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Abstract
Ceramic matrix composite (CMC) friction materials show promising tribological
properties. Typically, carbon ceramic brake discs consist of a C/SiC rotor which is
joined to a brake disc bell. Within this work, a novel metal-ceramic hybrid brake
disc, consisting of C/SiC friction segments which are mounted by screws onto an
aluminum carrier body, was designed and investigated. A prototype was built which
was tribologically tested with three different brake pad materials, LowMet reference,
modified SF C/SiC as well as C/C. A constant starting sliding velocity of 20 m/s
and braking pressures of 1, 2, and 3 MPa were investigated. To simulate emergency
braking conditions 10 consecutive brake applications were carried out in close succession for each brake pad material and braking pressure. The C/C brake pad material
showed the highest average coefficient of friction followed by the LowMet and C/
SiC material. However, the wear rates of the C/C and LowMet material were orders
of magnitude higher compared to the C/SiC material.
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IN T RO D U C T IO N

Carbon ceramic C/SiC friction materials were developed in
the 1990s at the German Aerospace Research Centre (DLR)
in Stuttgart1–5 and are state of the art for performance sports
cars and luxury sedans. They show desirable properties, like
low density (<2 g/cm³), exceptional tribological properties,
damage tolerance and have been a focus of research.6–16 Apart
from organic brake pads, the tribological properties of different materials like, for example, C/SiC,9,11,12,17–20 sintered metallics (MMC),15,21–25 ceramics26 and metals22,26,27 have been
investigated against C/SiC.
Krenkel5 reported coefficient of friction (COF) values between 0.4 and 0.5 for organic brake pads on a SiCralee coated
C/SiC brake disc. Langhof et al.11 tested LowMet and shortfiber reinforced C/SiC brake pads against a full-scale C/SiC
brake disc and found COF values of 0.2–0.42 for LowMet and
0.24–0.64 for SF C/SiC brake pads. Li&Yan12 compared the
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tribological properties of C/C, C/SiC and metallic brake pads
on a high-density C/SiC brake disc, where C/SiC showed a
COF in the range of 0.34–0.44, C/C in-between 0.22–0.24 and
the metallic brake pads were reported with a COF of 0.30–0.32.
Apart from the exceptional tribological performance of
C/SiC brake discs, they show remarkable wear resistance.5,9
However, due to the very high manufacturing costs of C/SiC
brake discs, this technology is focused on high priced sports
cars and luxury sedans. A broader use of this technology, for
example, in trains, lorries or low to mid-priced sedans could
not be achieved over the past 20 years.
In this study, a new metal-ceramic hybrid brake disc concept
is presented, which allows to reduce the amount of C/SiC material needed for the manufacturing of a brake disc significantly.
A prototype was designed using computer aided design (CAD)
and finite element analysis (FEA) techniques, which consists
of thin short-fiber reinforced C/SiC friction segments which
were screwed onto an aluminum carrier body. A prototype
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metal-ceramic hybrid brake disc with an outer diameter of
410 mm was manufactured and tested on a lab scale dynamometer under emergency braking conditions. Three different brake
pads materials (LowMet, C/C and C/SiC) were studied at a start
sliding velocity of 20 m/s and three different braking pressures
of 1, 2, and 3 MPa. Furthermore, the temperatures of the brake
disc after each brake application as well as the wear rates of the
brake pads and C/SiC frictions segments of the hybrid brake
disc were discussed and summarized.
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2.1

E X P ER IME N TA L P RO C E D URES
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2.1.1

Raw materials

|

Aluminum carrier body

Several aluminum alloys were considered for the carrier
body which was milled out of a rod made of the forgeable
alloy 2618A/3.1924T851 (AlCu2Mg1,5Ni). This alloy was
used because of its high yield strength at room temperature
(395 MPa) and at elevated temperatures (220 MPa at 260°C).

2.1.2

|

Friction segments

For the friction segments and ceramic brake pads a short carbon
fiber-reinforced SiC (C/SiC) was used, which was processed
entirely in house. The short fibers (Tenax HTA 40, 3K, Teijin
K.K.) were cut to a length of 12 mm and mixed with phenolic
resin (Bakelite® FP 6109, Hexion Inc.). The fiber volume content of the resulting CFRP was set to about 35 vol.-%. The
fiber resin mixture was warm pressed at 170°C and tempered
at 300°C. For the ceramization of the resulting green bodies
the liquid silicon infiltration process (LSI process) was used,
where the green bodies were pyrolyzed at 1000°C, graphitized
at 1600°C and finally siliconized at 1600°C.

