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Abstract: Silicon carbide/pyrolytic carbon (SiC/PyC) composite materials with excellent performance of self-lubrication and wear
resistance were prepared on SiC substrates by electromagnetic-field-assisted chemical vapor infiltration (CVI). The composition and
microstructure of the SiC/PyC materials were investigated in detail by XRD, SEM and EDS, etc. The effects of the deposition
temperature on the section features and wear resistance of the SiC/PyC were studied. The results show that the PyC layers were
deposited onto SiC substrates spontancously at a lower deposition temperature. The SiC substrates deposited with PyC can
significantly reduce the wear rate of the self-dual composite materials under dry sliding condition. The wear tests suggest that the
SiC/PyC composite materials own a better wear resistance property when the deposition temperature is 800 °C, and the wear rate is
about 64.6% of that without the deposition of PyC.
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1 Introduction

Silicon carbide (SiC) ceramics materials with good
characteristics such as good high-temperature strength,
wear resistance, thermal stability, small thermal
expansion coefficient, high thermal conductivity, high
hardness, good chemical resistance and thermal shock
resistance [1,2], have been increasingly widely used in
the high technology and basic industries, such as insert
bearing, sealing element, steam turbine rotor, and heat
exchanger components [3,4], which are supposed to be
the application prospect of structure materials that resist
wear and corrosion. However, SiC under conditions of
lubrication-free media can increase the material
invalidation probability and in turn reduce the life of the
material itself, easily leading to the increase of wear rate,
due to the high friction coefficient of friction pair. In
order to achieve the anti-wear property of SiC materials,
relevant researchers tried the combination of SiC and
lubricant. But traditional lubricant additives still cannot
improve the lubrication, for the absence of fine contact

boundary film in the process of wear and defects such as
micro convex direct contact caused by the decrease of
the lubrication medium, which greatly restrict the wide
application in the high end field of cutting technology.
Recently, primarily applied technologies such as
compound sintering and molding technology of graphite/
silicon carbide ceramic, medium pore filling composite
SiC ceramic technology, the second phase particle
composite technology and composite silicon carbide
ceramic coating technology, have been used to improve
the friction and wear properties of SiC [5-8].
Researchers studied the tribological properties of C/C
composites with various PyC microstructures. The
results showed that the PyC with rough laminar structure
exhibited the highest wear mass loss but the lowest
fraction of oxidation abrasion, while the lowest friction
coefficient and the highest fraction of oxidation abrasion
were observed for the C/C composite with the smooth
laminar structure [9]. All the preparation processes
mentioned above can improve the friction and wear
properties of SiC materials more or less. Nevertheless,
they still cannot be able to satisfy the request of
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continuous self-lubrication under the extremely harsh
operating mode condition due to the composition
segregation of SiC substrate and the assistant filling
composition, the bad match of compatibility and the
thermal-expansion coefficient [10].

To improve the wear resistance and the
self-lubricating property of SiC materials and realize the
dynamic self-repairing function in the process of wear,
appropriate amount of the PyC was introduced
homogeneously into the matrix of SiC using an
electromagnetic-field-assisted CVI at a lower deposition
temperature. The morphology and composition
distribution of the PyC in SiC hole at different deposition
temperatures were characterized. The study on the
preparation of the SiC/PyC via electromagnetic field-
assisted CVI provides a theoretic reference for the
preparation of new high temperature lubricating
materials.

2 Experimental

Small specimens (50 mmx50 mmx6 mm) of SiC
ceramic materials with a density of 2.65-2.75 g/cm’, and
a porosity of 15% and purity of greater than 99 % were
used as substrates. These specimens (SiC matrix) were
cleaned by ultrasonic wave with alcohol, and then put
into the electric heating equipment of the
electromagnetic-field-assisted CVI [11,12]. The SiC/PyC
composite materials were developed on the SiC
substrates using C;Hg (purity of 99.9%) as carbon source
and N, as carriers and diluted gas (at a flow ratio of 1:1)
in the absence of catalyst when the deposition
temperature was 750—850 °C and the gas pressure of the
system was in the range of 1-2 kPa in a homemade
depositing furnace [13]. Archimedes principle was
employed to measure the open porosity and density of
the ceramic materials.

The tribological behaviour of the SiC/PyC
composite materials against the self-dual carborundum
grinding wheel was investigated on a vertical grinding
wheel machine which could simulate the cutting
operation. The counterpart disk panel was pure SiC with
250 mm in diameter and 25 mm in thickness (S3SL—-250
Pedestal grinders). During the test, the disk surface
sliding velocity was determined to be 2850 r/min (linear
velocity of 37.3 m/s). The normal load of contact was
50 N/cm® and the total test time was 60 s. The wear
volume loss of the SiC/PyC against SiC was investigated
by per unit length at one sliding pass (calculated by the
average result of three experiments). The morphology of
the worn surface and cross-section of the SiC/PyC
composite materials were observed by scanning electron
microscope (SEM, FEI Quanta 200) attached with
energy dispersive spectroscope (EDS). And the chemical

composition was analyzed by D8—ADVANCE rotating
anode X-ray diffraction (XRD).

