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Abstract

C/SiC brake materials with a sandwich structure were prepared by three step process, chemical vapor infiltration, slurry infiltration and liquid
silicon infiltration process. The fabricated brake materials consist of a C-fiber rich main body and two SiC-rich frictional layers on the surface. The
microstructure and frictional properties of C/SiC brake materials were investigated. The results indicated that the density and open porosity of the
materials were 2.2 g/cm’® and 4%, respectively. The phase distribution in the friction layers of C/SiC with sandwich structure was homogeneous,
and the silicon was little and dispersed in the friction functional layers. The joining region between friction functional layer and mechanical
functional layer has an inter-laminar shear strength of about 27 £+ 9 MPa, indicating its reliability. The frictional properties under wet condition of
the C/SiC with the sandwich structure showed no fading, and were better than that of the 3D needled C/SiC. The static friction coefficient and linear
wear rate of the C/SiC with the sandwich structure was higher than that of the 3D needled C/SiC. The C/SiC brake materials with sandwich

structure would have higher brake efficiency.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

C/SiC composites are a new type of high performance brake
materials developed after the powder metallurgy materials and
C/C composites. C/SiC composites exhibit a series of
outstanding advantages such as low density, good high
temperature resistance, high damage tolerance, excellent
friction properties, low wear rate and long life [1-6].

The first development of the C/SiC brake was made by
British Engineers working in the railway industry for TGV
applications in 1988 [7]. In the early 1990s, Krenkel et al. at
the German Aerospace Center (DLR) in Stuttgart started
investigations of C/SiC composites for high performance
automobile applications [2,3,8]. Up to now, the C/SiC brakes
have been successfully applied to Porsche, Ferrari and
Daimler Chrysler [9,10]. For automobiles, the abrasion
resistance of the C/SiC disks guarantees a service life of
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300,000 km which is 4 times greater than that of steel disks
[4,10]. In recent years, plenty of work have been done for
development of C/SiC aircraft brake materials [1,5,6]. In
2008, the flight test of the C/SiC aircraft brakes was
accomplished successfully [11].

As brake materials, good frictional and mechanical
properties are necessary. The 3D needled C/SiC brake
materials possessed good mechanical properties and excellent
braking performance [5,6]. However, its frictional properties
are not stable because the phase under a certain depth from the
friction surface was inhomogeneous, and the Si was presented
clumped distribution in 3D needled C/SiC to induce adhesive
wear [12]. In this paper, we report a newly developed aircraft
C/SiC brake materials with a sandwich structure composed of
two outer functional layers for friction, and inner mechanical
functional layer. In the functional layer for friction, homo-
geneous phase distribution and improved stability of the
frictional properties were achieved. The objective of the
present study was to investigate the microstructure and
frictional properties of C/SiC brake materials with sandwich
structure.
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2. Experiments
2.1. Fabrication

Needled integrated felts with sandwich structure (Fig. 1)
were used as preform in this study. The density of the
preform was about 0.5 g cm . The carbon fiber was PAN-
based carbon fiber (T300, 12K, Toray, Japan). The carbon
fiber preform with sandwich structure was fabricated by the
three dimension needling method [6]. The carbon fiber
preform was composed of needled integrated felts as inner
mechanical functional layer, and thick short-cut web as outer
frictional functional layers. Preparation of the C/SiC
composites involves three steps. The first one was chemical
vapor infiltration (CVI) process to manufacture porous C/C
composites with sandwich structure (Fig. 2). The temperature
for CVI was about 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 about
1.2-1.7 gcm>. The second step was slurry infiltration (SI)
process. The slurry was graphite distilled water solution, and
the concentration of the solution was about 30 wt%. The
pressure of infiltration was 1 MPa. The third step was liquid
silicon infiltration (LSI) process (infiltration of the molten
silicon into porous C/C composites), producing the final C/
SiC composites. The LSI was conducted at the range of
1420-1700 °C for 1-3 h.

