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In this work, short carbon fibers were utilized as reinforcing materials to incorporate with C-SiC ceramics. C¢/C-
SiC composites containing diverse fiber contents were fabricated by combining compression molding and hot
sintering. Mechanical and tribological properties were carefully investigated. The result indicates that 30 vol%
fiber content composite shows the highest flexural strength (201.42 MPa) and shear strength (116.68 MPa). The
reinforcing mechanisms are summarized as fiber pulling-out, fiber debonding and fiber bridging, as well as crack

deflection. Tribological testing reveals that 30% fiber content composite shows the strongest wear resistance
(3.95 x 10~ °® mm®/N-m) and cyclic performances (COF of 0.27 after 50 cycles). The friction mechanisms are
divided into abrasive wear, adhesion wear and oxidation wear by different wear stages.

1. Introduction

Carbon fiber reinforced carbon black and silicon carbide dual ma-
trices composite (C¢/C-SiC) has been considered as the most promising
brake material and received extensive attention in recent years [1-3].
This composite material not only inherits the excellent mechanical
properties and tribological performances of traditional C/C materials,
but also exhibits improved properties such as high thermal shock re-
sistance, long service life, and high environmental stability, owing to
the good thermodynamic performance of SiC matrix under high tem-
perature [4,5]. These improved properties of C¢/C-SiC composite pro-
vide reliable evidence for its practical application in automobile brake
systems, which have been successfully applied on Porsche 911, Benz
AMG and Audi A8 [6]. Even in the military and aerospace fields, C¢/C-
SiC composite still shows great prospects. Studies show that the friction
efficiency of the C/C-SiC disc and pad brake system on a military tank is
three times higher than that of metallic brake systems [7]. In 2008, C/
C-SiC brake pairs were first applied to an airplane for a trial flight and
achieved satisfactory results [8].

The main difficulty in fully exploring short carbon fiber reinforced
composites lie in the apparent impediment to effectively model their
geometry at micro-level [9]. Carbon fibers preforms, including 2D
woven cloth and 3D felt, were widely utilized as reinforcing materials
to incorporate with C-SiC dual matrices [10-12]. Although the obtained
composite keeps most of the superior properties of the carbon fibers, it
still inclines to delaminate under elevated shear forces due to the weak
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interfacial adhesion between different layers. Meanwhile, the porous
structure of 3D carbon felt usually restricts the diffusion of ceramic
matrices during vapor deposition. These shortcomings often lead to
catastrophic failure in its practical application [13,14]. Compared with
continuous carbon fibers, short carbon fibers provide larger specific
contact area which facilitate the formation of interfacial phase between
the fiber and the matrix. The obtained composite also shows high de-
gree of isotropic due to the free orientations of short carbon fibers in
matrix, their strength and toughness are improved as well [15-17].

Among several eminent endeavors [18-21], a short carbon fiber
reinforced composite fabricated in Li's group [22] relished considerable
support, the composite shows a significantly enhanced fracture tough-
ness and flexural strength. After years of development, the coefficient of
friction (COF) and stability of the composites have been highly im-
proved by increasing fiber content and reducing porosity [23,24]. So
far, most C¢/C-SiC composites were fabricated by hot pressing followed
with sintering [25]. Prior to fabricate, it is necessary to introduce
pretreatment process to modify carbon fiber surfaces, due to their poor
wettability and high chemical inertness [26]. In addition, free silicon in
the matrices are also found of great influence on creep resistance of the
composites [27].

The present work focused on preparation and characterization of C¢/
C-SiC composites with enhanced mechanical and tribological proper-
ties. Composites with diverse fiber content were fabricated by com-
bining compression molding and hot sintering. Microstructures of the
composites were carefully studied. The effect of fiber content on
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flexural strength and shear strength was further explored. Their po-
tentials as alternative braking materials to incorporate with SiC balls
were also carefully investigated in dry conditions. The results reveal
that fiber content indeed had great influence on friction behaviors of
C¢/C-SiC composites, given the composites enormous potential to su-
persede traditional braking systems.

