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ABSTRACT

AISi alloy based composite brake rotors were made of AISi alloys (Al-9%Si, Al-12%Si)
reinforced with two volume percentages (10 and 20%) of SiC particles using simple and low-cost stir
casting technique. Dry sliding frictional and wear behavior were investigated in a pin-on-disc type
apparatus. Automobile friction material was used as a disc, while the composite rotor was a pin. The
wear and friction behavior of brake rotors made of composites and cast iron one sliding against
automotive friction material was examined under loads of 35.6 and 23.6 N and speeds of 5 and 7 m/s.
The coefficient of friction increased for all composite brake rotors up to a maximum and then
gradually declined, reaching a stationary condition with a load of 23.6 N at a speed of 5 m/s. The
coefficient of friction of the cast iron brake rotor alternately reduced and increased. The coefficient of
friction of all the brake rotors under investigation increased with increasing the sliding distance as the
test speed was raised from 5 to 7 m/s. The coefficient of friction of composite brake rotors had a
homogeneous plateau in the range of 0.3-0.57. The coefficient of friction of cast iron brake rotors was
around 0.2, but it increased and decreased alternatively. The presence of SiC particles and an adherent
mechanically mixed layer (MML) with a hardness that is about 4 times higher than that of the AISi
alloy matrix protected the worn surface against disruption and delamination in the case of composite
brake rotors. The worn surface of the cast iron brake rotor was delaminated and brooked down. The
composite brake rotor made of Al12Si+10%SiC showed the best wear behavior, and it can replace the
cast iron one in light of the present findings.

1 INTRODUCTION

Composite materials are a combination of two or more materials that are not dissolved to
improve mechanical, physical and tribological properties. Aluminum matrix composites
have significant benefits where they have the combination of lightweight and outstanding mechanical
and tribological properties [ 1]. SiC particles are the most commonly used as reinforcements in
aluminum matrix composites because addition of SiC particles to aluminum alloys significantly
improves wear properties [ 2]. Al-SiC composites have many applications in automotive industry such
as pistons, cylinder liners and brake rotors [ 1,3]. Aluminum matrix composites can be manufactured
by several methods. However, stir casting is an ideal method to fabricated aluminum matrix since it is
more affordable, easier to use, and requires fewer working steps. Additionally, by employing
conventional foundry techniques, high production rates can be attained. Stir casting can be used to
produce large and intricate shapes at an affordable price.

Approximately 33% of all CO, emissions and 26% of all greenhouse gas (GHG) emissions in
the US are attributed to the transportation sector in 2020 [4]. The most economical way to minimize
fuel use and greenhouse gas emissions from the transportation industry is still to reduce weight.
According to estimates, a vehicle's fuel economy increases by 7% for every 10% of weight that is
removed from its overall weight. Additionally, this indicates that every kilogram of weight reduced by
a vehicle results in a 20 kilograms CO, reduction [5]. Replacing steel and cast iron components with
aluminum composites is one of the main solutions to save weight and improve fuel consumption
efficiency [ 6].

For Hybrid Electric Vehicles (HEV), which combine an internal combustion engine (ICE)
system with an electric propulsion system, lighter materials can be used in place of steel and cast iron.
The use of an electric power train aims to improve performance or fuel efficiency compared to a
traditional vehicle[7, 8]. Hybrid electric vehicles are most frequently found in the form of cars,
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Lorries, buses, boats, and aircraft. Several studies were carried out to produce and investigate the
properties of brake rotors made of Al based composites. Some of studies used finite element programs
to expect properties [ 9-11]. Other researchers try to produce Al composite brake rotor using sand
casting [ 12] or die casting [11]. Ahmed et al. [13] and Daoud et al. [14] used pin on disc tribometers
to compare the wear rate and coefficient of friction of Al matrix composites with cast iron brake disc.
Daoud et al [14] produced sand casting Al composite brake rotor from A359-20% SiC using stir
casting technique. The investigators have found that the load applied and sliding speed are the key
variables that determine the tribological behavior of brake rotors. Additionally, wear resistance is
improved by the homogenous particle distribution throughout the matrix material and the strong
interfacial bonding between the matrix and reinforcement. Si phase and SiC particles carry the most of
wear load and increased adhesion and abrasion resistance [ 15].

