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Abstract: A binary C/C brake disc (i.e., the test brake disc) was prepared with a C/C (pyrolytic
carbon/resin carbon) matrix using modified natural gas as the carbon source through the isothermal
chemical vapor infiltration (ICVI) process with a directed flow and the pressure impregnation
carbonization (PIC) process with liquid-phase furfural acetone resin. The microstructural, mechanical,
thermal, friction and wear properties of the test brake disc were comprehensively analyzed and
compared with commercial ones. The results showed that the production efficiency of the test
brake disc was 36% higher than that of the commercial ones, which were manufactured through a
thermal-gradient chemical vapor infiltration (TCVI) process. The favorable mechanical and thermal
properties of the test brake disc were comparable to the commercial ones. While the test brake disc
had a more consistently rough laminar microstructure on the worn surface of the brake disc than the
commercial ones, this avoided the annular grinding grooves on the worn surface after the braking
tests. In addition, the test brake disc had a stable friction coefficient with a low dispersion coefficient
of 3.90%, which would improve the friction stability of C/C brake discs used in aircrafts.

Keywords: C/C aircraft brake disc; pyrolytic carbon; binary carbon matrix; friction and wear

1. Introduction

Carbon/carbon (C/C) composites are pure-carbon multiphase structures with car-
bon fiber or fabric as the reinforcement phase, pyrolytic carbon obtained with chemical
vapor infiltration (CVI), resin or asphalt carbon obtained from liquid-phase impregnation
carbonization as the matrix. C/C composites have attracted extensive attention from the
global military industry due to the fact of their unique structural and functional properties.
Since the 1960s, developed countries have been competing regarding the development
of C/C composite material [1,2]. The US and France have initiated a series of programs
developing C/C composite-based applications, including the Launch Vehicle Materials
Program and the Program for Finding Opportunities for Carbon—-Carbon Nozzles, using
C/C composites first in critical components such as the nose cones of strategic missiles,
the nozzle throat linings and the expanding segments of solid rocket motors. In addition,
C/C composites have good friction properties, long service lives, and high heat absorption
capacities, which make these composites the most advanced materials for aircraft brake
discs, accounting for more than 90% of the world’s total output of C/C composites. Carbon
brake discs have been widely used in various types of aircraft [3-5].

Chinese corporations began researching C/C brakes for civil aircraft in the mid-1980s.
As of 2022, several Chinese companies, including Xi’an Chaoma Technology Co., Ltd.;
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Hunan Boyun New Materials Co., Ltd.; Huaxing Aviation Aircraft Wheel Co., Ltd.; Beijing
Institute of Aeronautical Materials; Beijing Bei Mo Gao Ke Friction Material Co., Ltd.;
Shaanxi Lantai Aviation Equipment Co., Ltd.; have obtained airworthiness certifications for
use on a number of aircrafts such as the Boeing 757 and 767; the Airbus A319/A320, A321,
and A330; the Modern Ark 60 and 600; the COMAC C919. At present, there are two major
technical routes for Chinese-made aircraft brakes. One is the binary mix carbon matrix
technical route using the thermal gradient method with propylene as the carbon source, as
used by Xi’an Chaoma Technology Co., Ltd., and Hunan Boyun New Materials Co., Ltd.
The other is the pure pyrolytic—carbon matrix technical route using an isothermal method
with natural gas as the carbon source as used by Huaxing Aviation Aircraft Wheel Co., Ltd.
The first method has the disadvantages of long manufacturing times, high manufacturing
costs and large brake vibrations, whereas the second method has the disadvantages of low
coefficients of friction, short service lives, long manufacturing times and high costs. As of
2022, European and American manufacturers, by virtue of their low-price sales models of
mainstream aircrafts, still have a market share of more than 90% of the C/C brake discs
used in Chinese civil aircrafts [6,7].