2. Experimental
2.1. Raw materials

PAN-based carbon fibers (T700, Toray, Japan) with a diameter of
7 um were employed as reinforcing materials. Their tensile strength and
elastic modulus are of 3500 MPa and 240 GPa, according to the in-
formation from the manufacturer. Ceramic powders like silicon (size of
30-50 um, purity = 99.8%) and carbon black (size of 6-8um,
purity = 99.9%) were utilized as substrate materials. Other starting
solvents like ethyl alcohol (purity = 99.7%), acetone (purity = 98%)
and nitric acid (concentration of 65-68%) were obtained from com-
mercial vendors and used without further purification.

2.2. Preparation

Continuous PAN-based long carbon fibers were cut into short bun-
dles of 5-8 mm by a paper cutter, then socked in acetone solution
helped with ultrasonic vibration for 8 h to remove sediment and con-
taminant on fiber surfaces and ensure their uniform dispersion at
random orientations. Afterwards, the randomly distributed short
carbon fibers were immersed in 35% nitric acid solution for 4 h at 40 °C,
for purpose of increasing specific surface area and attaching oxygen-
containing functional groups such as hydroxyl (-OH), carbonyl (-C=0)
and carboxyl (-COOH) [28-30]. The modified carbon fibers then were
washed repeatedly with deionized water and dried in a vacuum oven
for subsequent use [31,32].

In the mixing process, Si and C powders (in a ratio of 1:1.5) were
ball milled in a planetary grinding machine for 1h to ensure the uni-
form dispersion. Then, carbon fibers of different volume fraction (10,
20, 30, 40%) were mixed with the matrix materials using ethanol as the
media and ball milled for 15 min. Since extensive grinding can damage
the strength of carbon fiber, the milling time should be controlled in a
reasonable range. Afterwards, the mixture was injected into an iron cast
mold which was pre-heated at 150 °C in advance, then compressed at
20 MPa for 2 h. The obtained preforms were heated at 1600 °C for 1 h in
an argon atmosphere to ensure the full conversion of silicon carbide
from C and Si. The obtained composites were polished and cut into
specific size of testing requirements.

2.3. Characterizations

Open porosity and bulk density were quantified by Archimedes’
method. Composites were weighted by an electronic balance with a
precision of 0.1 mg. Phase identification was examined by X-ray dif-
fraction (XRD) using Cu K, radiation (A = 0.15405 nm) on a Rigaku D/
Max-2400 diffractometer, by a scanning speed of 5°/min and scanning
range of 10-90°. Microstructures and surface morphology were in-
vestigated by JSM-6700F field emission scanning electronic microscope
(FE-SEM, ZEISS, Germany) equipped with energy dispersive spectro-
scopy (EDS).

Mechanical properties such as flexural strength and shear strength
were verified on a standard electronic universal testing machine
(CMT1505, INSTRON, American). Composites were cut into size of
50 X 10 x 4 mm? for flexural testing, and 36 x 10 X 6 mm?® for shear
testing. Both loading rate was set to 0.5 mm/min, with 40 mm and
24 mm span, respectively. Tribological properties of the composite
mated with SiC ball (6 mm in diameter) were investigated on a UMT-
2MT friction machine by ball-on-disk method, with parameter of 10N
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Fig. 1. Bulk density and open porosity of the C¢/C-SiC composites containing
diverse carbon fiber content.

load at a speed of 180 r/min for 30 min under dry condition in air [18].
All samples were cleaned with ethanol and polished before testing.

3. Results and discussion
3.1. Microstructural analysis

Fig. 1 shows bulk density and open porosity of the composites with
carbon fiber content rising from 0 to 40 vol%. It is observed that the
bulk density varies from 1.71 to 2.15 g/cm®, while the open porosity
fluctuates within the interval of 9.1-11.6%. During the sintering pro-
cess, the matrix inclines to shrinkage, leaving large numbers of cracks
and open pores within the composite. As the temperature reaches the
glass transition point, the molten silicon spontaneously infiltrates into
these vacancies under capillary force. However, as the fiber content
exceeds 30%, the agglomeration of short carbon fibers prevents the
impregnation process, thereby restricting further densification of the
composite. In general, composite with 30 vol% fiber content shows the
highest density (2.15 g/cm®) and lowest open porosity (9.1%).