2.2. Testing methods

The density and open porosity of C/SiC composites were
measured by Archimedes’ method. The microstructures were
observed by light microscopy (OLYMPUS PM-T3) and
Scanning Electron Microscopy (HITACHI S-4700).

The inter-laminar shear test (Double-Notch Compression)
was conducted on a universal testing machine (Instron 1196).
The test methods are according to the ASTM C1292. The
fixture and the geometry of specimen for the inter-laminar shear
strength test were shown in Fig. 3. The compressional speed
was about 0.05 mm/min.

The frictional properties were tested on a disk-on-disk type
laboratory scale dynamometer (Fig. 4) referred to [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 Eq. (1).

P
M:M(Vl—f"’z)E (D

where M is the braking moment, i the friction coefficient, P the
braking pressure, r; the inner radius, and 7, is the outer radius.

(b) Macro photograph

Fig. 1. (aand b) The structure of 3D needled carbon fiber perform with sandwich structure. 1 and 3 were short-cut fiber web, 2 was 0° non-woven fiber cloth, and 4
was 90° non-woven fiber cloth. A was functional layer for friction, and B was mechanical functional layer for load-carrying.
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Fig. 2. (a—c) The structure of 3D needled C/C porous composites with sandwich structure.

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

D= (1 —@) % 100% )

:udry

where (., is average 1 under wet condition, and fi 4, average
w under dry condition.

The linear wear rate was determined by calculating the
thickness difference. The friction test conditions to simulate the
normal landing condition of the aircraft are listed in Table 1. The
tests under each testing condition were repeated for 20 times.

3. Results and discussion
3.1. Phases analysis

The density and open porosity of the C/SiC brake materials
with sandwich structure were 2.2 g/cm®, and 4%, respectively.

Table 1

The parameters of friction testing condition.

Testing Inertia Braking Braking
condition (kg m2) pressure (MPa) speed (m s7h
Dry 0.235 0.9 25

Wet 0.235 0.9 25

Static - 1.8 -

Table 2
The content of C, Si, and SiC in 3D needled C/SiC [7] and 3D needled C/SiC
with sandwich structure brake materials.

3D needled 3D needled C/SiC with sandwich
C/SiC structure
Functional layer Mechanical
for friction functional
layer
Content of C (wt%) ~65 ~49 ~58
Content of SiC (wt%) ~27 ~47 ~40
Content of Si (wt%) ~8 ~4 ~2

The materials prepared by LSI process consisted of C, Si, and
SiC [6]. The gravimetric analysis was employed to determine
the content of C, Si, and SiC in the composites. Si was removed
by dissolving the composite in a mixture of hydrofluoric and
nitric acid (HNO5:HF =4:1) at 40 °C for 48 h, whereas the
content of C was measured by burning it off at 700 °C for 20 h
in air, so the content of residual SiC can be calculated. The
content of C, Si, and SiC was shown in Table 2. The SiC content
in the C/SiC sandwich materials is higher, compared to
standard C/SiC material, whereas the Si content is lower.

3.2. Microstructure analysis

The SEM micrographs of the 3D needled C/SiC with
sandwich structure were shown in Fig. 5. In Fig. 5, SiC and Si
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Fig. 3. (aand b) The fixture and the geometry of specimen for the inter-laminar
shear strength test.

were distributed in grey regions, and pyrolytic carbon and
carbon fibers were distributed in black regions. The BSE
micrographs of the 3D needled C/SiC and friction layer for the
3D needled C/SiC with sandwich structure were shown in
Fig. 6. In Fig. 6, SiC was distributed in grey regions, Si in white
regions, and pyrolytic carbon and carbon fibers in black
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Fig. 4. Schematic diagram of the 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, and (12) lathe-bed.

regions. Fig. 6(a) shows that the Si was presented clumped
distribution in 3D needled C/SiC, and the content of Si was
much. In Fig. 6(b) and (c), the Si was dispersed and the content
was very little in the friction layer for the 3D needled C/SiC
with sandwich structure. Figs. 5, 6(b) and (c) show that the
distribution of the phases in the friction layer was homo-
geneous. In mechanical functional layer, SiC and Si were
mostly distributed in the short fiber web layers, and local C/C
composites [6] were kept in the non-woven fiber cloth layers.
Local C/C protected the fibers from erosion by the molten
silicon during the infiltration process. Therefore, the mechan-
ical functional layers provided the materials high toughness and
ensured against brittle failure.