There are many factors affecting the friction and mechanical properties of C/C com-
posites including the carbon fiber preform, densification process, high-temperature heat
treatment, mechanical processing and the synergistic effect of these factors. After years
of development, the performance of Chinese-made aircraft brake discs prepared by var-
ious methods is still deficient. As a braking material, the mechanical properties and
frictional wear performance of the carbon materials are important indicators of brake discs.
Carbon/carbon composites must have sufficient strength, including flexural, tensile, com-
pressive, fracture toughness, and shear properties, to meet structural design requirements.
The friction coefficient and wear amount are important parameters affecting the braking
performance of carbon brake discs. By adjusting their composition, microstructure and
densification process, carbon brake discs with excellent performance can be prepared [8,9].
The polarized structure of matrix pyrolytic carbon is the brake disc’s main influencing factor.
For pyrolytic carbon, it is generally divided into a rough layer, smooth layer and isotropic
structure according to the extinction angle and polarization structure, among which the
rough-layer pyrolytic carbon will form a uniform and dense friction layer on the friction
surface during the braking process to meet the requirements of different braking conditions
of the aircraft [10]. The preparation methods for carbon/carbon aircraft brake disc matrix
carbon include pyrolytic carbon obtained by chemical vapor deposition and resin carbon
obtained by liquid-phase impregnation. The porosity of the brake discs obtained using
the resin-impregnated carbon method is so high that their mechanical properties and wet
state brake performance are poor. Compared with the resin-impregnated carbon method,
the matrix carbon obtained by the chemical vapor-phase infiltration method has denser
structures and is widely used in the production of carbon/carbon brake discs. Chemical
vapor permeation methods mainly include the homogeneous temperature method, the
temperature gradient method and the pressure difference method. The temperature gradi-
ent method can improve the deposition rate, while the temperature difference will cause an
uneven distribution of the pyrolytic carbon between the inner and outer rings and poor
friction stability, etc. The disadvantage of the pressure difference method is that it facilitates
the formation of carbon black on the product surface, resulting in an uneven radial density
of the product, which is not suitable for industrial production [11-15]. Therefore, the
current Chinese-made carbon brake discs generally have the problems of uneven chemical
vapor-phase penetration, rough-layer pyrolytic carbon distribution and an unstable friction
coefficient as well as long production preparation cycles and high production costs [16,17].

In order to overcome the shortcomings of the technologies described above, including
improving the density and structural homogeneity of carbon/carbon composites, main-
taining the brake disc products with good friction and vibration properties, shortening the
production cycles, reducing the costs and further improving the market competitiveness
of Chinese-made C/C aircraft brake discs, the preparation of aircraft carbon brake discs
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with stable friction coefficients and high efficiency was carried out and compared with
commercial discs. The production efficiency and cost, microstructure and mechanical,
thermal, frictional and wear properties of three different C/C brake discs for the same
aircraft model were investigated: the binary C/C brake disc manufactured, with natural
gas as the carbon source (referred to as the test brake disc); the binary C/C brake disc
manufactured using the thermal gradient method, with propylene as the carbon source
(referred to as commercial brake disc 1); the carbon brake disc manufactured using the CVI
method (referred to as commercial brake disc 2) [18,19].

2. Materials and Methods
2.1. Manufacturing of the Test Brake

The preforms were manufactured by laminating and needle-punching alternative
layers of unidirectional carbon fiber textile and felt, produced by the Yixing Tianniao
Company (Wuxi, China). The preform had an initial density of 0.58-0.62 g/cm?. After
pretreatment at high temperatures, ranging from 1800 to 2100 °C, the preform was densified
in an induction CVI reactor using modified natural gas as a gaseous precursor for three
cycles totaling 384 h. The preform was further densified using resin pressure impregnation
carbonization (PIC) for two cycles, and the density was 1.81 g/cm?. Then, the preform
was graphitized and antioxidized at a temperature range from 2000 to 2300 °C, followed
by machining, riveting and, finally, assembly to form the test brake disc [20,21]. The
preparation processes of the test discs are shown in Figure 1.

Antioxidant

YES

PiC Assembly to form

the test brake disc

Three Two
cycles cycles

Riveting
NO NO

Figure 1. The preparation processes of the test discs.

—— Graphitization — Machining —

The test brake disc was compared with commercial brake disc 1 and commercial
brake disc 2.

2.2. Microstructural Characterization

The texture and extinction angle of the microstructure of the deposited pyrolytic carbon
was examined using a polarized light microscope (Axioskop 40, Zeiss, Germany). The
facture morphology of the C/C composite and the interfaces were characterized through
scanning electron microscopy (SEM, JSM-6460LV, Japan Electronics Co., Ltd, Tokyo, Japan).

