbon fibres from the
SiC/glassy carbon based matrix
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Tribological tests
The tribological tests were performed by the Messier-Bugatti tribological laboratory located in
Lyon, France. Messier-Bugatti had special requirements regarding the shape of the component
discs and in particular with respect to the thickness to be 14.0 mm. All manufactured plates
were 6.0 mm thick. In order to fulfil this requirement ECN has performed a joining process of 3
discs together to reach the required thickness. The 3 discs were stacked and bounded together
using a semi-liquid Graphit-Bond 669. The assembled discs were heated at 92oC for 2 hours for
curing and then heat-treated at 1000oC for 1 hour. In total 12 brake lining components of the
shape showed in Figure 3.6 were manufactured and delivered to Messier-Bugatti. During
tribological tests the wear and the friction coefficient values versus temperature were
continuously recorded. The first record was made to define the temperature range in which the
developed composite can operate. An additional record was made on the Carbon/Carbon
composites made by SEP, Bordeaux, France to have a better comparison of the developed
material to the commercial products.

Figure 3.6 Manufactured brake discs as delivered for friction tests

Bulk part
Friction part

Figure 3.7 General view of the friction part separated from the bulk body in the Cf/SiC/C brake
after the tribological test
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During the friction tests the stator of the specimen broke before the end of the test and the
friction part separated from the bulk part of the sample (Figure 3.7). Therefore, only 352 stops
were achieved instead of planned 400 stops. Both friction surfaces were white and damaged
(Figure 3.8 A). It was observed that only the friction part of the stator has become white (Figure
3.8 B). It is obvious that the glue used has acted as a thermal barrier in tested samples. The
maximum temperature value within the stator (the measurement point was located 2 mm below
the friction surface) was recorded in relationship to the measured wear value and the mean
friction coefficient (Figure 3.9). The recorded wear value increased significantly at the
temperature above 250oC and finally the sample broke. It means that the glued Cf/SiC/C
samples are not suitable for the work at high temperatures.

A.

B.

Figure 3.8 Top view (A) and side view (B) of the friction part of the tested sample
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Figure 3.9 The wear and friction coefficient values vs. the temperature inside the stator. The
material of tested sample: Cf/SiC/C composite
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Therefore the manufactured Cf/SiC/C samples were tested at low energy conditions and
compared to a typical, commercial C/C material used for tribological application in aircrafts.
The evolution of the wear versus the temperature inside the stator for both composites is
presented in Figure 3.10.
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Figure 3.10
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The comparison of the wear value recorded at low energy conditions vs.
temperature inside the stator for Cf/SiC/C and C/C composites
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Figure 3.11 The evolution of the friction coefficient vs. the temperature inside the stator for the
Cf/SiC/C and C/C composites
The recorded results showed no decrease in the wear parameter for the Cf/SiC/C sample in
comparison to the C/C sample except for the low energy condition. The evolution of the friction
coefficient versus the temperature within the stator for Cf/SiC/C and C/C composites is
presented in Figure 3.11.
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The value of the friction coefficient measured with the Cf/SiC/C composite is satisfactory for
low energy conditions. Both materials are characterised by similar mean values of the
coefficient of friction and the wear. The friction coefficient decreases for the Cf/SiC composite
above the temperature of 250oC, however, the realised values are still acceptable for the low
energy application typical in brake systems of cars and rapid train systems.
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4.

CONCLUSIONS

• The manufacturing method of CMC composites, which is still far from full optimisation,
proved that it is possible to produce the C fibres-ceramic matrix composites in an
inexpensive way, avoiding the expensive hot-pressing step as well as the time and energyconsuming multiple infiltration process or chemical vapour infiltration process. However,
the manufacturing process using submicron silicon carbide powder to fill-up the fibre
preform prior to the precursor impregnation leads to the composite material with a low
mechanical strength and low elastic modulus in comparison to the composites manufactured
by CVI or LPI routes.
• The manufactured composites are not suitable for work at high-energy tribological
conditions. In low-energy conditions, (< 250oC), which are representative of braking systems
for the automotive sector, the developed composites are good candidates and are
recommended. They are characterised by a better wear resistance than the commercial C/C
composites under these conditions..
• It is still possible to improve the mechanical and tribological properties of the developed
composites by: (I) preparation of the final product as an one piece, not-glued component; (II)
increasing the content of fibres inside the composite body; (III) using better quality carbon
fibres, and (IV) improving the strength of the SiC matrix by introduction of the sintering aid
to the SiC slurry (i.e. B, B4C, etc.).
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