The SEM micrograph of region between functional layer for
friction and mechanical functional layer was shown in Fig. 7. It
showed that no cracks and obvious interfaces were observed in
the join region between functional layer for friction and
mechanical functional layer. The inter-laminar shear strength of
the join region was about 27 + 9 MPa. And the typical fracture
profiles were shown in Fig. 8. The needle fibers were pulled-out
and sheared under the inter-laminar shear force (Fig. 8), which
can strengthen the joining between functional layer for friction
and mechanical functional layer.

i
1.00mm

mm M)

(b) mecanical functional layer

Fig. 5. (a and b) The SEM micrographs of the 3D needled C/SiC with sandwich structure.
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Fig. 6. The BSE micrographs of the 3D needled C/SiC and friction layer for the 3D needled C/SiC with sandwich structure: (a) 3D needled C/SiC, (b) parallel to the
non-woven fiber cloth layers of friction layer for the 3D needled C/SiC with sandwich structure, (c) perpendicular to the non-woven fiber cloth layers of friction layer

for the 3D needled C/SiC with sandwich structure.

16.0kV 11.2mm x40 SE(M)

functional layer for friction

mechanical functional layer

Fig. 7. The SEM micrograph of the region between functional layer for friction and mechanical functional layer.

3.3. Frictional properties

The frictional properties of the 3D needled C/SiC and C/SiC
with sandwich structure are listed in Table 3. It indicated that
frictional properties under wet condition of the C/SiC with
sandwich structure had no fading, and was better than that of
the 3D needled C/SiC. The static friction coefficient and linear

Table 3

wear rate of the C/SiC with sandwich structure were higher than
that of the 3D needled C/SiC.

Under wet condition, the frictional properties of the carbon
phase were prone to decline [13—15]. SiC phase was hard point
on the friction surface, which tended to arouse ploughing action
[5]. The ploughing action of the hard SiC was less affected by
the humidity. The content of carbon was more, and the content

The frictional properties of the 3D needled C/SiC and C/SiC with sandwich structure.

Friction coefficient Wet fading Static friction Linear wear rate
ratio, D/% coefficient (pm/side cycle)
Dry Wet
C/SiC with sandwich structure 0.36 0.36 0 0.79-0.87 248
3D needled C/SiC 0.38 0.34 10 0.45-0.68 2.16




2834 S. Fan et al./Ceramics International 37 (2011) 2829-2835

functional layer for friction

mechanical functional layer

(a) macroscopic fracture profile

(b) microstructure fracture morphology

Fig. 8. (a and b) The inter-laminar shear fracture for sandwich C/SiC brake
materials.

of SiC was less in the 3D needled C/SiC than those in C/SiC
with sandwich structure, so that the frictional properties under
wet condition of the C/SiC with sandwich structure was better
than that of the 3D needled C/SiC. The interlayer force of
graphitized carbon was low so that the graphitized carbon has
good lubrication action, which led to low static friction
coefficient and low wear rate for the graphitized carbon. The
hard SiC was inclined to enhance the ploughing action, which
resulted in the friction resistance and the wear rate increased.
Therefore, the static friction coefficient and wear rate of the C/
SiC with sandwich structure were higher than that of the 3D
needled C/SiC at the normal landing condition of the aircraft.