2.1.3

|

Brake pads

As an industry reference brake pad the LowMet “P40-3V”
brake pad mixture (Pad A, TMD Friction GmbH) was used,
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defined. Theof ceramic b
fluence their physical and mechan
Braking
pressures

Denomination

Type

Manufacturer

Pad A

LowMet P40-3V

TMD Friction GmbH,
Germany

1, 2, 3 MPa

Pad B

SF reinforced C/SiC, FeSi75,
10 vol.-% PC40, 5 vol.-% SiC

CME, University of
Bayreuth

1, 2, 3 MPa

Pad C

C/C Research Material
with SiC powder

CVT GmbH & Co.
KG, Germany

1, 2, 3 MPa

T A B L E 1 Brake pads used for the
tribological testing of the hybrid brake disc
prototype
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and quartz. It consists of a thick clayey formation of Upper
Oligocene-Lower Miocene age affiliated with the Numidian
Flysch1 and exposed over large areas (Figure 1). It is characterized by its large outcrops of argillites and shales, locally encrusted with fine sediments, interspersed with sand
and sandstone levels. This series extends for about 20 km
from west to east and is well represented in Zouza region
with an average thickness of 200 m. This clayey formation
is organized into four large sequences. The lower clays (Sa1)
are gray, low-plastic clays, rich in kaolinite, admitting some
sandstone levels, identified in Sèjnene locality and known as
potters' clays. The overlying clays (Sa2), recognized as silty
gray-green, moderately plastic clays, formed by a kaoliniteillite association. The middle clays (Sa3) are silty, green plastic clays, rich in kaolinite and illite as majors clay minerals.
The upper clays (Sa4) identified in Nefza locality and known
as hardened clays and are green low-plastic clays with illite
abundance in addition to kaolinite. All of these clays often
contain various impurities including iron, earth alkali primarily CaO, and alkali mainly K2O, which have great effect on
the firing properties of the ceramic materials. A representative sampling throughout the clay formation was carried out
using a manual shovel at 0.5 m deep in order to extract an
unaltered sample and collected samples were listed as Sa1,
Sa2, Sa3, and Sa4. This sampling consists of taking a sufficient quantity of clays (about 10 kg) whose properties correspond as closely as possible to the average properties of
the whole clay series. Sufficient quantity (about 5 kg) of clay
for each batch of samples were prepared after crushing and
sieved over a 1000 μm sieve and kept in Kraft's bags prior to
their use for ceramic pastes preparation. About 100 g of each
sample was taken to undergo chemical, mineralogical, and
thermal analyzes. Therefore, ceramic pastes were prepared
and then fired at different temperatures ranging from 900°C
to 1100°C. Emphasis was put on the investigation of firing
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Results
of the simulation
of the aluminum
carrier such as
behavior
the physical
and mechanical
properties
body: (A) solid von mises stresses [MPa], (B) temperatures [K]
firing shrinkage, water absorption, and flexural strength as
1.25 s after the 5.5 s braking event
function of the temperature was determined.
friction surface of the friction segments have been chamfered.
2.2 | Methods
characterization
Furthermore,
the fillets asofwell
as the equivalent shape of the
friction segments have been angled by 35° to allow a smoother
X-ray diffraction
of raw
and fired
clays was
recorded
transition
of the brake(XRD)
pads from
one friction
segment
to another.
using a PANalytical X'Pert Pro powder diffractometer type
Philips equipment with Cu Kα radiation. The analyses were
performed
on bulk
sample analysis
(powder) from 5° to 70° on a 2θ
3.1.2
element
| Finite
scale and on clay fraction (<2 μm) from 5° to 30° on a 2θ
scale.
The
identification
minerals was
made accordFigure
3A)
shows
the resultof
ofclay
the mechanical
simulation
of
to the
oriented
aggregates
method (air
drying,
theing
hybrid
brake
disc clay
prototype.
The maximal
stresses
canethheating
at 550°C
for 2ofh).theThe
be ylene
locatedglycol
at thesaturation
foot of theand
vanes
near the
pitch circle
relativeholes
content
clay minerals
the clay fraction was
mounting
and of
amounts
to 103.5 in
MPa.
conducted
semi-quantitative
The error
The resultsusing
of thea thermal
simulation estimation.
of a single braking
made
percentage
is about
5%–10%.The
mineral phase
event
canonbethis
seen
in Figure
3B. Shown
is the temperature

|

2

6OPEL et al.

distribution in the aluminum carrier body 1.25 s after the 5.5 s
braking event, where the maximum temperature of about 300°C
(573 K) can be found in the fillet region. The maximum temperature at the friction segment seats is about 210°C (483 K).

