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Abstract 

Aluminum alloys are well known light-weight alloys and very interesting materials to 

optimize the strength/weight ratio in order to reduce automotive vehicle weight, fuel 

consumption and CO2 emissions; unfortunately, they are also relatively soft and 

therefore cannot be used for high wear applications.  
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The aim of this work was to develop an aluminum alloy brake disc with wear-resistant 

SiC particle reinforced aluminum matrix composites (SiC/Al) joined on to its surface. 

Different approaches based on brazing or shrink fitting joining technologies were used 

to join SiC/Al to the aluminum alloy surface.  

A functional graded structure was built by brazing thin layers of aluminum matrix 

composites reinforced with progressively higher amount of SiC particles by using a Zn-

Al based alloy as joining material. Several samples were prepared by shrink fitting and 

brazing: 40 mm x 40 mm x 10 mm samples and a 100 mm diameter brake disc with 

68% SiC particle reinforced Al matrix surface and aluminum alloy A365 body. 

Tribological tests demonstrated that an aluminum alloy brake disc with wear-resistant 

SiC particle reinforced aluminum matrix composites (SiC/Al) brazed on its surface is a 

promising technical opportunity. 

 

Keywords: joining, brakes, metal matrix composites, wear 

 

Introduction 

There is a strong interest in transportation industry to obtain lighter components in order 

to decrease fuel consumption and decrease CO2 emissions.  The amount of aluminum 

alloys used in passenger cars has risen significantly in the past decades, which resulted 

in an overall improved energy efficiency [1]. 

Aluminum alloys are used in many different components like wheels, heat exchangers, 

transmissions, and other engine components. This is possible because aluminum alloys 

have several unique properties, in particular, a high strength to weight ratio, an excellent 
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thermal conductivity and corrosion resistance; furthermore, they are easy to machine 

and recycle [2]. 

On the other hand, they are relatively soft and offer insufficient wear resistance for 

applications where high rubbing loads are present. Therefore, passenger car brake discs 

are currently made of cast iron [3]. Some sport and top luxury cars are also equipped 

with carbon-based and aluminum based ceramic matrix composite brake discs [4].  

Their cost is still too high to extend their use to other cars [5]. 

A considerable amount of literature has been published on braking systems 

manufactured using only  CMCs ; main issues regard the improving of oxidation 

resistance [6-9] . In particular, C and SiC based composites  show superior friction 

behavior, especially for ventilated brake disks. Nevertheless, CMCs also suffer from a 

number of  technological limitations, due to the difficulty of their joining to other 

structural parts ( i.e metallic components) [10] 

Al alloys have much lower density than cast iron, lower cost than carbon-based ceramic 

matrix composites, but unfortunately also present lower wear resistance compared when 

cast iron.  

In order to increase the aluminum alloy wear resistance, several ways have been 

explored: typically, the surface can be reinforced by applying hard and wear resistant 

coatings such as ferrous coatings by thermal spraying [11], micro-arc oxidation or 

plasma electrooxidation where a very hard and strong layer of Al2O3 can be obtained 

[12-15]. 

Recently, new precipitation hardened alloys have been studied [16] or bimetal brake 

discs with a cast grey iron friction cladding and an aluminum alloy core [17]. 
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Other more exotic materials have been studied and designed for brake systems [18]: 

ULTALITE® is a low cost aluminium metal matrix composite that uses ceramic 

particles extracted from fly ash as reinforcement to increase the wear resistance, provide 

high thermal conductivity and good machinability. Alternatively aluminum can be 

reinforced with natural fibers (i.e coconut fiber), thus exploiting agricultural waste.  The 

wear behavior of ceramic waste SiC particle-reinforced aluminum matrix composites 

prepared by powder metallurgy process has been also described. [19]  

Researcher at the University of New York, USA [20] reported online about a research 

project aimed to obtain ceramic-aluminium composite brakes: it consists of an 

aluminium alloy reinforced with functionally graded ceramic particles and fibers which 

are located in specific areas of the brakes, where additional strength is needed.  

Some attempts with alumina and alumina-based ceramic matrix composites as high 

wear resistance materials joined on the surface of Al-alloys have been reported in refs 

[21, 22]: the option initially considered, i.e. to prepare a thin monolithic ceramic disc 

and to join it to the aluminum alloy brake body was abandoned because of the ceramic 

brittle behavior.  