According to our knowledge, no prior work has been done involving the fabrication of SiC-
reinforced automobile brake rotors from AlSi alloys utilizing the stir casting method and a permanent
mould. In order to develop permanent mould brake rotors made of AlSi-SiC composites using a low-
cost stir casting technology, the current study was done. Cast iron and MMC brake rotor material's
tribological behavior was examined in relation to the effects of various loads and speeds. Cast iron and
composite materials' wear resistance and frictional characteristics were compared. In order to identify
the wear mechanisms, it was also essential to examine the worn surfaces of the friction and composite
materials as well as the wear debris.

2 EXPERIMENTAL PROCEDURES

Composite brake rotors made of Al-9Si+10%SiC, Al-9Si+20%SiC, Al-12Si+10%SiC and Al-
12Si+20%SiC were produced using stir casting method by adding SiC particles with size of 36-48 um
into molten Al-Si alloys. After achieving a homogeneous slurry, the molten composite was poured into
metallic permanent mold having the configuration of commercial automobile brake rotor. Samples
from the produced composite brake rotors were cut for metallographic investigation. Microstructure
features of the samples were investigated using optical and field emission microscopes. EDX analyses
on the interface between matrix and reinforcements were conducted. The produced brake rotors and
commercial cast iron one were tested against automotive friction material using pin on disc type
apparatus. Samples from produced composite brake rotors made of Al-9Si and Al-12Si reinforced with
10 and 20% SiC particles and commercial cast iron brake rotor were formed as pins and the
automotive brake pad was the disc. Two loads of 35.6 and 23.6 N were applied directly on the top of
the pin. The wear test was conducted using two linear speeds 5, 7 m/s for 30 min. Weight loss was
measured by weighting the sample before and after the test Volume loss of each specimen was
measured by dividing weight loss over the density of each specimen. The average coefficient of
friction of the produced brake rotor made of composites and commercial cast iron one was calculated
from the friction force measured during wear test. Temperatures near the contact surface during the
all wears test were measured. Worn surfaces of samples from selective produced brake rotor (Al12Si-
10%SiC) and commercial cast iron brake rotor that were tested using applied load of 35.6N and speed
of 7m/s were investigated using SEM and EDX. The morphology of the longitudinal section near to
the worn surface of the pins for produced composite brake rotors and commercial cast iron one at
speed of 7 m/s and applied load of 36.5N was investigated using optical microscope. Hardness along
subsurface of composite break rotor from the MML to the matrix was measured using microhardness
testing machine.

3 RESULTS AND DISCUSSION
3.1 Microstructure

Microstructures of the produced composite brake rotors are shown in Fig.1(a-d). The
microstructures reveal relatively good distribution of SiC particles (denoted with red arrows). The
distribution of SiC particles is improved by using metallic moulds. The addition of SiC particles
results in a refining effect in the Al-Si matrix alloy. Because of the lower heat conductivity and higher
specific heat of SiC particles than those of molten Al-Si matrix alloy, dendrites nucleate and grow
away from the SiC particles, and the constraint provided by the SiC particles resulted in a finer grain
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structure. Grain refinement can be seen, particularly near the SiC particles. Figure 1 (a-d) demonstrates
the existence of eutectic phase (denoted with blue arrows) around SiC particles. In other words, the
SiC particle existence in the composites is primarily between dendritic arms, implying that particles
are pushed by primary dendrites and accumulated at eutectic zones. The remaining eutectic melt is
rich in SiC particles because SiC particles are pushed into the liquid by the growing primary o phase
[16]. Because the eutectic Si could also nucleate on SiC particles in the Al-Si alloy, Fig. 1 (a-d) depicts
certain SiC particles that are connected by silicon phases, which is consistent with Wu et al. [17].

3.2 Weight and volume loss

Figures 2-5 show the volume loss of brake rotors made of Al-Si composites and cast iron
using loads of 23.06 and 35.6 N and linear speeds of 5 and 7 m/s for 30 min. Cast iron brake rotor has
the greatest volume loss for all loads and speeds. Also, the large difference in volume loss between
cast iron brake rotor and brake rotors made of Al-Si composites can be observed. Al-12Si+10SiC has
lowest volume loss, especially at increasing load from 23.06 to 35.6N and speed from 5 to 7 m/s.

(d)

Fig.1 (a-d) FEM microstructure of the composite brake rotors after heat treatment,
(a) Al-9Si+10SiC, (b) Al-9Si+20SiC, (c)Al-12Si+10SiC, (d) Al-12Si+20SiC



Fatma M.Fairouz A, Atef A. Daoud * and Malak T. Abou El-khair A.