3 Results and discussion

3.1 Physical properties and microstructure of SiC/
PyC
The XRD patterns of the surface of the SiC/PyC are
shown in Fig. 1.
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Fig. 1 XRD patterns of surface of SiC and SiC/PyC

It can be seen that the main crystal phase is SiC and
its phase type is 6H. Furthermore, an obvious amorphous
peak appears on the matrix of the SiC ceramic materials
when they are deposited with the PyC. The phenomenon
suggests that the PyC was deposited on the surface of the
SiC material within the temperature range from 750 °C
to 850 °C by electromagnetic-field-assisted method. The
intensity of the characteristic diffraction peak and the
amount of the crystallinity of the PyC on the surface of
SiC/PyC increased gradually with the increase of the
temperature.

The SEM images of cross-section of the SiC/PyC
composite materials at different temperatures are shown
in Fig. 2. It can be seen that the surface of the carbon
layer on the boundary of the cross section of the micro
porous and the section of the matrix material is smooth
(Fig. 2 (a;)). However, it is noticed that the PyC layer
was deposited on the SiC at 750, 800 and 850 °C. The
thickness of the interface layer of the PyC increases as
the deposition temperature increases at the same time
(Figs. 2(by)—(dy)). A typical characteristic of the CVI
process is that the PyC can combine with the SiC well
without obvious interface and microcrack. From the EDS
analysis results of the interfacial transition zone in each
specimen in Fig. 2 and Table 1, it can be seen that with
the increase of the elevated temperature, the carbon
content on the interface of PyC and SiC increased whilst
the Si content decreased. Table 2 for the open porosity
and density of the ceramic materials shows that with the
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Fig. 2 SEM images of cross section of SiC/PyC composite materials: (a;—d;) Morphologies of cross section of pure SiC and PyC/SiC
produced by CVI at 750, 800 and 850 °C, respectively; (a,—d,) Local area magnification images of (a;—d;), respectively
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Table 1 EDS analysis results of tested specimen in interfacial
transition zone in Fig. 2

Specimen X(S1)/% X(C)/%
SiC (No deposition) 42.32 57.68
SiC/PyC at 750 °C 24.58 75.42
SiC/PyC at 800 °C 19.00 81.00
SiC/PyC at 850 °C 14.16 85.54

Table 2 Open porosity and density of ceramic materials

Specimen Open porosity/% Density/(g-cm )
SiC (No deposition) 15.00 2.683
SiC/PyC at 750 °C 14.91 2.702
SiC/PyC at 800 °C 14.21 2.718
SiC/PyC at 850 °C 14.09 2.722

increase of temperature, the density of SiC/PyC
increased and the porosity declined, which means the
increasing amount of the PyC on the SiC substrate as
well.

In the process of electromagnetic-field-assisted
chemical vapor infiltration, a large number of the
hydrocarbon groups are generated after propylene
cracking, and then the hydrocarbon groups are
aggregated on the surface of the SiC materials, which act
as a conductive heat generator. Under the function of
ancillary electromagnetic field [14—17], the aggregation
is accelerated and attached to the SiC substrate as the
paramagnetic charged groups, which move along the
direction of resultant of the magnetic field, are formed
after aggregation is polarized in the magnetic field. At
the beginning of the adsorption, the C/Si interface shows
a characteristic of gradient change as a result of chemical
reaction between C and Si under the influence of SiC
active growing point on the surface and the disruptive
discharge of the charged groups [18]. From the analysis
of its structure characteristics, it can be seen that the
reason why the PyC and SiC are in a good combination
is that the gradient change on the SiC/PyC interface can
effectively reduce the thermal fatigue cracks caused by
the excessive alternating thermal stress, rather than
concentrated in a single interface point. The deposition
temperature had a significant effect on the activation
process of the PyC-deposition following the Arrhenius
equation [19], the reaction rate of polarity charged
groups in the activation process would increase
exponentially and the PyC deposition volume also
increased with the increase of temperature. It is typical
mechanical mesh and physical adsorption concomitant
model [20].