A second option was tested, with several ceramic inserts joined on the top of the 

aluminum alloy brake disc to cover it as in a mosaic: several issues related to inserts 

planarity, brittleness, and the overall mechanical resistance of these joints were 

discussed in [22].  

Recently, Opel et al [23] reported a new concept of metal-ceramic hybrid brake disc; it 

is based on C/SiC friction segments fixed by screws onto an Al carrier body. This 

design allows to reduce the amount of CMC material needed for the manufacturing of 

the brake disc, while screwing the friction segments onto the metallic body ensures easy 
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disassembling and replacement of the segments in case of failure of a single friction 

element.  

The major challenge in brazing ceramics or metal matrix composites to aluminum 

alloys originates from their different coefficient of thermal expansion (CTE) and 

consequently different shrinkage after cooling to room temperature. Large thermal 

stresses are generated, which can compromise the mechanical properties of the final 

product.  The graded structure recently became an interesting solution for brake 

systems; in order to withstand severe conditions during braking, such as high wear and 

temperature, functionally graded material (FGM) can be used: the wear resistant 

material ( i.e. SiC)  embedded in a metallic matrix can be tailored according to the 

required performance [24]. 

Several processes are available [25] for manufacturing functionally graded aluminum 

matrix composites, such as centrifugal casting, powder metallurgy, spray casting, 

infiltration, etc. 

The idea behind this work is to use aluminum alloys to build the brake disc body and to 

improve its wear resistance only where needed, i.e. by joining high wear resistance 

composites on its surface. Two different approaches to obtain these will be discussed in 

this paper: a graded structure and a specially designed shrink fit joint method.  

 

Experimental 

Two typical aluminum alloys were selected, namely A380 and A356, which are widely 

employed in automotive and other industries: their composition and properties are listed 

in Table 1. All samples were casted at Fagor Ederlan, Spain, using a low-pressure 

aluminum casting process.  
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SiC particle reinforced Al matrix composites with SiC particle volume % ranging from 

30 to 68, supplied by Japan Fine Ceramics (Japan) and Ametek Specialty Metal 

Products (USA) were employed, and their properties are listed in Table 1. 

A brazing alloy made of 98 Zn–2 Al ribbons (thickness 300 µm) supplied by Lucas 

Milhaupt (USA) was used as joining material in Ar at 500 °C; it has a solidus 

temperature at 377°C and a liquidus one at 385°C. Several layers of different SiC/Al 

composites with progressively higher amount of SiC particles were stacked and joined 

by placing the braze ribbons between each layer, to obtain 20 mm x 20 mm x 10 mm 

samples, with the 30 % vol SiC/Al in contact with the A380 or A356 Al alloys. 

In all the samples, 68% SiC/Al or 60% SiC/Al were the top layers. A larger sample of 

about 40 mm x 40 mm x 10 mm was made with the same method, i.e. by joining SiC/Al 

composite layers with progressively higher amount of SiC particles on a A365 alloy, 

with 60% SiC/Al as the top layer. Hereinafter, these samples have been produced and 

tested to characterize a wear resistant top layer coated FGM.  

Other samples were prepared by shrink fitting and brazing: A365 samples were 

machined with a suitable frame able to shrink-fit the SiC/Al composite (4 mm thick) 

during cooling to room temperature; ZnAl ribbons were placed inside the A365 frame 

and heated at 500°C, in Ar flow. Then the SiC/Al composite was placed inside the 

frame and kept at this temperature for 60 minutes and afterwards cooled to room 

temperature. Different kinds of SiC/Al composites were brazed in this configuration on 

the A356 substrate: SiC particle reinforced Al matrix composites with SiC particle 

volume of 40%, 68%, and 70 %. 

The frame size was calculated according to the A365 CTE, in order to shrink fit the 

SiC/Al composite during cooling to room temperature; hereinafter these samples are 
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indicated as “framed samples”. The same shrink fitting and brazing method was used to 

prepare a downsized-disc (100 mm diameter) with the whole A356 surface covered by a 

68%SiC/Al composite ring. The manufactured samples were cross sectioned, polished 

and observed by optical and electron microscopy (SEM Philips 525M and Leo 430i) 

and by energy-dispersive analysis (EDS SW9100 EDAX and Oxford Isis300). 