0.045
0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005

Volume loss, cm?3

9Si-10SiC  9Si-20SiC

12Si-10SiC 12Si-20Si  Cast Iron

Fig. 2 Volume loss of Al-Si composite brake rotors and commercial cast iron brake rotor at speed of 5
m/s and load of 23.06 N
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Fig. 3 Volume loss of Al-Si composite brake rotors and commercial cast iron brake rotor at speed of
7 m/s and load of 23.06 N
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Fig. 4 Volume loss of Al-Si composite brake rotors and commercial cast iron brake rotor at speed of 5
m/s and load of 35.6 N
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Fig. 5 Volume loss of Al-Si composite Brake rotors and commercial cast iron brake rotor at speed of
7m/s and load of 35.6 N

3.3 Coefficients of friction

The average coefficients of friction of the brake rotors made of AISi composites and
commercial cast iron one were calculated from the friction forces measured during wear test. Fig. 6
shows the average coefficients of friction of brake rotors made of AlSi composites and cast iron brake
rotor with sliding distance under applied load of 23.06 N and speed of 5m/s. For composite rotors,
coefficients of friction increase during the first 2000 m, except of Al9Si-20SiC, which decreases
slightly then increases. All the coefficients of friction of the composites increase up to a maximum and
then smoothly decrease, reaching a stationary situation. Because of the frictional heat, the oxide layer
can be formed on the surface of the composite rotor pin during the test. Two processes occur
concurrently as the wear test continues: the oxide layer breaks down, generating fine oxidized wear
debris and at the same time, the assisted by frictional heating oxide layer increases. Eventually, both of
these competing processes reach equilibrium [18, 19]. In case of cast iron, coefficient of friction
decreases and increases alternatively, revealing irregularity. This may be attributed to the formation
and breaking down of the oxide layer on the worn surface. On the pin and disc surfaces, oxide
particles and small fragments of silicon and other elements from the friction material (pad disc) are
accumulated progressively. The progressive contamination of the wear track modifies the nature of
the contact surface. The transfer layer formed on the wear track covers the lubricating agents of the
disc, increasing the coefficient of friction with sliding distance [ 20]. When the speed increases from
5 to 7m/s, the coefficients of friction of brake rotors made from AlSi composites decrease, exhibiting
a stationary situation with sliding distance, while coefficient of friction increases rapidly in case of
cast iron, Fig.7. As the speed increases, brake rotors made of AlSi composites exhibits lower volume
loss, especially in case of Al12Si-10SiC, while cast iron brake rotor shows higher volume loss, Figs. 4
and 5. This can be attributed to delamination of buildup of transfer layer [1].
The effect of increasing load from 23.06 to 35.6 N is shown in Figs. 8 and 9. For brake rotors made of
AISi composites, the coefficient of friction decreases with increasing the load, but all of them in the
range of 0.3-0.57. The decrease in coefficient of friction can be attributed to the formation of strongly
compacted transfer layer, which protects the composite disc from adhesion and abrasion. In case of
cast iron brake rotor, the coefficient of friction decreases drastically by increasing the load to around
0.2, without exhibiting a stationary situation as in case of composites, but it decreases and increases
alternatively.
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Fig. 6 Coefficient of friction of composite brake rotors produced and commercial cast iron b
at load of 23.06 N and speed of 5m/s
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Fig. 9 Coefficient of friction of composite brake rotors produced and commercial cast iron brake rotor
at speed of 7m/s and load of 35.6 N