3.2

|

Tribological testing

The measured mean COF of the different brake pads during
the individual test runs can be seen in Figure 4. During the 1
and 2 MPa test runs of Pad C, the brake pads were worn out
prematurely and the test runs had to be aborted after 9 and 8
consecutive brake applications.
For all tested brake pad materials, a decreasing COF with
increasing braking pressure can be found (Figure 4; Table 3).
The highest average COF values of 0.90 (1 MPa), 0.76
(2 MPa), and 0.58 (3 MPa) are shown by the C/C-Material
(Pad C) followed by 0.73 (1 MPa), 0.60 (2 MPa), and
0.41 (3 MPa) for LowMet (Pad A) and 0.50 (1 MPa), 0.35
(2 MPa), and 0.27 (3 MPa) for C/SiC (Pad B). An increasing
COF trend with each brake application at 1 MPa for Pad C
and at all braking pressures for Pad A can be seen. The test
runs at 2 and 3 MPa for Pad C show a slight increase in the
COF at the first three brake applications followed by a slight
decrease afterward. The C/SiC brake pad material (Pad B)
shows a mostly constant but with increasing brake application number slightly decreasing COF (Figure 4B).
Figure 5 shows the measured temperatures after each
brake application for LowMet (Pad A) (A) and C/C (Pad C)
(B) brake pads at 3 MPa braking pressure, which showed the
highest braking powers. It can be seen that the temperature
curves show a limited growth. The temperatures measured
for Pad C are slightly higher as for Pad A. The highest temperatures of about 405°C (Pad C) can be measured at the
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behavior and the ceramic properties of these clays particularly in the Sejnène region, northwest Tunisia. According to
the chemical composition, these clayey materials are characterized by high iron contents whose the effect on the color
of the ceramic materials is well known, and the attendance
of fluxing agents as alkali and alkaline earth elements which
are necessary for low temperatures firing. Mineralogically,
considered materials consist entirely of kaolinite rich clays
containing impurities, mostly illite, calcite, feldspar, and
iron, which serve as fluxing agents to improve densification
at low temperature3-6 and appeared helpful in improving the
physical and mechanical properties of the manufactured ceramic materials.
These materials can be used for ceramic production that
they have appropriate chemical and mineralogical compositions composed of kaolinite and illite often contain various
impurities including SiO2, CaO, Fe2O3, and alkali, certainly
that are advantageous for its workability, moulding, drying
behavior, firing behavior, and quality of the ceramic products like mechanical strength and porosity.3 Thus, study of
the suitability of these clayey materials to produce ceramic
products with low porosity and high mechanical performance
intended for applications for stoneware production is fundamentally important for the development of the ceramic sector in Tunisia and the raw material supply for building and
construction. Depending on their mechanical and physical
properties, utilization of the manufactured ceramic materials is suggested for various applications and they are mainly
designed as building materials such as fired bricks, roof tiles,
pavements, wall, and floor tiles.
The present study aims to characterize some clayey materials collected from the Zouza member, located in the far north,
Tunisia. The starting clayey materials were subjected to physical, chemical, and mineralogical analyses, followed by the
investigation of their thermal and firing behaviors. Finally, the
mechanical and physical properties of the manufactured ceramic bodies were characterized in order to evaluate their potential suitability as raw materials for ceramic tiles production.
The effect of some impurities like CaO and Fe2O3 containing
clayey materials on their thermal and firing behavior was investigated with the attitude to follow the mineralogical transformations and the development of crystalline phases, which
control densification of ceramic bodies and subsequently influence their physical and mechanical properties.
2188
2538
1849
62
1169

1874

68
547

Gravimetric wear [mg/
MJ]

93

1304
1523
1108
21
348

591

34
187

Volumetric wear
[mm³/MJ]