XRD patterns of C¢/C-SiC composites containing diverse fiber con-
tent are depicted in Fig. 2. The formation of B-SiC (cubic phase) is
observed in each XRD curve, which can be indexed as (111), (200),
(220) and (311) planes of 3-SiC at 20 degrees of 35.59°, 41.38°, 59.97°
and 71.77° (JCPDS No. 29-1129), respectively. Other diffraction peaks

VC ¢ a-SiC e p-SiC w Si — 10%CF
20% CF

* . — 30% CF

v —— 40% CF

Intensity (a.u)
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Fig. 2. XRD patterns of C¢/C-SiC composites containing diverse fiber content.
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Fig. 3. SEM (a) and TEM (b, c, d) images of the SiC matrix.

at 20 degree of 26.38°, 28.44°, 47.30° and 56.12° can be attributed to
the characteristic planes of cubic Si (JCPDS No. 27-1402) and C in form
of graphite (JCPDS No. 41-1487). Since the ratio of silicon to carbon in
raw materials was 1-1.5, most of the silicon has converted into SiC,
only a small amount of unreacted free silicon remains in the matrix,
presenting weak-intensity diffraction peaks. Meanwhile, a-SiC (hex-
agonal phase) is also detected from its representative peaks at 20.85°,
26.63° and 50.13° (JCPDS No. 29-1127), indicating the phase transition
from B—a had occurred during sintering at high temperature of
1600 °C, which is consistent with the work presented by Lodhe [33].

The XRD results are also confirmed by SEM and TEM analysis. In
Fig. 3a, the matrices present porous surface morphology, with large
numbers of cracks and open pores distributing in it. These micropores
are ascribed to the volume shrinkage of SiC during fabrication, pro-
viding a good coincidence with the work presented by Lee [34], in
where a porous SiC ceramic was formed by rapid grain growth after f—
a transformation. Fig. 3c shows the corresponding SEAD patterns of the
triangle area in Fig. 3b, which can be indexed to B-SiC, indicating the
SiC phase had successfully synthesized from Si and C. The HRTEM
image in Fig. 3d confirms two uniform interplanar spacing of 0.249 nm
and 0.243 nm with complete crystal structures, which match very well
with the (111) plane of 3-SiC and (101) plane of a-SiC.

Fig. 4 show polished surfaces and microstructures of 30% fiber
content C¢/C-SiC composites at different magnifications. In Fig. 4a and
b, short strips of carbon fibers are found uniformly distributed in C-SiC
matrices at random orientations. The continuous gray phase corre-
sponds to the (3-SiC while the isolate light phase belongs to the a-SiC
phase, which further confirms the XRD and TEM results. The interface
with larger magnification between the fiber and the matrix is shown in
Fig. 4c, suggesting a strong interfacial adhesion. As the most potential
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reinforcement of composite materials, carbon fiber has the advantages
of high strength, high modulus and lightweight [5]. However, it is
susceptible to erosion by molten silicon at elevated temperature. The
diameter of the carbon fiber became significantly smaller in Fig. 4c,
indicating carbon atoms on fiber surfaces have been consumed by free
silicon. As shown in Fig. 4d, defects like pits and flaws are also observed
on carbon fiber surfaces.

3.2. Mechanical testing

Unlike conventional metal and non-metal materials, the chemical
bonds of C¢/C-SiC composites fabricated by our group can be divided
into two categories: covalent bonds between the matrix molecules and
ionic bonds between the fiber and the matrix. These differences re-
sulting a quite different fracture mechanism of C¢/C-SiC composite than
the “brittle deformation” of ceramics and “plastic deformation” of
metallic materials. As shown in Fig. 5a, all flexural strength-strain
curves climb slightly at beginning then fall sharply. Compared to
ceramic materials, a slow decline appears on each curve of Cs/C-SiC as
the load reaches the maximum, suggesting the significant strengthening
effect of carbon fibers to matrix. When catastrophic failure happens,
residual carbon fibers could still carry most internal stress and restrict
the propagation of the cracks, which enable the composites to with-
stand larger deformation. It is observed that 30vol% fiber content
composite shows the highest flexural strength (201.42 MPa), while
40 vol% fiber composite shows decreased flexural strength, which is
even lower than that in 20 vol%.