The following samples/prototypes underwent tribological testing: 

1. Cast iron, Al2O3, SiC specimens as reference materials; 

2. 68%SiC/Al specimen as selected material for FGM top layer, henceforth re-

ferred to as wear resistant top layer coated FGM;  

3. A356- 40% SiC/Al, A356- 68% SiC/Al, A356 –70%SiC/Al framed samples, 

henceforth referred to as 40 SiC/Al framed samples, 68 SiC/Al framed samples 

and 70 SiC/Al framed samples, respectively; 

4. Reference downsized cast iron disc and downsized A356+68% SiC/Al disc, 

henceforth referred to as 68 SiC/Al downsized disc. 

As counterpart two materials were selected: Normal Production friction material pad 

provided by CRF (referred to as NP; it is an hard pad) and a special friction material for 

Al discs provided by Ederlan (referred to as SP; it is a soft pad). 

A „pin on disc“ test configuration was selected for specimens used in the cases 

described in point 1. and 2. listed above and tested at Centro Ricerche Fiat tribology lab 

CRF, Italy (see Figure 1). Air blowing system was used to simulate car brake cooling in 

a running vehicle. 

Friction coefficient and temperature were measured continuously during  the test ; pin 

and pad wear volume was measured after the test. The tests were repeated at least two 

times. Wear of the friction pad pins elements was measured by weighting using a 
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KERN ABT200-5DM an-alytical balance (max weight 220 g, readability 0.1 mg) and 

the temperature was registered by an IR-tec P500 pyrometer (temperature range -30°C-

930°C, accuracy ±1%, emissivity 0.1-1) focused on the disc contact surface. Weight 

loss in percentage was quantified for each test. 

The same type of test was selected for framed specimens as described at point 3, listed 

above, but a special holder was developed for these samples (Figure 1 c). The test 

conditions for specimens at points 1., 2. and 3. are reported in Table 2.  

Finally, a tribological test was carried out on downsized brake discs (as indicated at 

point 4): the apparatus test is shown in Figure 2. 

In this case a 110 mm diameter disc simulating a brake disc was used to assess the 

brazed joint strength and a dedicated downscaled testing protocol reproducing the 

testing conditions of the full-scale brake disc was used. 

The applied force was 700N (split on three pad pins) and the rotational speed of sample 

was 4000 rpm. The environmental condition foresees dry environment and the test 

temperature was monitored on the sample, measured by a pyrometer. 

 

Results and discussion 

The idea behind this work was to use an aluminum alloy to make a lightweight brake 

disc body and to coat its wear-affected surface with a hard and wear-resistant material.  

The initial concept is schematically shown in Figure 3. An aluminum alloy is used for 

the body onto which SiC/Al inserts are brazed.  

The selected SiC particle reinforced composites (SiC/Al) and their thermo-mechanical 

properties are listed in Table 1. As expected, all properties and in particular their 
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coefficient of thermal expansion tend to decrease when increasing the SiC particle 

amount from 30 % to 68 % volume. 

To overcome the coefficient of thermal expansion mismatch, a functionally graded 

approach was initially designed (as sketched in Figure 4) by brazing layers of different 

SiC/Al with progressively higher amount of SiC particles with the ZnAl joining 

material. This protocol guarantees a gradual variation of coefficient of thermal 

expansion and elastic modulus from the bulk aluminum alloy to the SiC/Al with the 

highest SiC content. 

Several graded structures of about 20 mm x 20 mm x 10 mm, were successfully made 

with brazing layers of SiC particle reinforced Al matrix composites with different SiC 

content on A380 aluminum alloy. The cross section is shown in Figure 5a and higher 

magnification of interfaces are shown in Figures 5 b – d. The joined areas are free of 

defects, continuous, without cracks and pores. The FGM structure shows continuity and 

all the brazed structures exhibit sound joined interfaces; 68% SiC/Al is the top layer, 

(Figure 5 d). With the purpose of testing its feasibility, an alumina layer was brazed as 

top layer to a 50%SiC/Al composite (Figure 5a): this solution with alumina as top layer 

will not be discussed here. A larger sample of about 40 mm x 40 mm x 10 mm was 

made (Figure 6) by joining SiC/Al composite layers on a A365 alloy.  Figure 6 c shows 

the cross section, with 60% SiC/Al as the top layer: the aim of this scaling up was to 

increase the size up to a prototype brake disc of about 100 mm diameter. 