49

0.58 ± 0.11
n = 10
0.76 ± 0.09
n=8
0.90 ± 0.15
n=9
0.27 ± 0.11
n = 10
0.41 ± 0.07
n = 10
0.60 ± 0.09
n = 10

2 MPa

0.50 ± 0.16
n = 10
0.73 ± 0.13
n = 10
Average COF [-]

0.35 ± 0.11
n = 10

1MPa
3 MPa
2 MPa
1 MPa
1 MPa

Braking pressure

3 MPa

Pad B: C/SiC
Pad A: LowMet

TABLE 3

Mean coefficient of friction and wear rates of the different brake pads tested with the metal-ceramic hybrid brake disc
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(A)

behavior and the ceramic properties of these clays particularly in the Sejnène region, northwest Tunisia. According to
the chemical composition, these clayey materials are characterized by high iron contents whose the effect on the color
of the ceramic materials is well known, and the attendance
of fluxing agents as alkali and alkaline earth elements which
are necessary for low temperatures firing. Mineralogically,
considered materials consist entirely of kaolinite rich clays
containing impurities, mostly illite, calcite, feldspar, and
iron, which serve as fluxing agents to improve densification
at low temperature3-6 and appeared helpful in improving the
physical and mechanical properties of the manufactured ceramic materials.
(B) These materials can be used for ceramic production that
they have appropriate chemical and mineralogical compositions composed of kaolinite and illite often contain various
impurities including SiO2, CaO, Fe2O3, and alkali, certainly
that are advantageous for its workability, moulding, drying
behavior, firing behavior, and quality of the ceramic products like mechanical strength and porosity.3 Thus, study of
the suitability of these clayey materials to produce ceramic
products with low porosity and high mechanical performance
intended for applications for stoneware production is fundamentally important for the development of the ceramic sector in Tunisia and the raw material supply for building and
construction. Depending on their mechanical and physical
properties, utilization of the manufactured ceramic materiF I G U R E 7 SEM pictures of LowMet (Pad A) brake pad friction
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and

quartz. It consists of a thick clayey formation of Upper
Oligocene-Lower Miocene age affiliated with the Numidian
Flysch1 and exposed over large areas (Figure 1). It is characterized by its large outcrops of argillites and shales, locally encrusted with fine sediments, interspersed with sand
and sandstone levels. This series extends for about 20 km
from west to east and is well represented in Zouza region
with an average thickness of 200 m. This clayey formation
is organized into four large sequences. The lower clays (Sa1)
are gray, low-plastic clays, rich in kaolinite, admitting some
sandstone levels, identified in Sèjnene locality and known as
potters' clays. The overlying clays (Sa2), recognized as silty
gray-green, moderately plastic clays, formed by a kaolinite(B)
illite association. The middle clays (Sa3) are silty, green plastic clays, rich in kaolinite and illite as majors clay minerals.
The upper clays (Sa4) identified in Nefza locality and known
as hardened clays and are green low-plastic clays with illite
abundance in addition to kaolinite. All of these clays often
contain various impurities including iron, earth alkali primarily CaO, and alkali mainly K2O, which have great effect on
the firing properties of the ceramic materials. A representative sampling throughout the clay formation was carried out
using a manual shovel at 0.5 m deep in order to extract an
unaltered sample and collected samples were listed as Sa1,
Sa2, Sa3, and Sa4. This sampling consists of taking a sufficient quantity of clays (about 10 kg) whose properties correspond as closely as possible to the average properties of
F I G U R E 8 SEM pictures of C/SiC (Pad B) brake pad friction
the whole clay series. Sufficient quantity (about 5 kg) of clay
surfaces: (A) after 1 MPa test run (magnification: 50×), (B) after
for each batch of samples were prepared after crushing and
1 MPa test run (magnification: 1000×)
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(A)

(B)

