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Abstract: The 3D needled C/SiC brake materials modified with graphite were prepared by a combined process of the chemical vapor

infiltration, slurry infiltration and liquid silicon infiltration process. The microstructure and frictional properties of the brake materials

were investigated. The density and open porosity of the materials as-received were about (2.1+0.1) g/crn3 and (5+1)%, respectively.
The brake materials were composed of 59% C, 39% SiC, and 2% Si (mass fraction). The content of Si in the C/SiC brake materials
modified with graphite was far less than that in the C/SiC brake materials without being modified with graphite, and the Si was

dispersed. The braking curve of the 3D needled C/SiC modified with graphite was smooth, which can ensure the smooth and

comfortable braking. The frictional properties under wet condition of the 3D needled C/SiC modified with graphite showed no fading.

And the linear wear rate of the C/SiC modified with graphite was lower than that of the C/SiC unmodified.
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1 Introduction

C/SiC composite is a new type of high performance
brake material with a series of outstanding advantages
such as low density, good high-temperature resistance,
high strength, excellent friction properties and low wear
rate[1—6]. Up to now, C/SiC brakes have been
successfully applied to Porsche, Ferrari and Daimler
Chrysler[7—8]. For automobiles, the abrasion resistance
of the C/SiC disks guarantees a service life of 300 000
km which is 4 times longer than that of steel disks[4—8].
In 2008, the flight test of the C/SiC aircraft brakes was
accomplished successfully[9—10], which is a new
milestone of the aircraft braking.

The general fabrication processes of the SiC-matrix
composites are chemical vapor infiltration (CVI),
polymer impregnation/pyrolysis (PIP), liquid silicon
infiltration (LSI) and so on. CVI is a mature processing
route for SiC-matrix composites, which has been already

transferred to the commercial level. However, it yields
materials with some residual porosity. PIP is poorly
efficient due to shrinkage and it also yields composites
with significant residual porosity even when the PIP
sequence is repeated several times. LSI is a fast
densification technique and it yields composites with
almost no residual open porosity, which makes it the
most competitive fabrication process of SiC-matrix
composites. However, the materials fabricated by LSI
often contain free silicon, which limits their
refractoriness and creep resistance, and seriously affects
their frictional properties[11—-12].

The 3D needled C/SiC brake materials prepared by
CVI combined with LSI contained about 8% Si (mass
fraction)[6], and the silicon showed clumped distribution.
When the braking energy was high enough, the
temperature on the friction surface would approach to or
exceed the melting point of silicon, which led to unstable
frictional properties and adhesive wear. In this work, a
C/SiC brake material modified with graphite is reported
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to minimize content of the free silicon and disperse it.
The objective of the present study is to investigate the
microstructure and frictional properties of the C/SiC
brake materials modified with graphite.

2 Experiments

2.1 Fabrication

Needled integrated felts were used as the preform in
this study. The density of the preform was about 0.6
g/cm. The carbon fiber was PAN-based one (T300, 12K,
Toray, Japan). The carbon fiber preform was fabricated
by the three-dimension needling method[6]. The

preparation of the C/SiC composites involved three steps.

The first one was the CVI process to manufacture the
porous C/C composites. The CVI was carried out at
800—1000 °C for 300—700 h. Propylene was used as a
precursor and argon as a carrier and diluting gas. The
density of the porous C/C composites was 1.2—1.7 g/cm’.
The second step was slurry infiltration (SI) process. The
slurry was graphite distilled water solution, and the
concentration of the solution was about 30% (mass
fraction). The size of the graphite was about 1 um. The
pressure of the infiltration was 1 MPa. The third step was
the LSI process (infiltration of the molten silicon into
porous C/C composites), producing the final C/SiC
composites. The LSI was conducted in the temperature
range of 1 420-1700 °C for 1-3 h. The schematic
diagram of preparation process is shown in Fig.1.
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Fig.1 Preparation process of C/SiC brake materials modified
with graphite

2.2 Testing methods

The density and open porosity of the C/SiC
composites were measured by Archimedes’ method. The
microstructures were observed by OM (OLYMPUS
PM-T3) and SEM (HITACHI S—4700). The phases
were analyzed by XRD (PANalytical X’Pert,
NETHERLANDS). And the quantitative analysis of the

phases was carried out by chemical method. Si was
removed by dissolving the composite in a mixture of
hydrofluoric and concentrated nitric acid (V(HNO;):
V(HF)=4:1) at 40 °C for 48 h. The content of C was
measured by burning it off at 700 °C for 20 h in air.
Finally, the content of residual SiC can be calculated.