Several attempts were made to increase the size of these samples: unfortunately, partial 

detachment of one or more layers made this process unsuitable, at least in our laboratory 

furnaces. 
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The main reason of the upscaling process failure can be due to larger residual stresses 

and/or inhomogeneous joined interface than with the smaller samples.   

Joining of dissimilar ceramic and metallic materials with differing CTEs via thermal 

processes such as brazing leads to significant thermal stresses. The stresses can increase 

with increasing joining temperature as the CTE mismatch between the ceramic and 

metal partners is increasing with temperature  [26]. Ceramics have a low fracture 

toughness and therefore can fail easily by combination of thermally induced tensile and 

shear stresses during cooling at the joint interface [26-28]. In addition the size of the 

ceramic and metal components have also been shown to have a significant impact on the 

magnitude of these stresses [29]. The residual stresses in components being much larger 

than those calculated in test samples [29].  

Difficulties in terms of upscaling can also arise by the difference in coefficient of ther-

mal expansion of the functional graded structure developed by brazing different MMCs 

to an Al alloy plate. 

The CTE of the Al alloy is 22 x10-6 K-1 and then lower where the SiC content is in-

creased in the MMC (14.5 x10-6 K-1 for Al-30%SiC, 11.5 x10-6 K-1 for Al-40%SiC, 9.5 

x10-6 K-1 for Al-50%SiC, 8.4  x10-6 K-1 for Al-60%SiC), accordingly to values reported 

in Table 1.  

The coefficient of thermal expansion gradually changes, consequently to the variation in 

SiC content in the MMC. The gradation reduces the local stress concentration, thermal 

and residual stresses, which are commonly experienced in traditional composites.  

In anycase, the developed component is obtained by brazing and an additional disconti-

nuity in terms of CTE at the interfaces between each MMCs and the MMC close to Al 

alloy plate (30%SiC/Al) occurs.  
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Some cracks or voids due to incomplete brazing process or local lack of joining material 

can lead to detachment of the structure; moreover, controlling the planarity of larger 

surfaces can be a critical issue in manufacturing of larger joined samples and can lead to 

unsound joined interfaces.    

An alternative approach was then developed, based on shrink fitting and brazing of one 

layer only of SiC/Al composite in a A365 frame. The ZnAl joining material (ribbons) 

were used as redundancy joining materials, since the A365 firmly framed the SiC/Al by 

shrink fitting. This approach was successfully used with all SiC/Al composites, Figure 7 

shows a sketch of the process (Figure 7 a) and the samples with 40%  and 70% SiC/Al 

composites framed by the Al-alloy (Figure 7 b, c) . The same shrink fitting and brazing 

method was used to prepare a downsized disc prototype (100 mm diameter) with the 

whole A356 surface covered by a 68%SiC/Al composite ring (Figure 8).  

The shrinkage of the sample showed in Figure 7 and the resulting clamping stresses 

need to be recognized as critical feasibility issues. In principle,  it can be supposed that 

geometry shown in Figure 7 leads to higher stresses than in case of the downsized disc 

prototype (round shape of the disk , without sharp edges, Figure 8), manufactured using 

the same shrink fitting and brazing method , but further investigations are needed to 

study this issue.  

Even better results are envisaged when the geometry is adopted after a suitable 

modelling: work is in progress on this point. 

Tribological tests (pin-on-disc sketched in Figure 1) were used as an exploratory test on 

candidate materials for the top layer alone and for the 40 mm x 40 mm x 10 mm framed, 

according to specification given in the Experimental section. Cast iron, Al2O3 and bulk 
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SiC were also tested as a reference against standard production pads material for cast 

iron discs (NP) and special pad material for aluminum based discs (SP). 

The maximum applicable temperature of the proposed systems is about 400-450°C. 

According to values reported in Table 1 and to the complex structures of  proposed 

braking systems (brazed FGM and shrink fitted MMC brazed onto an Al alloy plate) the 

temperature distribution of the brake disc at different stages of braking operation is not 

predictable at this stage of the investigation.  