2.3. Physical Property Characterization

The lattice constant, dop,, and the crystal size were determined through XRD (D8
X-ray diffractometer, Bruker Company, Billerica, MA, USA) according to QJ 2507-93. The
degree of graphitization was calculated using the Franklin model and a simplified equation
based on a 3 g powder sample [22]. The bulk density was measured according to JB/T
8133.14-2013.

2.4. Mechanical Property Characterization

The compressive, flexural and shear strengths of the specimens were measured using
a DSS-10T-S electronic universal material tester (Instron 5966, Instron Instrument Company,
Norwood, MA, USA) according to QJ 2305-92, QJ 2099-91 and Q/GB 97-92, with specimens
measuring 20 mm x 20 mm X 20 mm, 80 mm X 10 mm x 6 mm and ®50/®10.5 x
4 mm, respectively.
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2.5. Thermal Property Characterization

The thermal diffusivity and specific heat capacity were measured using a laser thermo-
physical tester (TC-3000, Netzsch, Germany) according to the ISO 22007-2:2015 standard.
The thermal conductivity was then calculated. The test was conducted on specimens
measuring $12.7 x 3 mm at temperatures from room temperature to 800 °C.

2.6. Characterization of Friction and Wear Properties

The friction and wear properties of the carbon brake discs were tested using an HJDS-
II aircraft tire/wheel brake assembly dynamic simulation tester at the Guilin Chemical
Industry Special Tire Quality Inspection and Testing Center, which has been used to test
the friction and wear properties of carbon brake discs in multiple models for different
manufacturers. The dynamic simulation tester meets the ground test standard requirements
of CAAC and FAA [23,24]. The test brake discs were subjected to 20 dynamic tests at a
design landing energy of 28.22 MJ, one dynamic test at an overload landing energy of
37.8 MJ and one static torque test at a braking pressure of 20.7 MPa.

For comparison, the commercial brake disc 1 was subjected to 101 dynamic tests at
the design landing energy, five dynamic tests at an overload landing energy and one static
braking torque test. The commercial brake disc 2 was subjected to 62 dynamic tests at the
design landing energy, six dynamics tests at an overload landing energy and one static
braking torque test. Table 1 shows the parameters of the ground dynamic simulation tests.

Table 1. Ground dynamic simulation test parameters.

Test Condition Brake Pressure (MPa) Braking Speed (km/h) Braking Energy (M])
Designed landing energy 8.0-11.5 239 28.22
Overload landing energy 9.0-11.5 275 37.8

Static torque test 20.7 - -
3. Results

3.1. Densification Efficiency

The test brake disc was densified using a natural gas formula and isothermal CVI
(ICVI) in a 250 kW class induction CVI reactor for three cycles and for a total time of
384 h. The average density reached a mean value of 1.63 g/cm3. Commercial brake disc
1 was densified using propylene gas and a thermal gradient CVI (TCVI) process, which
required an average time of 672 h to reach the same density of 1.63 g/cm?. The brake disc
performances were densified to an average density of 1.81 g/cm? after two cycles of PIC,
and the density stabilized at 1.79 g/cm3 after a graphitization treatment. Regarding the
test brake disc and commercial brake disc 1, their densities reached 1.63 g/ cm? after CVI,
which satisfied the product density requirement after two cycles of PIC, with no obvious
differences in the liquid densification efficiency.

Figure 2 shows the variation in the density over the deposition time for the test brake
disc and the fitted curves for commercial brake disc 1. Figure 3 shows the variation in
the densification rate with deposition time for the two brake discs, which were obtained
by differentiating the data in Figure 2 through Origin software. With natural gas as the
carbon source, the test brake disc reached densities of 1.24 and 1.61 g/ cm? after 144 h and
288 h of deposition, respectively, which indicates a high densification rate. The density
was increased to 1.63 g/cm? after 384 h of deposition. In this stage, the densification rate
decreased remarkably due to the low porosity of the preform, while the density uniformity
improved. The densification rate in the TCVI stage was lower than that in the ICVI stage.
As a result, the densification time needed to achieve the same density in the ICVI stage
of the test brake disc decreased to 57% of that in the TCVI stage of commercial brake disc
1. The introduction of the PIC process led to a marked increase in the densification rate,
which was mainly attributed to the different deposition mechanisms of pyrolytic carbon
and resin carbon. The pyrolytic carbon was deposited outwards layer by layer along the
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fibers, whereas the resin carbon was deposited to fill the pores. Thus, the spatial positions
of the binary matrix carbons complemented each other [25,26].
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Figure 2. Variations in the densities of the test brake disc and commercial brake disc 1 over time.
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Figure 3. Densification rates of the test brake disc and commercial brake disc 1 over time.