The frictional properties were tested on a
disk-on-disk type laboratory scale dynamometer
(Fig.2)[6]. The kinetic energy absorbed by braking was
supplied by the inertia wheels which were driven by a
DC motor. The tested specimens acted as both the rotor
and the stator. The rotor specimen was attached to the
inertial wheel and accelerated to a certain velocity. The
braking property test was carried out through the friction
between the rotor and stator under a certain braking
pressure. Rotating velocity, braking moment, and
braking time were recorded by computer. The friction
coefficient can be calculated from the following
equation:

M = p(ry + ry)pl2 )

where M is the braking moment, y the friction coefficient,
p the braking pressure, r; the inner radius, and r, the
outer radius.
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Fig.2 Schematic diagram of dynamometer: 1 Clamp nut;
2 Inertial wheel; 3 Bearing; 4 Clutch; 5 Rotor holder; 6 Rotor;
7 Stator; 8 Stator holder; 9 Pressing cylinder; 10 Strap;
11 Motor; 12 Lathe-bed

The fading ratio, D, of the friction coefficient under
wet condition, which represents the sensitivity of the
friction coefficient to a humidity condition, is described
as

D=1- Hwet (2)
,udry

where uy. is the average friction coefficient under wet
condition, and x4 the average friction coefficient under
dry condition.

The friction test conditions are listed in Table 1.
The tests under each testing condition were repeated 20
times.
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Table 1 Parameters of friction testing condition

Testing Inertia Braking Braking
condition pressure/Pa  pressure/MPa speed/(m's ')
Dry 2.35 0.9 25
Wet 2.35 0.9 25
Static - 1.8 -

3 Results and discussion

3.1 Phase constituent

The density and open porosity of the C/SiC brake
materials modified with graphite were (2.1£0.1) g/cm’,
and (5%1)%, respectively. Fig.3 shows the XRD pattern
of the C/SiC brake materials modified with graphite. The
materials were composed of C, Si and SiC. And the
quantitative analysis showed that the contents of C, Si,
and SiC were about 59% C, 2% Si and 39% SiC,
respectively. The Si content in 3D needled C/SiC
modified with graphite was less than that in 3D needled
C/SiC prepared by CVI combined with LMI (unmodified
with graphite).
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Fig.3 XRD pattern of C/SiC brake materials modified with
graphite

3.2 Microstructure

The backscattered electron (BSE) micrographs of
the 3D needled C/SiC and the 3D needled C/SiC
modified with graphite are shown in Fig.4 and Fig.5,
respectively.

In those figures, SiC was distributed in grey regions,
Si in white regions, and pyrolytic carbon and carbon
fibers in black regions. Fig.4 showed that the Si
presented clumped distribution in 3D needled C/SiC
unmodified with graphite, and the content of Si was large.
In Fig.5, the Si was dispersed and the content was very
little.

When the porous C/C composites was prepared by
the CVI process, the pores in region of the fiber bundles
in the porous C/C composites were small and little
because of the high specific surface area in the fiber
bundles for deposition (Fig.6). Conversely, the pores in

Fig.4 BSE micrograph of 3D needled C/SiC unmodified with
graphite

Fig.5 BSE micrographs of 3D needled C/SiC brake materials
modified with graphite: (a) Typical BSE micrographs; (b)
Amplification of local region in (a)

region among fiber bundles were very large for a limited
deposition time (Fig.6). The wetting angle between
liquid silicon and carbon was about 0°[13], so that the
big pores of the porous C/C composites were prone to be
filled by the liquid silicon during the process of LSI. The
infiltrated silicon could not react completely with the
carbon in limited time. Therefore, a great deal of silicon
was left in the region between fiber bundles.