In any case, the maximum recorded temperature during tribological tests is 300°C; the 

tests have been stopped after reaching this temperature in order to avoid overheating of 

the testing equipment. Regardless, no thermally damaged areas have been detected in 

the sample after testing. 

Tribological tests results are reported in Figure 9.  In the case of the pad material for Al 

based discs, the coefficient of friction value for the 68 SiC/Al framed samples falls in 

the appropriate range for braking application (typical values are from 0.35 up to 0.5), 

whereas in case of pad material for cast iron disc the coefficient of friction (CoF) results 

to be above the acceptance limit, when using the SP pad. This behavior is typical since 

this pad is not designed for cast iron but for aluminum discs. This outcome enforces the 

consideration that in a tribological system when one of the mating materials changes, 

the counterpart material also must be accordingly adapted for achieving the same 

performance. 

68%SiC/Al composite moreover shows an excellent heat dissipation behavior, since the 

temperature increment was very small, comparable to that of allumina. 
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The maximum reached temperature during the test is  higher for  alumina than for  

MMC samples, if SP pad is used, accordingly to thermal conductivity of both materials 

(15 to 30 W/mK for alumina, 210 W/mK  for Al-SiC68%)  

Moreover,  alumina and Al-SiC68%  show comparable specific heat capacity values.  

As a consequence, the thermal behaviour of the proposed MMC shown in Figure 9 is  

similar to that of alumina.  

 Considering the effect of the pad material, wear results were satisfactory specially for 

the SP pad solution:. In fact, the pad wear values against 68%SiC/Al are comparable 

with those obtained in case of pure ceramic disc materials and significantly lower in 

comparison with cast iron disc counterpart. 

In Figure 10 the experimental data obtained by tribological tests on SiC/Al framed 

samples (40 SiC/Al framed samples, 68 SiC/Al framed samples and 70 SiC/Al  framed 

samples)  are shown;  three SiC percentages from different suppliers were considered 

according to data reported in Table 1. Based on previous results the customized pad 

material for Al discs (SP) was used as the counterpart. 

The maximum temperature measured on the surface varied accordingly to thermal 

conductivity of the composite materials (see Table 1) and values are aligned for the two 

suppliers. The higher the thermal conductivity, the lower is the surface temperature, due 

to the faster heat dissipation effect.  Coefficient of friction values are in the expected 

range for all the three framed samples . The smallest pin weight loss was obtained for 

40SiC/Al samples. Similar values were obtained for 40 SiC/Al  and 70 SiC/Al  framed 

samples, even if characterized by different SiC content, while wear of the pad material 

is higher in case of 68 SiC/Al: these friction and wear results can be attributed to a 

different surface characteristic roughness of the material plates provided by different 
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suppliers rather than to the difference in reinforcement content. Materials supplied by 

the same company show the same surface finish due to the proprietary manufacturing 

process; this leads to the same behavior in terms of pad wear, independently from the 

SiC content of the composites. 

Accordingly, since the thermal exchange is related to the SiC content in the composites 

and does not show significant differences for the three composite materials and the wear 

is low (even if it depends on the surface roughness) for all the tested samples, it was 

decided to select for the upscaling  the 68% SiC particle reinforced Al matrix 

composites in combination with lining material for Al disc. This choice was also 

justified by the availability of this last material in size and dimension suitable for larger 

component manufacturing. 

The conditions and the parameters under which the tests were conducted on the 68 

SiC/Al downsized disc are reported in Figure 11; the basic idea was to use developed 

test procedures based on automotive dyno testing protocols. The full scale system 

values of applied loads and rotational sliding velocities were downscaled to be adapted 

to the reduced disc dimension.  

Three test procedures were developed to evaluate 68 SiC/Al downsized disc 

performance in comparison with downsized cast iron normal production disc: 

• Braking at constant load: duration max 300s at following loads: 100N, 210N, 

300N, 500N, 700N when running at 2000rpm; in the case of 500N and 700N a shorter 

drag time was applied (about 50s) to avoid system overheating; these series of tests 

were performed with different material couples: 

 downsized cast iron disc vs NP lining material (reference) 

 downsized cast iron disc vs SP lining material 
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 68 SiC/Al downsized disc vs SP lining material 

• Braking in Wet Conditions Simulation: 1800s @ 300N and 2000rpm, including 

10 water spray events (10s each) to simulate braking in wet conditions; 

• Repetitive Braking Drags Series: for a total length of 600s @ 4 load/speed com-

binations (2000-4000rpm, 200-300N) to simulate a sequence of alternate abrupt stops 

and slowing down braking conditions. 