The densification efficiency of the test brake disc substantially increased substantially
in the CVI stage. The densification of the test brake disc took 43% less times than that of
commercial brake disc 1. Meanwhile, the total time for the densification and graphitization
treatment of the test brake disc was 36% shorter than that for commercial brake disc 1.

3.2. Microstructure

The C/C brake disc materials consisted of carbon fiber reinforcement, carbon matrix
and various interfaces and pores. In particular, the difference in the microstructure of the
pyrolytic carbon in the carbon matrix was the root cause of the differences in the friction
behaviors of the C/C composites as shown in Figure 4. The pyrolytic carbon formed with
different gaseous precursors, and the CVI process conditions (i.e., temperature, pressure
and gas residence time) exhibited four different microstructures including a strongly
anisotropic rough-layer structure (RL), a weakly anisotropic smooth-layer structure (SL),
a dark-layer structure (DL) and an isotropic structure (ISO). The reflectivity of the DL-
structured pyrolytic carbon continued to decrease, and the ISO-structured pyrolytic carbon
had almost zero reflectivity as well as the fiber. Table 2 shows the material properties of the
four different structures. Among them, the rough-layer structure exhibited high thermal
conductivity and excellent friction and wear properties, making it an ideal structure for
aircraft carbon brake disc materials.
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Figure 4. Microstructures of the pyrolytic carbons through a polarized light microscope: (a) rough
layer; (b) smooth layer; (c) isotropic layer.

Table 2. Properties of pyrolytic carbon with different structures.

Thermal Extinction
Structure dgo2 (nm) Density (g/cm®) Conductivity Anel
(W/m-K) ngle
RL 0.3461 2.07-2.12 96.14 Ae > 18
SL 0.3476 1.95-2.07 25.08 12 < Ae<18
1SO - - - 4<Ae<12
DL 0.354 1.66-1.75 25.08 Ae<4

To obtain pyrolytic carbon with a rough-layer structure, other gaseous hydrocarbons
were added to the natural gas formula to form a mixed precursor. Different gaseous
precursors have different dehydrogenation and aromatization capacities and, hence, lead
to different reaction intermediates. According to the particle filling theory, the different
components in a complex-composition material, under the same conditions, form particles
of different sizes, which organize to form materials with highly ordered crystals. In
contrast, molecules of the same size in a single-composition material stack onto each other
but do not produce a gradation effect. Hence, it was difficult to achieve a high degree of
order. Figure 5 shows the microstructures of the pyrolytic carbon in the test brake disc,
commercial brake disc 1, and commercial brake disc 2. As seen in Figure 5a, the structure
of the pyrolytic carbon in the test brake disc showed an irregular cruciform extinction
outline in a radial pattern and rough edges in a wrinkled and layered pattern, with an
extinction angle between 18° and 20°, which is typical of pyrolyzed carbon with a rough-
layer structure. The test brake disc, commercial brake disc 1 and commercial brake disc 2
all had a rough-layer structure of pyrolytic carbons.

Figure 5. Pyrolytic C/C microstructures of the three different types of brake discs: (a) test brake disc;
(b) commercial brake disc 1; (c) commercial brake disc 2.