The shear strength-strain curves of the C¢/C-SiC composites con-
taining diverse fiber content are shown in Fig. 5b. It is concluded that
the effect of fiber content on shear strength depicts similar changing
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Fig. 4. Polished surfaces (a and b) and microstructures (c and d) of 30% fiber content C¢/C-SiC composites at larger magnifications.

trend than that on flexural strength. As the load reaching the maximum,
each curve drops suddenly without slow decline. This can be attributed
that during fabricating, the orientations of randomly distributed carbon
fibers incline to be consistent (As shown in Fig. 4a and b, most carbon
fibers in visual field are parallel to the principal plane). That means a
layered structure is formed within the composite, and the energy re-
quired to delamination becomes much less than that needed for fiber
breakage. Compared with the slow decline of flexural strength, the
shear strength of the C¢/C-SiC composite drops significantly, with the
highest value appearing at 116.68 MPa as the fiber content achieves
30vol%. A comparative study of our work and the data provided by
other researchers is shown in Table 1.

Fig. 6a-d presents the fracture surfaces of C¢/C-SiC composites
containing diverse fiber content. Fiber pulling-out is observed in each
case, which can be considered as the primary reinforcing mechanism in
the fracture process. In Fig. 6a, only a small amount of carbon fiber was
pulled-out from the matrix due to its low content (10%) in composite.
This result changes as the fiber content increases, the improved specific
contact area between the fiber and the matrix effectively transmit the
internal stress and consumes more energy. As shown in Fig. 6b and c, a
strong interfacial adhesion is observed between the fiber and the ma-
trix, with a relatively flat fracture surface and short length of pulled-out

fibers. On the contrary, fiber agglomeration occurs at high fiber content
to form poorly dispersed bundles (40% in Fig. 6d), resulting in an in-
creased porosity and large numbers of microcracks. In Fig. 6e, the crack
shows a jagged morphology which propagates along the load direction,
the strong interfacial adhesion deflects the crack until they run through
the entire composite. In addition, fiber debonding and fiber bridging
are also found of great influence on mechanical properties of C¢/C-SiC,
which can be clearly seen from the insert images in Fig. 6¢c and e.

3.3. Tribological testing

The effects of fiber content on COF and specific wear rate are pre-
sented in Fig. 7a. The COF of the composite containing 0% fiber content
shows the highest average value of 0.47, then declines from 0.38 to
0.23 with the fiber content increasing from 10% to 40%. Compared to
the SiC matrix, low carbon fiber content provides insufficient specific
contact area on wear surface, thus resulting in lower COF of the com-
posite due to the low COF of carbon fiber itself. On the other hand, the
specific wear rate draws a quite different picture. The sharp decline
starts from 10% fiber content composite, then reaches the minimum at
an average rate of 3.95 X 10~ ®mm®/N-m at 30%, followed with an
uptrend to 40%. Reasonable explanation is that higher fiber content
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Fig. 5. Flexural (a) and shear (b) strength-strain curves of the C¢/C-SiC composites containing diverse fiber content.
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Table 1

A comparative study of our work and data from other researchers.
Samples Density (g/cm®) Porosity (%) Flexural strength (MPa) Shear strength (MPa) Ref.
C/C-SiC (30% Cp) 2.15 = 0.05 9.1 = 0.5 201.42 = 10 116.68 + 10 Our work
C/C-HZS 2.23 = 0.06 114 = 0.3 172 = 8 - [35]
C/C-ZrC-ZrB,-SiC 1.98 13.02 132 - [36]
C/C-ZrC-SiC 1.66 16.86 187.2 = 40.4 - [37]

created large numbers of micropores or voids inside the composite, this
porous structure is more likely to wear under higher pressure and shear
force during the friction process, thereby increasing the specific wear
rate.

Fig. 7b compares the COF curves of C¢/C-SiC composites containing
0% and 30% fiber content. At the prior stage of friction, both curves
climb rapidly due to the increasing severe contact of the friction pairs.
After reaching the maximum, both curves tend to be relatively smooth
and fluctuate in a small range. This fluctuation can be attributed to the
non-uniform wear track or the stick-slip mechanism [38,39]. Compared
to the red curve, the black curve shows a larger average COF value
which fluctuates in a larger range, providing reliable evidence to the
results presented in Fig. 7a.