The results of these tests have been summarized in Figure 12, 13, 14. 

Analyzing the results of the three procedures the following conclusions can be made: 

 Test procedure 1 (Figure 12): 

In case of downsized cast iron disc /NP pad in tests up to 300N the temperature increase 

was smooth until reaching a stable value and CoF was in the appropriate interval. For 

the case of downsized cast iron disc /SP pad too high CoF values and higher tempera-

tures were measured even at low loads. Finally for 68 SiC/Al downsized disc /SP pad 

test, the tribocouple worked properly: appropriate values of CoF and temperatures re-

sulted within a reasonable interval. 

 Test procedure 2 (Figure 13): 

Downsized cast iron disc /NP pad coefficient of friction shows a uniform value of 

around 0.5  along the test; temperature rises in the first 300s up to about 180°C, and  

maintains a uniform value. 68 SiC/Al downsized disc /SP pad couple shows a lower 

value of coefficient of friction, still in the acceptable interval, slightly decreasing over 

time, whereas temperature shows a sharp increase in the first 200s up to about 260°C, 

and then continuously decreases demonstrating the ability of the 68 SiC/Al downsized 

disc to reach a good equilibrium in thermal exchange over time. 
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 Test procedure 3 (Figure 14): 

Each of the two downsized discs was tested against the most appropriate pad lining ma-

terial; for both of them, and the CoF was in the proper range. The highest variability of 

temperature was measured for 68 SiC/Al downsized disc with significantly low values 

for min load/min velocity combination that demonstrated a higher sensitivity of the disc 

to abrupt variation of loading conditions. 

 

Conclusions 

SiC particle reinforced Al-based composites (SiC/Al) were used as a wear resistant pro-

tection layer for aluminum alloy car brake discs. Two approaches to join SiC/Al to alu-

minum alloys, brazing and shrink fitting, were investigated. SiC/Al composites were 

proven to have good tribological and thermal properties for this application. 

The disc manufactured by using SiC/Al composites showed very promising results: the 

68 SiC/Al downsized disc was able to bear the applied loads, the CoF was in the correct 

range and the heat dissipation behaviour was satisfactory. 

By summarizing the experimental activity carried out on all samples (wear resistant top 

layer coated FGM, framed samples and downsized discs) it can be concluded that the 

coefficient of friction, which is the most important property for friction resistant materi-

als and qualifies the braking safety of vehicles, was measured in the typical CoF ranges, 

for all samples. In particular, for composite materials, it is known that temperature is the 

most influential parameter on the CoF, due to the interfacial thermomechanical behavior 

which is affected by friction heating during braking and associated with the temperature 

rise: all the tested samples showed a certain increase in temperature which was compa-

rable or even lower than that measured on more traditional friction materials, i.e. cast 
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iron. The overall experimental screening activity conducted by pin on disc on all sam-

ples and by using counterpart “pins” really used in the production of brake pad lining 

materials, gave very promising results for a future application of brakes of this kind, 

specifically when an important weight reduction is needed. 

 

Acknowledgements 

The research was done in the scope of JOLIE ERA-NET project (FP6, MA-

TERA/HPE-2227), financed by MIUR (Ministero dell’Istruzione, dell’Università e della 

Ricerca) Italy under the contract “Decreto n. 698/ric17/10/2012”, by the CDTI Spanish 

(Contract IDI-20120133) and SPRI Basque regional research Agencies and the Swiss 

Commission of Technology and Innovation (CTI) under contract no. 12128.1 PFIWIW.  

Authors are very thankful to Dr. Stefano Rizzo and Dr. Manfred Boretius for their col-

laboration and the helpful discussion. 