Temperatures near the contact surface during all he were test were measured for all brake
rotors, Figs. 10-13 show the temperature behavior of produced brake rotors made of AISi composites
and cast iron brake rotor. For the brake rotors made of AISi composites, temperature increases at the
first 5000 m, then it exhibits a plateau, Figs 10, 11, 12. Increasing load from 23.06 to 35.6 N has a
marginal effect on the temperature behavior of the brake rotors along sliding distance. Also, increasing
speed from 5 to 7 m/s doesn’t have a tangible effect on the temperature behavior of composites, Figs.
12, 13. On the other hand, temperature of cast iron increases along sliding distance, Fig.10. Increasing
speed from 5 to 7 m/s increases the temperature of cast iron up to 250° C, Fig.11. While increasing
speed from 5 to 7 m/s causes a dramatic temperature increase, increasing load from 23.06 to 35.6 N
has no effect on temperature, Fig.13. As a result of friction, the contact temperature increases, leading
to formation of adhered oxide layer mixed with some particles and lubricating agent of the friction
material disc. This mixed layer protect contact surface of composite brake rotor from delamination [
19, 22, 23]. However, in case of cast iron brake rotor, the oxide layer that formed on the contact
surface is not adhered as that in case of Al composite brake rotor. Therefore, it brooked down during
the test and delamination is occurred [ 24].
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Fig. 10 Temperature behavior of Al-Si composite brake rotors and commercial cast iron brake rotor at
speed of 5 m/s and load of 23.06 N
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Fig. 12 Temperature behavior of Al-Si composite brake rotors and commercial cast iron brake rotor at
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3.4 Worn surface
Figure 14(a-f) shows SEM and EDX analysis of worn surfaces of samples from selective
produced brake rotor (Al12Si-10%SiC) and commercial cast iron brake rotor tested using applied load
of 35.6N and speed of 7m/s. Fig.14a shows the worn surface of Al12Si+10SiC at a low magnification.
Bright track that refers to presence of fine oxide particles adhered on the contact surface can be seen.
Dark smooth tracks, which are delaminated debris from the friction materials and adhered to the
composite pin surface, can also be observed. The EDX analysis of the worn surface is illustrated in
Fig.14b, which indicates presence of oxygen, aluminum, carbon, barium and other elements that form
friction material. The EDX analysis indicates the formation of the mechanically mixed layer that
protects worn surface from disruption and delamination. Presence of aluminum oxide and carbon on
the surface leads to the formation of a strong adhered layer. At the same time, existence of carbon on
the surface, which acts as lubricating agent, significantly enhances the wear resistance of the Al
composite brake rotor, comparing with that of cast iron one. Fracture segments and delamination of
the worn surface of cast iron was clearly seen in Fig.14c. Figure 14d shows the EDX analysis of worn
surface of commercial cast iron brake rotor. Because of the presence of iron, oxygen, and other
elements that fail to adhere to the surface, cracking and delamination occur. Worn surface of the
produced Al12Si+10SiC brake rotor at high magnification is shown in Fig.14e. The bright area
indicates crushed fine particles of the mechanically mixed layer that mainly formed from Al,O; and
some crushed SiC particles (marked with blue arrows). A long crack at the middle of the photo is
marked with red arrows. SiC particles impeded in the layer (marked with yellow arrows) can
withstand and carry the load, protecting the worn surface from delamination. Dark areas (marked with
white arrows) indicate areas covered with the graphite protected layer. Worn surface of commercial
cast iron brake rotor is shown in Fig.14f. Many cracks are found on the worn surface (marked with red
arrows). Delamination of the worn surface is clearly seen (marked with white arrows), which explains
higher volume loss of cast iron brake rotor.
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Fig. 14 Worn surface of brake rotor made of Al12Si + 10%SiC compared and commercial one made
of cast iron at load of 35.6 N and speed of 7m/s, a) low magnification of worn surface of
Al12Si+10%SiC, b) EDX for Al12Si+10%SiC, c) low magnification of worn surface of cast iron, d)
EDX of cast iron worn surface, e) higher magnification of worn surface of Al12Si+10%SiC, f) higher
magnification of worn surface of cast iron

3.5 Subsurface of the worn surface

The morphologies of the longitudinal section near to the pin worn surfaces of the composite
brake rotors and commercial cast iron one at speed of 7 m/s and applied load of 36.5N are shown in
Fig.15(a- €). Fig. 15 (a-d) reveals some cracks (pointed by the red arrows) under the worn surface,
and parallel to it. Also, crushed SiC particles (pointed by violet arrows) that are protected the surface
against delamination can be noted. Initially, the asperities of the sliding pin surface encounter the
brake pad that was fixed on the rotating disc. The surface work hardening of the matrix material takes
place under the applied load and speed [25]. The projected SiC particles, which have high strength, are
pushed back into the soft AlSi alloy instead of fracturing. During the initial run-in period in all cases,
the wear rate is high because of the fact that few broken SiC particles from the pin, acting as third
body abrasion, leaving the projection of SiC in the composite [26]. In other words, the wear rate at the
beginning is more because of the fact that the asperities of SiC particles were not projected and the
entire surface is under the same amount of stress such that the asperities will be deformed easily and
the fractured matrix material particles and SiC particles will plough the surface of the counter- face
and the pin.