The interfaces between the carbon fiber and carbon matrix served as a bridge between
the connecting fiber and matrix, which directly affected the mechanical, thermophysical,
friction and wear properties of the material. Figure 6 shows the microstructures of the
three brake discs. As shown in the Figure 6, the fracture surfaces of the three brake discs
were uneven, and the fiber pull-out lengths were consistent and short, indicating high
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bonding strength at the fiber—carbon matrix interface and good toughness of the carbon
matrix. Figure 6a—f show the fracture surfaces of the test brake disc and commercial brake
disc 1 co-densified by chemical vapor deposition and resin impregnation. A resin sludge
block could be found from the fracture surfaces. Figure 6g—i show the fracture surfaces
of commercial brake disc 2 densified by chemical vapor deposition. The fracture surface
revealed that the pyrolytic carbon wrapped around the carbon fibers with large voids
between the fiber bundles. Therefore, the binary carbon matrix material with pyrolysis
carbon and resin carbon complementing each other had better mechanical properties than
the pure pyrolytic carbon brakes, which was consistent with the results in Table 3. During
the compression test, the Z-directional carbon fibers and matrix carbon were destroyed.
The pull-out phenomenon of the fiber was not significant. Due to the dominant role of
carbon fiber in the mechanics, the compressive strength was significantly higher than the
bending and shearing strength, and the results are shown in Table 3.

Figure 6. Fracture surfaces of the three brake discs: (a) bend fracture of the test brake disc; (b) shear
fracture of the test brake disc; (c) compression fracture of the test brake disc; (d) bend fracture of
commercial brake disc 1; (e) shear fracture of commercial brake disc 1; (f) compression fracture of
commercial brake disc 1; (g) bend fracture of commercial brake disc 2; (h) shear fracture of commercial
brake disc 2; (i) compression fracture of commercial brake disc 2.

Table 3. Physical, mechanical and thermal properties of the three different types of brake discs.

Properties Test Brake Disc Commercial Brake Disc 1 Commercial Brake Disc 2
(Envelope) (Envelope)
Density (g/cm?) 1.78 1.76~1.82 1.71~1.82
Graphitization degree (%) 27 18~54 7~14

Compressive strength

(axial direction) (MPa) 258 211.4~280 125~154
Bending strength 5 _

(radial direction) (MPa) 833 70.5~140 49.6-81.6
Shearing strength 643 47.1~76.4 35.7~36.4

(radial direction) (MPa)
Thermal conductivity in the
axial direction (800 °C) 25.75 25.78~43.15 25.24
(W/m-K)
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3.3. Thermophysical and Mechanical Properties

The heat-reservoir function (i.e., the capacity for absorbing energy) is one of the basic
functions of C/C aircraft brake discs and mainly depends on the thermal properties of
the material. The thermal properties of the C/C brake disc material are related to the
orientation and content of the carbon fibers in the preform, the type and microstructure
of the carbon matrix as well as the density and defects of the material. The thermal
conductivity increased in the direction perpendicular to the brake disc surface, which was
conducive to the transfer of friction-generated heat to the brakes and could decrease the
temperature at the friction surface and stabilize the coefficient of friction [27].

The structural function (i.e., the capacity for transferring the braking torque) is another
basic function of C/C aircraft brake discs. The C/C composites should have sufficient
strength to meet the structural design requirements. The mechanical properties of the C/C
brake material mainly depend on the combined effects of the content and orientation of the
carbon fibers, the type and microstructure of the carbon matrix as well as the interfacial
structures [28-31]. Table 3 shows the physical, mechanical and thermal properties of the
three different types of C/C brake materials.

The mechanical, thermal and physical properties of the test brake disc were comparable
to those of commercial brake disc 1. The test brake disc exhibited a slightly higher degree
of graphitization and markedly better mechanical properties than commercial brake disc 2,
while the two had comparable thermal conductivities. The needle-punched carbon fiber
preforms adopted in the test brake disc and commercial brake disc 1 had higher fiber
contents than the needle-punched pre-oxidized fiber preform used for commercial brake
disc 2. In addition, the resin carbon introduced in the binary carbon matrices strongly
contributed to the improvement in the mechanical properties of the brake disc.

3.4. Friction and Wear Properties

The friction function is the most critical of the three major functions for aircraft brakes.
The friction and wear properties of C/C brakes are closely related to the orientation and
content of the carbon fibers, the type and microstructure of the carbon matrix and the
density and graphitization degree of the material. In particular, the microstructure of the
pyrolytic carbon had a major influence on the friction and wear properties [32-35].