Since the 30% fiber content composites show the lowest COF and
best wear resistance, they were chosen as the most promising brake

materials to serve under cyclic conditions. Its wear mechanism is ex-
plained in detail combining the SEM analysis. In the prior stage of
friction, the wear surface of the composite was almost flat with a small
number of tiny asperities (Fig. 8a). As the friction pair violently coupled
with each other, the tiny asperities were peeled off by the elevated
shear force to generate debris on wear surface (Fig. 8b), which were
turned out to be SiC particles by EDS analysis. Meanwhile, damaged
carbon fibers were also observed on the wear surface and were subse-
quently ground to powders. These SiC debris and carbon powders be-
came the abrasive medium for the next wear cycles by reducing the
severe contact between the friction pairs. Considering the higher con-
tent and hardness of SiC debris than carbon powders, the wear me-
chanism at this stage was dominated by the abrasive wear of SiC debris
which activated the “ploughing effect” to create scratches and grooves
on wear surface (Fig. 8d) [40,41]. Studies also show that smaller crystal
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Fig. 6. Fracture surfaces of (a) 10%, (b) 20%, (c) 30% and (d) 40% C¢/C-SiC composite, (e) crack propagations and (f) fracture mechanism.
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Fig. 8. Wear surfaces before (a) and after (b) testing, (c and d) larger magnifications of the insert areas of b, EDS analysis before (e) and after (f) testing.

size of SiC debris present a significantly higher number of interfaces
[42].

As the friction went on, the SiC debris and carbon powders were
compacted into continuous friction films on wear surface under high
contact pressure, creating protective coatings by decreasing the stress
transferred across the wear interface. EDS results in Fig. 8f confirmed
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that the O content increased significantly after wear testing, indicating
SiC debris was oxidized and SiO, films were formed, which were de-
stroyed by the severe mechanical force before transforming into ad-
sorption layer and reactive layer. This repeated friction behavior trig-
gered the adhesive wear mechanism at this stage. Besides, oxidation
wear mechanism was also found of great influence on the wear
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Fig. 9. Cyclic friction performance of C¢/C-SiC composite containing diverse
fiber content.

behavior of the composite, due to reaction of the matrix carbon and
carbon fibers with the oxygen in the air. The entire chemical equations
are as follow [43]:

C () + 1/2 0 (g) = CO (8) @
C(s) + 02 (8) = CO2 (8) (2
Si() + O (g) = SiO2 (8) 3)
SiC (s) + 3/2 0, (g) = Si0, () + CO (g) 4
SiC (s) + 20, (g) = Si0, () + CO5 (g) )
Si0, () = Si0, (g) (6)

In this work, all samples for wear test were mated with SiC ball for
30 min at a speed of 180 r/min. To facilitate comparison of their cyclic
performances, samples were repeated 50 cycles and the results are
presented in Fig. 9. Each curve shows a small decline in the beginning,
which can be referred to the “run-in” stage of the friction pairs [44,45].
Among various composites, 30% fiber content composite shows the
most stable COF due to its uniform microstructural composition. On the
contrary, despite of its lowest COF, C¢/C-SiC composites containing
40% fiber content shows severe fluctuations at all stages, indicating
fiber agglomeration had happened with excessive fiber content, thus
the friction performance became erratic and difficult to predict.

4. Conclusion

C¢/C-SiC composites with diverse fiber content were successfully
fabricated by compression molding followed with hot sintering.
Microstructures analysis reveals that short carbon fibers are uniformly
distributed in C-SiC matrices to form strong bonding and interfaces,
providing reliable evidence for the toughening effect of carbon fibers to
C¢/C-SiC composite. Mechanical testing reveals that 30vol% fiber
content composite exhibits the highest flexural strength (201.42 MPa)
and shear strength (116.68 MPa). Their reinforcing mechanisms can be
summarized as fiber pull-outs, fiber debonding and bridging as well as
crack deflections. Meanwhile, an improved wear resistance
(3.95 x 10~ ® mm>/N-m) and cyclic performances (COF of 0.27 after 50
cycles) was also identified for 30 vol% fiber content composites, due to
the combined efforts of abrasive wear, adhesion wear and oxidation
wear. These enhanced properties indicating the C¢/C-SiC composites in
our work have great potential in braking systems to alternative tradi-
tional friction pairs.
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