Fig. 9 was the typical braking curves of 3D needled C/SiC
and C/SiC with sandwich structure brake materials. It indicated
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Fig. 9. Typical braking curves of 3D needled C/SiC and C/SiC with sandwich
structure brake materials.

brake disk

wheel

Fig. 10. Schematic illustration of forces on wheel and brake disk during aircraft
braking. M, is braking moment, F the friction force among brake disks, M, the
traction moment of wheel, F, the friction force between wheel and land, N the
supported force on wheel by land, and w is the rotational speed.

that the braking curve of C/SiC with sandwich structure was
smoother than that of the 3D needled C/SiC, which revealed
smooth braking for the C/SiC with sandwich structure.

A large amount of micro peaks on the friction surface are
unavoidable. The micro peaks are generally referred to as
asperities. At the prior stage of braking, only less asperities in
the pair friction surface contacted and produced interaction,
which led the temperature on the asperities very high and might
be close to the melting point of the silicon. When the brake
disks of the 3D needled C/SiC braked, the clumped silicon of
the asperities in the friction surface would cause adhesive
effect, which resulted in the friction coefficient abrupt change at
the prior stage of braking. However, the silicon was little and
dispersed in the friction layer of C/SiC with sandwich structure,
and would not cause adhesive effect. Therefore, the braking
curve of the C/SiC with sandwich structure was smooth.

The force analytical schematic illustration of brake disk and
wheel during braking is shown in Fig. 10. The braking moment
of brakes (M) and the traction moment of wheel (M) can be
calculated from Egs. (3) and (4).

1
M :EPS/LI(RI —|—R2)n 3)

My = NuyRs3 “4)

where P is the braking pressure, S the area of the pressure
acting, u, the friction coefficient of the braking materials, R;
the inner radius of the friction surface, R, the outer radius of the
friction surface, n the number of the friction surface, N the
support force of the wheel by ground, u, the friction coefficient
between wheel and ground, and Rj is the radius of the wheel.

During the aircraft braking, the wheel would skid when M,
was bigger than M,, as a result of the wheel badly worn, even
the tire cracked, and a catastrophic induced. Under anti-skid
braking system, when the wheel would skid, the brake pressure
can be lowered rapidly to decrease the M; and prevent the wheel
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skidding. After the brake pressure was lowered by the anti-skid
braking system, the wheel rolled normally, and then the braking
system would increase the brake pressure to achieve the
effective braking. During the braking system decompressing,
the braking system did not brake almost which resulted in lower
brake efficiency.

The braking curve of C/SiC with sandwich structure
exhibited an upended trapezium shape, which was consistent
with the landing response of the aircraft with anti-skid braking
system. At the prior stage of braking, the braking speed was
high so that the aircraft could generate lift, to reduce the N,
namely, to reduce the M,. When the braking speed was high, the
needed M, was smaller to prevent the wheel skidding. With the
braking proceeding, the speed of the aircraft was reduced
continuously which led to the lift force decreased, the N and M,
increased continuously, and then the needed M, increased
continuously. The friction coefficient of the brake materials
matched the landing response of aircraft with anti-skid braking
system, which would lead to a higher brake efficiency.

4. Conclusions

(1) The C/SiC brake materials with sandwich structure were
prepared by a combined process of CVI, SI and LSI. The
materials were composed of inner mechanical functional
layer, and two outer frictional functional layers. The density
and open porosity of the materials were 2.2 g/cm®, and 4%,
respectively. The SiC was more in C/SiC with sandwich
structure than that in 3D needled C/SiC, and the Si was less
than that in 3D needled C/SiC.

(2) The distribution of the phases in the functional layer for
friction of C/SiC with sandwich structure was homogeneous,
and the Si was little in the functional layer for friction. The
join region between functional layer for friction and
mechanical functional layer has not cracks, and obvious
interface. The inter-laminar shear strength of the join region
was about 27 £ 9 MPa, which revealed the joining reliable.

(3) The frictional properties under wet condition of the C/SiC
with sandwich structure were no fading, and were better
than that of the 3D needled C/SiC. The static friction
coefficient and linear wear rate of the C/SiC with sandwich
structure were higher than that of the 3D needled C/SiC.
The C/SiC with sandwich structure brake materials would
have higher brake efficiency.
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