Figure 7 shows the worn surfaces of the three brake discs after wear test. The friction
surface of the test brake disc had a more complete lubrication film. There was an incomplete
lubrication film with exposed fibers on the worn surface of commercial brake disc 1, while
the worn surface of commercial brake disc 2 was rougher with a large number of carbon
fibers exposed and no continuous friction film formed.

Figure 7. Worn surfaces of the three brake discs after wear test: (a) test brake disc; (b) commercial
brake disc 1; (¢) commercial brake disc 2.

As shown in Figures 8 and 9 and Table 4, the mean friction coefficient of the test brake
disc was comparable to that of commercial brake disc 2 and lower than that of commercial
brake disc 1. The braking torque—time curve of the test brake disc had characteristics of a
projecting head and an upward tail, which indicates that a rapid braking torque responded
to a short braking distance and time. The friction coefficient remained stable with only
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small variations during the multiple braking tests, which met the operating requirements
for C/C aircraft brake discs [36-38].
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Figure 8. Typical braking curves of the three C/C brake discs in dynamic tests at the design landing
energy: (a) test brake disc; (b) commercial brake disc 1; (¢) commercial brake disc 2.
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Figure 9. Variations in the friction coefficients of the three C/C brake discs with the number of
braking tests.
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Table 4. Distributions of the friction coefficient measurements of the three C/C brake discs (based on
data from the first 20 tests at the design landing energy).

Number of Coefficient

. Minimum Maximum Mean .
Experiment Value Value Value Data Range Experi- ] of ]
ments Dispersion

Tes;}’srcake 031 0.37 033 0.32~0.33 20 3.90%
Commercial 0.35 0.45 0.40 0.37~0.44 20 7.70%
brake disc 1
Commercial 0.29 038 0.34 0.30~0.38 20 8.45%
brake disc 2

The friction properties of the three different brake materials were compared on the
basis of the data from the first 20 braking tests as shown in Figure 9. The friction coefficient
of commercial brake disc 1 decreased markedly with the increase in the braking test
numbers. In contrast, with the increase in the braking test numbers, the friction coefficients
of the test brake disc and commercial brake disc 2 were relatively stable at approximately
0.33. In the CVI stage, both the test brake disc and commercial brake disc 2 used the
ICVI process, whereas commercial brake disc 1 was subjected to the TCVI process. The
pyrolytic carbon obtained through the ICVI process had better density uniformity than that
obtained through TCVI. As shown in Table 4, the test brake disc had a friction coefficient
comparable to that of commercial brake disc 2 and lower than that of commercial brake
disc 1. However, the friction coefficient of the test brake disc had a coefficient of dispersion
of 3.90%, which was lower than those of the other two brake discs. The test brake disc had
better friction stability than the other two. The test brake disc material was manufactured
through the ICVI and PIC processes with natural gas. Natural gas molecules have relatively
low molecular weights; thus, they could infiltrate the body easily. When the body’s density
reached a certain level and the closing of many pores had not yet been achieved, the timely
switch to the use of resin carbon to fill pores could densify the body further.

As a result, the test brake disc manufactured using this material had a flat, smooth
worn surface after tests to form uniform construction. The test brake disc had better uni-
formity than commercial brake discs 1 and 2. Commercial brake disc 1 was manufactured
using the TCVI and PIC processes with propylene. In the TCVI stage, the temperature
difference resulted in poor uniformity in the inner and outer layers of the pyrolytic carbon.
The resin carbon deposited in the subsequent PIC stage improved the overall density uni-
formity of the brake disc. However, pyrolytic carbon had a decisive effect on the coefficient
of friction. Therefore, the friction coefficient of commercial brake disc 1 still had a large
coefficient dispersion and annular grinding grooves on the worn surface after tests. Com-
mercial brake disc 2 was manufactured using the ICVI process with natural gas. The large
dispersion of its friction coefficient was mainly due to the poor uniformity of the surface
and inner layers of the material caused by the closing of many pores in the later stage of
densification. Better material uniformity leads to a more stable friction coefficient [39-41].