 

 

 

 

References 

 

[1] K. K. Sankaran, R.S. Mishra, Metallurgy and Design of Alloys with Hierarchical 

Micro-structures, Elsevier, The Netherlands,  2017, p. iii, ISBN 9780128120682. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Clic
k t

o b
uy N

OW
!PD

F-XChange Viewer

w
w

w.docu-track.c
om Clic

k t
o b

uy N
OW

!PD

F-XChange Viewer

w
w

w.docu-track.c

om

http://www.pdfxviewer.com/
http://www.pdfxviewer.com/


19 

 

[2] I.N Fridlyander, V.G Sister, O.E.  Grushko , V.V. Berstenev, L.M. Sheveleva , L.A. 

Ivanova, Aluminum Alloys: Promising Materials in the Automotive Industry. Met. Sci. 

Heat Treat. 44 (2002): 365–370. https://doi.org/10.1023/A:1021901715578 

[3] E.G., Cueva, A. Sinatora, W. Guesser. A.  Tschiptschin , Wear resistance of cast 

irons used in brake disc rotors, Wear 255, 7, (2003): 1256-1260. 

https//doi:10.1016/S0043-1648(03)00146-7. 

[4] Patent DE102011121292A1 - Producing brake discs made of aluminum-matrix 

composite alloy, comprises heating spray-formed base-aluminum-matrix composite al-

loy having specified amount of silicon carbide particle in matrix-forming aluminum al-

loy in fusion mold (2011). 

[5] L. Wanyang, Y. Xuefeng , W. Shouren, X. Jupeng, H. Qimin, Comprehensive Anal-

ysis on the Performance and Material of Automobile Brake Discs, Metals 10, 3 (2020): 

377. https://doi.org/10.3390/met10030377 

[6] X. Yongdong,  Z. Yani,  C. Laifei ,  Z. Litong , L. Jianjun, Z. Junzhan, Prepara-

tion and friction behavior of carbon fiber reinforced silicon carbide matrix composites, 

Ceram. Int. 33, 3 (2007): 439-445. https://doi.org/ 10.1016/j.ceramint.2005.10.008. 

[7]  F. Shangwu, Z. Litong, C. Laifei, Y. Shangjie, Microstructure and frictional 

properties of C/SiC brake materials with sandwich structure, Ceram. Int. 37 (2011) : 

2829-2835. https://doi.org/ 10.1016/j.ceramint.2018.12.145 

[8] D. Alei, L. Tiehu, W. Jianqing , Z. Tingkai,  X. Yu ,  C. Xudong , L. Hao, T. Chen, 

X. Chuanyin, Preparation and mechanical properties of CCF reinforced RBSC braking 

composite from pre-liquid dispersion, Ceram. Int. 45, 5 (2019): 6528-6534. 

https://doi.org/ 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Clic
k t

o b
uy N

OW
!PD

F-XChange Viewer

w
w

w.docu-track.c
om Clic

k t
o b

uy N
OW

!PD

F-XChange Viewer

w
w

w.docu-track.c

om

https://doi.org/10.1023/A:1021901715578
https://doi.org/10.3390/met10030377
http://www.pdfxviewer.com/
http://www.pdfxviewer.com/


20 

 

[9]  Z. Li, P. Xiao, B.G. Zhang, Y. Li, Y.H. Lu, Preparation and tribological proper-

ties of C/C–SiC brake composites modified by in situ grown carbon nanofibers, Ceram.. 

Int. 41, 9 Part B (2015): 11733-11740. https://doi.org/ 10.1016/j.ceramint.2015.05.139. 

[10] V. Casalegno, F. Smeacetto, M. Salvo, M. Sangermano, F. Baino C. Noe, M. 

Orlandi, R. Piavani, R. Bonfanti, M.  Ferraris, Study on the joining of ceramic matrix 

composites to an Al alloy for advanced brake systems, Ceram. Int.,  47, 9 Part B (2021) 

https://doi.org/10.1016/j.ceramint.2021.05.062 

[11]   A.Edrisy , T. Perry , Y.T. Cheng, A.T. Alpas, Wear of thermal spray deposited 

low carbon steel coatings on aluminium alloys, Wear, 251, 1-12 (2001): 1023-1033. 

https://doi.org/10.1016/S0043-1648(01)00718-9 

[12] P.A.  Dearnley, J. Gummersbach, H. Weiss, A.A.  Ogwu , T.J.  Davies , The slid-

ing wear resistance and frictional characteristics of surface modified aluminium alloys 

under extreme pressure, Wear, 225-229 (1999): 127-134. 

https://doi.org/10.1016/S0043-1648(98)00355-X 

 [13] M. Sieber, T. Mehner, D.  Dietrich, G.  Alisch, D. Nickel,  D. Meyer , I. Scharf, T. 