F I G U R E 9 SEM pictures of C/C (Pad C) brake pad friction
surfaces: (A) after 1 MPa test run (magnification: 50×), (B) after
1 MPa test run (magnification: 1000×)

the C/SiC-C/SiC friction pairings results in a decreasing
COF with rising temperature.
The higher measured wear rates of the LowMet brake pad
material (Pad A) compared to literature11 combined with the
increased wear rate with increasing braking pressure, is most
likely related to the interrupted friction surface of the metalceramic hybrid brake disc. Although the edges of the friction segments are angled and chamfered, to achieve a smooth
transition between the different friction segments, due to the
compressibility and low stiffness of the LowMet material,
the pad material is pressed into the fillet region between the
friction segments during braking resulting in a micro shaving and a dynamic shattering of the brake pad material. This
effect amplifies with increasing braking pressure which can
be seen in the SEM pictures of the friction surface after the
3 MPa test run (Figure 7B).
The wear rates of the ceramic brake pads (Pad B) are
comparable to previously reported wear rates for similar friction pairings.6,10,11 The SEM images showed a dense friction
film which seems to adhere to the friction surface, where the
spaces between the carbon fibers seem to trap debris particles
resulting in the build-up of the friction film. Similar effects
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(A)
behavior

and the ceramic properties of these clays particularly in the Sejnène region, northwest Tunisia. According to
the chemical composition, these clayey materials are characterized by high iron contents whose the effect on the color
of the ceramic materials is well known, and the attendance
of fluxing agents as alkali and alkaline earth elements which
are necessary for low temperatures firing. Mineralogically,
considered materials consist entirely of kaolinite rich clays
containing impurities, mostly illite, calcite, feldspar, and
iron, which serve as fluxing agents to improve densification
at low temperature3-6 and appeared helpful in improving the
physical and mechanical properties of the manufactured ceramic materials.
(B) These materials can be used for ceramic production that
they have appropriate chemical and mineralogical compositions composed of kaolinite and illite often contain various
impurities including SiO2, CaO, Fe2O3, and alkali, certainly
that are advantageous for its workability, moulding, drying
behavior, firing behavior, and quality of the ceramic products like mechanical strength and porosity.3 Thus, study of
the suitability of these clayey materials to produce ceramic
products with low porosity and high mechanical performance
intended for applications for stoneware production is fundamentally important for the development of the ceramic sector in Tunisia and the raw material supply for building and
construction. Depending on their mechanical and physical
properties, utilization of the manufactured ceramic materiF I G U R E 1 1 SEM pictures of the friction surface of a C/
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SiC friction segment of the metal-ceramic hybrid brake disc after
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(A)

and quartz. It consists of a thick clayey formation of Upper
Oligocene-Lower Miocene age affiliated with the Numidian
Flysch1 and exposed over large areas (Figure 1). It is characterized by its large outcrops of argillites and shales, locally encrusted with fine sediments, interspersed with sand
and sandstone levels. This series extends for about 20 km
from west to east and is well represented in Zouza region
with an average thickness of 200 m. This clayey formation
is organized into four large sequences. The lower clays (Sa1)
are gray, low-plastic clays, rich in kaolinite, admitting some
sandstone levels, identified in Sèjnene locality and known as
potters' clays. The overlying clays (Sa2), recognized as silty
gray-green, moderately plastic clays, formed by a kaolinite(B)illite association. The middle clays (Sa3) are silty, green plastic clays, rich in kaolinite and illite as majors clay minerals.
The upper clays (Sa4) identified in Nefza locality and known
as hardened clays and are green low-plastic clays with illite
abundance in addition to kaolinite. All of these clays often
contain various impurities including iron, earth alkali primarily CaO, and alkali mainly K2O, which have great effect on
the firing properties of the ceramic materials. A representative sampling throughout the clay formation was carried out
using a manual shovel at 0.5 m deep in order to extract an
unaltered sample and collected samples were listed as Sa1,
Sa2, Sa3, and Sa4. This sampling consists of taking a sufficient quantity of clays (about 10 kg) whose properties correspond as closely as possible to the average properties of
F I G U R E 1 2 SEM pictures of the friction surface of a C/
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(A)

(B)

F I G U R E 1 3 Disassembly and wear of the metal-ceramic hybrid
brake disc (outer diameter = 410 mm): (A) Disassembled hybrid
brake disc with friction segments and screws, (B) Friction surface of
a friction segment with first visible signs of wear

the oxidation products on the tribological performance of the
hybrid brake disc is highly unlikely.
A thickness loss of the friction segments could not be
measured, which means the abrasive wear seems to be sufficiently small to be negligible. Furthermore, the friction
surface showed areas with a dense friction film as well as
Si and SiC matrix areas, which didn't show any signs oxidation. Hence, the wear of the friction segments can be
primarily attributed to oxidative wear of the carbon fibers
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