When the speed increases, the ploughed surface of the brake pad counter face forms a mixture
of brake pad powder and SiC particles that are crushed and formed very minute particles [26 -28]. The
brake pad powder and minute fractured particles of the SiC form a layer between the work- hardened
pin and the counter face, reducing the wear rate and coefficient of friction. On the other hand, worn
surface of cast iron exhibits cracks that are pointed by blue arrow, causing delamination. Delamination
causes deep groves that are pointed by green arrow. These delaminated species were separated from
the surface and pointed by red arrow, Fig.15 (e). Fig. 16 (a, b) shows SEM and EDX analysis of worn
surface of pin from selective produced brake rotor (Al12Si+10%SiC) tested using applied load of
35.6N and speed of 7m/s.
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Fig.15 Subsurface of worn surface of produced composite brake rotors and commercial cast iron one,

(a) 9Si-10SiC, (b) 9Si-20SiC, (c) 12Si-10SiC, (d) 12Si-20SiC, (e) cast iron
Fig. 16 (a) shows the worn surface of Al12Si+10SiC at low magnification. Bright track refers to
presence of fine oxide particles adhered on the contact surface and dark smooth tracks can be
observed. These dark smooth areas are referred to presence of particles from the friction materials
(brake pad) that are delaminated from the brake pad material surface and adhered to the composite pin
surface. The EDX analysis of the worn surface is illustrated in Fig.16 (b), which indicates presence of
oxygen, aluminum, carbon, barium and other elements that form friction material. It indicates
formation of the mechanically mixed layer that protects the worn surface from disruption and
delamination. Presence of aluminum oxide and carbon on the surface leads to formation of strong
adhered layer. At the same time, presence of carbon on the surface, which acts as lubricating agent,
acts a main role in reducing volume loss of the Al composite brake rotor comparing with cast iron one.
The protecting layer formed on the surface of composite brake rotor contains graphite that smears and
forms a protecting layer. As mentioned above, the powdered SiC particles along with ferrous oxides
from the counterface, aluminum oxides and SiC from the pin as well as graphite and aluminum oxide
from aluminum matrix and the brake pad disc are mixed, forming mechanically mixed layer (MML).
The hardness of the MML is much higher than that of the pin and the counterface.
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Fig.4.2 Worn surface of brake rotor made of Al12Si + 10%SiC at load of 35.6 N and speed of 7m/s ,
a) low magnification of worn surface of Al12Si+10%SiC, b) EDX for Al12Si+10%SiC
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As seen in Fig. 17, hardness is higher at the MML and close to the worn surface at 10 pm (266 HV),
than at 30 um (175 HV), and it declines to 119 at 70 um in the matrix. Referring to Fig.16 (b), the
presence of oxygen, iron and graphite is observed and indicates the formation of Al,Os;, Fes0,, which
are the main oxides that form the MML in addition to graphite that play a very crucial role in that layer
to protect the pin surface.
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4 CONCLUSIONS

1. AISi -SiC composite brake rotors were successfully produced utilizing stir casting method and
a permanent mould.

2. Microstructure of AlSi composite brake rotors reveals uniform distribution of SiC particles
and eutectic phase around them.

3. Composite brake rotors exhibit higher wear resistance than that of cast iron one. Al-12-Si-
10SiC has the better wear resistance, especially as the load increases from 23.06 to 35.6 N
and speed from 5 to 7 m/s.

4. The coefficient of friction decreases by increasing load for all composites, but all of them in
range of (0.3-.057), reaching a stationary situation. In case of cast iron brake rotor, the
coefficient of friction decreases drastically to around 0.2 with increasing and decreasing
alternatively.

5. The coefficient of friction of composite brake rotor decreases with increasing speed from 5 to
7 m/s, offering a uniform manner along sliding distance, while coefficient of friction
increases rapidly in case of cast iron brake.

6. Increasing load from 23.06 to 36.6 N or speed from 5 to 7m/s has no significant effect on
temperature behavior the composite rotors. In case of cast iron, increasing load from 23.06 to
36.6 N doesn’t increase temperature, but increasing speed from 5 to 7 m/s increases
temperature sharply.

7. In case of composite break rotors, crushed SiC, aluminum oxide and carbon are formed
mechanically mixed layer (MML) that protects worn surface from disruption and
delamination. Ploughing is the main mechanism of wear of the composite brake rotor at the
beginning of the wear test until formation of MML, which has higher hardness with approx. 4
times than AISi matrix. In case of cast iron, brake rotor, delamination of the worn surface is
the main mechanism of volume loss during the wear test.
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