When the porous C/C composites prepared by CVI
were infiltrated with SI process, the graphite particles
were dispersed into the big pores of the porous C/C
composites, and changed the big pore into many small
pores. During the LSI process, some silicon reacted with
pyrolytic carbon to form SiC covering the unreacted



2292 ZHANG Jian-xin, et al/Trans. Nonferrous Met. Soc. China 20(2010) 2289-2293

Fig.6 Optical micrograph of porous C/C composites: [—Pores
in region of fiber bundles; I[I—Pores in region among fiber
bundles

pyrolytic carbon, some silicon reacted with graphite
particles to form SiC that was dispersed in the big pores
of the porous C/C composites, and the residual silicon
was very little and was dispersed by the unreacted
graphite particles and SiC that was produced by graphite
particles.

It can be seen that the process modified with
graphite can effectively decrease and disperse the free
silicon.

3.3 Frictional properties

The frictional properties of the 3D needled C/SiC
brake materials are listed in Table 2. It was indicated that
average friction coefficient under dry condition of the
C/SiC modified with graphite was lower than that of the
C/SiC unmodified. The average friction coefficient under
wet condition of the C/SiC modified with graphite had
no fading. The static friction coefficients of the 3D
needled C/SiC modified and unmodified were almost
equal. And the linear wear rate of the C/SiC modified
with graphite was lower than that of the C/SiC
unmodified.

Table 2 Frictional properties of 3D needled C/SiC brake

materials

Average
3D needled friction Wet Static Linear
C/SiC brake  .oefficient  fading  friction  wear rate/
material ratio/% coefficient pum
Dry Wet
Modifiedd 50 034 0 045-051 140
with graphite

Unmodified 0.38 0.34 10 0.45-0.68 2.16

Fig.7 shows the typical braking curves of the 3D
needled C/SiC brake materials. It was shown that the
braking curve of the C/SiC modified with graphite was
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Fig.7 Typical braking curves of 3D needled C/SiC brake
materials

smooth to ensure comfortable braking. Conversely, the
curve of the C/SiC unmodified had catastrophe
occurrences, which led to the unsmooth braking and
induced large impact to the braking system.

At the prior stage of braking, the friction coefficient
of the C/SiC modified with graphite was lower than that
of the C/SiC unmodified, so that the average friction
coefficient under dry condition of the C/SiC modified
with graphite was lower than that of the C/SiC
unmodified. However, the higher friction coefficient of
the C/SiC unmodified at the prior stage of braking made
the friction coefficient abruptly change, which led to the
unsmooth and uncomfortable braking, and induced large
impact to the braking system.

A large amount of micro-peaks on the friction
surface are unavoidable. The micro-peaks are generally
referred to be asperities. In the prior stage of braking,
only fewer asperities in the dual friction surface
contacted and produced interaction, which caused the
temperature on the asperities to be very high, maybe
close to the melting point of the silicon. When the brake
disks of the C/SiC unmodified fractured, the silicon of
the asperities on the friction surface would cause
adhesive effect, which resulted in the abrupt change of
the friction coefficient in the prior stage of braking.
However, the silicon was very little in the C/SiC
modified with graphite, and would not cause adhesive
effect. Therefore, the braking curve of the C/SiC
modified with graphite was smooth.

4 Conclusions

1) The 3D needled C/SiC brake materials modified
with graphite were prepared by a combined process of
CVI, SI and LSI. The density and open porosity of the
materials were about (2.1£0.1) g/em’ and (5£1)%,
respectively. The brake materials were composed of
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59% C, 39% SiC, and 2% Si (mass fraction). The content
of Si in the C/SiC brake materials modified with graphite
was far less than that in the C/SiC brake materials
unmodified with graphite, and the Si presented dispersed
distribution. The process modified with graphite can
effectively decrease and disperse the free silicon.

2) The braking curve of the 3D needled C/SiC
modified with graphite was smooth, which can ensure
the smooth and comfortable braking. The frictional
properties under wet condition of the 3D needled C/SiC
modified with graphite showed no fading. And the linear
wear rate of the C/SiC modified with graphite was lower
than that of the C/SiC unmodified.
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