Table 5 and Figure 10 show the friction coefficients tested in the overload condition.
The friction coefficient of the test brake disc was slightly higher than that of commercial
brake disc 1 and 21% higher than that of commercial brake disc 2. In the overload braking
tests, as the temperature increased, the braking torque of commercial brake disc 2 decreased
rapidly, whereas those of the test brake disc and commercial brake disc 1 decreased only
slightly and remained at high levels. Commercial brake disc 2 consisted of pure pyrolytic
carbon with a soft single-phase carbon structure. The high temperature produced during
the overload braking led to the formation of CO and CO; gaseous films on the friction
surface, which would weaken the adhesive wear effect and thereby decrease the friction
coefficient. In contrast, the materials of the test brake disc and commercial brake disc 1
had a binary carbon matrix in which hard regions (resin carbon) were embedded in the
soft pyrolytic carbon. During the overload braking, the plowing wear and abrasive wear
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increased so that the friction coefficient increased, which compensated for the unfavorable
decrease in the friction coefficient in the adhesive wear [42,43].

Table 5. Friction coefficients of the three brake discs in the dynamic tests at an overload landing energy.

Experiment Number of Experiments Mean Friction Coefficient
Test brake disc 1 0.34
Commercial brake disc 1 5 0.32
Commercial brake disc 2 6 0.28
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Figure 10. Typical braking curves of the three types of C/C brake discs in dynamic tests at an
overload landing energy: (a) test brake disc; (b) commercial brake disc 1; (c¢) commercial brake disc 2.

Table 6 shows that the static friction coefficients of the three brake discs. The test
brake disc’s friction coefficient was much higher than those of commercial brake disc 1 and
commercial brake disc 2, higher than its own mean dynamic friction coefficient from the
first 20 braking tests (0.33) and equal to the maximum dynamic coefficient of friction (0.37).

Table 6. Friction coefficients of the three brake discs in static torque tests.

Experiment Number of Friction Mean Friction
P Experiments Coefficient Coefficient
Test brake disc 1 0.37 0.37
Commercial brake disc 1 3 0.23,0.24, 0.27 0.25
Commercial brake disc 2 3 0.18,0.21, 0.27 0.22
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Table 7 shows the wear rates of the three brake discs at the design landing energy.
Commercial brake disc 1 had the lowest wear rate, and the test brake disc had a slightly
lower wear rate than commercial brake disc 2. Commercial brake disc 1 had a graphitization
degree of 30%, which was higher than that of the test brake disc with a value of 27% and
the commercial brake disc 2 with a value of 14%. A higher graphitization degree led to a
more ordered arrangement of graphite crystals along the fibers and better chemical stability,
which facilitated the formation of a stable friction film that could self-lubricate during the
braking process so that it decreased the wear rate [44,45].

Table 7. Wear rates of the three brake discs at the design landing energy.

Linear Wear Rate

Experiment Num-ber of Linear Wear (10— 3mm/(Times -
Experiments Amount (mm) .
Friction Surface))
Test brake disc 20 0.31 0.97
Commercial brake disc 1 101 1.52 0.94
Commercial brake disc 2 62 0.97 0.98

4. Conclusions

Based on a comparison of the newly prepared binary C/C brake disc and the two
commercial brake discs, several conclusions could be drawn as follows:

(1) The test brake disc had a rough layer of pyrolytic carbon with a highly uniform
structure as well as a flat, smooth friction surface, retaining a binary carbon matrix
composed of pyrolytic carbon and resin carbon;

(2) The test brake discs were densified through CVI with natural gas and PIC processes,
which presented enhanced furrow wear and abrasive wear compensating for the adhe-
sive wear, which decreased the friction coefficient and stabilized the friction coefficient;

(3) The density and thermal conductivity of the test disc produced in this work were
comparable to those of the commercial discs. The degree of graphitization was com-
parable to that of commercial disc 1 and slightly higher than that of commercial disc 2.
The mechanical properties were comparable to commercial disc 1 and significantly
higher than commercial disc 2;

(4) The produced test disc had a friction coefficient comparable to that of commercial disc
2 and lower than that of commercial disc 1. The test brake disc had a stable friction
coefficient, with the friction coefficient dispersion decreasing to 3.90%, which was
approximately 50% lower than those of the two commercial discs. The wear rate was
intermediate between the two commercial discs;

(5) The test brake disc’s production efficiency was 36% higher than that of commercial
brake disc 1 manufactured using the TCVI process with gaseous propylene as the
carbon source and, thus, provided a more cost-effective solution for C/C aircraft
brake discs.
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