3.2 Effect of deposition temperature on wear rate of
SiC/PyC under dry sliding condition
Figure 3 shows the effect of the deposition

temperature on wear rate of the SiC/PyC under dry
sliding condition. Figure 4 shows the SEM images of the
worn surface of different samples. And the TEM
morphologies of the wear debris particles of the pure SiC
and the SiC/PyC are shown in Fig. 5.
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Fig. 3 Effect of deposition temperature on wear rate of SiC and
SiC/PyC under dry sliding condition

As shown in Fig. 3, the wear rates of the SiC/PyC
composite materials are lower than that of the matrix
materials under the same condition of dry sliding.
Among them, the wear rate of the matrix materials is
0.62 mm*/(N-m), while that of SiC/PyC composite
materials prepared at 800 °C is lower, about 64.6% of the
former, only 0.40 mm’/(N'm). The introduction of the
PyC in SiC ceramics makes the interlayer slide easily
when there is a shear stress between the SiC/PyC against
the self-dual SiC grinding wheel. It shows that the
formation of PyC films during wear process can
effectively reduce the friction coefficient of friction
pairs, correspondingly, the wear rate is decreased. The
moderate and continuous PyC films transfer to SiC
grinding to achieve the regulation of self-lubrication. The
mechanism is similar to self-lubricating anti-friction
effect of graphite in wear-resistant materials [21]. With
the increase of deposition temperature, the deposition
thickness of PyC also increases, which results in the
decrease of adhesion strength between PyC and SiC
substrate, thereby aggravates the delamination wear, so
that the whole PyC blocks fall directly in the wear
process and the wear rate increases.

Figure 4 shows that the specimen without the
deposition of the PyC was gathered and isolated by fine
wear debris particles filling the pores between the silicon
carbide. The micro area of frictional film peeled,
complete frictional films could not be seen, and the
friction surface had obvious traces of shearing. This
indicates that the main wear mechanism of SiC—SiC self
dual without a lubricant is severe adhesive wear [22].
This is attributed to that the real contact area of no
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Fig. 4 SEM images of worn surface: Morphologies of surface of pure SiC (a), PyC/SiC produced by CVI at 750 °C (b), 800 °C (c)
and 850 °C (d)

Element w/%  x/%
C 935 28.03
Si 28.84 36.95
Cu 61.81 35.01

Cu

Cu

4 6 8 10 12
ElkeV

Element w/%  x/%
C 44.48  70.15
Si 3534 2384
Cu 2018  6.02

ElkeV
Fig. 5 TEM images (a, ¢) and EDS analysis (b, d) of debris particles of SiC and SiC/PyC: (a, b) Pure SiC; (c, d) PyC/SiC produced
by CVI at 800 °C
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lubricant SiC—SiC self-duality friction surface is small,
causing significant impact abrasive wear and adhesive
wear (Fig. 4(a)). On the worn surface of the SiC/PyC
composite materials with the deposition temperature at
750 °C, it is visible that friction film covered on the
surface of the SiC material is not dense enough, and
there exist large bulk and cross (Fig. 4(b)). The friction
film on the surface of the SiC/PyC composites with the
deposition temperature at 800 °C is compact, uniform
and complete, and there is no phenomenon of obvious
scratches and large accumulation (Fig. 4(c)). Meanwhile,
it can be obtained from the TEM image that the element
C exists in the debris particles of the SiC/PyC (Fig. 5(c)),
which are different from the debris particles of the pure
SiC materials (Fig. 5(a)). And both the SiC and the
elemental C are closely combined together.

The quality of friction film on the surface of the
SiC/PyC composites with the deposition temperature at
850 °C becomes worse instead, and there are clear
accumulation,  stacking phenomena, and more
aggregation of the wear debris particles (Fig. 4(d)). This
is because the excess of PyC makes excessive friction
film form and leads to abrasive dust accumulation, which
results in the increase of wear rate instead.

By comparison, along the sliding direction, the PyC
and SiC shedding mixture can be attached to the worn
surface after roller compaction, which can regulate the
wear effectively. Moreover, the PyC deposits in the holes
of SiC forming a lubricating film to reduce the effects of
the friction, and the wear mechanism of friction material
shifts from impact wear and adhesion wear to abrasive
wear and slight adhesive wear in the process of friction.

4 Conclusions

1) The wear-resistant PyC/SiC ceramic materials
with  self-lubricating property were prepared by
electromagnetic-field-assisted chemical vapor infiltration
at a lower deposition temperature. The combination of
PyC and SiC shows better properties when the deposition
temperature reaches 800 °C.

2) The wear rate of SiC sample without deposition
of the PyC is 0.62 mm®/(N-m), whereas that of SiC/PyC
composite materials prepared at 800 °C is the minimal,
only 0.40 mm*/(N-m).

3) The wear mechanisms of SiC—SiC self dual
without a lubricant are mainly impact wear and adhesive
wear. And, the SiC/PyC and SiC wear mechanisms are
mainly abrasive wear and mild adhesive wear when the
PyC is deposited on the SiC substrate.
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