Lampke, Wear-resistant coatings on aluminium produced by plasma anodizing – A cor-

relation of wear properties, microstructure, phase composition and distribution. Surf. 

Coat. Tech. (2014) 96-102. https://doi:10.1016/j.surfcoat.2013.12.021 

[14] H. Wu , J.  Wang, B. Long, Z. Jin, W. Naidan, F. Yu, D. Bi. Ultra-hard ceramic 

coating fabricated through microarc oxidation on aluminium alloy. Appl. Surf.Sci. 252 

(2005):  1545-1552. https://doi.org/10.1016/j.apsusc.2005.02.124 

[15] G. Sundararajan, L. R. Krishna, Mechanisms underlying the formation of thick alu-

mina coatings through the MAO coating technology, Surf. Coat. Tech. 167 (2003): 269-

277. https://doi.org/10.1016/S0257-8972(02)00918-0 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Clic
k t

o b
uy N

OW
!PD

F-XChange Viewer

w
w

w.docu-track.c
om Clic

k t
o b

uy N
OW

!PD

F-XChange Viewer

w
w

w.docu-track.c

om

http://www.pdfxviewer.com/
http://www.pdfxviewer.com/


21 

 

[16] T. Ram Prabhu., Effects of ageing time on the mechanical and conductivity prop-

erties for various round bar diameters of AA 2219 Al alloy, Engineering Science and 

Technology, an International Journal.  20, 1 (2017): 133-142. 

https://doi.org/10.1016/j.jestch.2016.06.003. 

[17] http://metalurgija.org.rs/mjom/vol8/No2/Kevorkijan-8-2.pdf 

[18] R. Devanathan, S. Boopathi, R. Giri, E. Shankar, A. Sivanand . Development of 

AA 5083 based hybrid surface composites via friction stir processing , Mater. Today 

Proc. 22 (2020): 3136–3144. https://doi.org/10.1016/j.matpr.2020.07.445. 

[19] K. L. Zheng , X. S.  Wei , B. Yan , P.F. Yan, Ceramic waste SiC particle-rein-

forced Al matrix composite brake materials with a high friction coefficient.  Wear, 458-

459 (2020):  203424. https://doi.org/10.1016/j.wear.2020.203424 

[20] https://ceramics.org/ceramic-tech-today/new-ceramic-aluminum-composite-brake-

rotor-developed-for-mass-market 

[21] L. Gorjan , G.  Blugan, M.  Boretius, S.  De La Pierre, M.  Ferraris, V.  Casalegno, 

S.  Rizzo , T.  Graule , J.  Kuebler. Fracture behavior of soldered Al2O3 ceramic to 

A356 aluminum alloy and resistance of the joint to low temperature exposure.  Mater. 

Design 88 (2015): 889–896 https://doi.org/10.1016/j.matdes.2015.09.067 

[22] L. Gorjan , M. Boretius, G.  Blugan, F. Gili, D. Mangherini , X.  Lizarralde, M.  

Ferraris, T. Graule, A. Igartua , G. Mendoza , J.  Kuebler. Ceramic protection plates 

brazed to aluminum brake discs, Cer. Int.  42(2016): 15739–15746. 

https://doi.org/10.1016/j.ceramint.2016.07.035 

[23] T. Opel, N. Langhof, W. Krenkel. Development and tribological studies of a novel 

metal-ceramic hybrid brake disc. Int J Appl Ceram Technol. (2021) : 1–13. 

https://doi.org/10.1111/ijac.13826 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Clic
k t

o b
uy N

OW
!PD

F-XChange Viewer

w
w

w.docu-track.c
om Clic

k t
o b

uy N
OW

!PD

F-XChange Viewer

w
w

w.docu-track.c

om

https://doi.org/10.1016/j.ceramint.2016.07.035
http://www.pdfxviewer.com/
http://www.pdfxviewer.com/


22 

 

[24] A. Strojny‑ Nędza. K. Pietrzak , F.  Gili,  M. Chmielewski.  FGM based on cop-

per–alumina composites for brake disc applications. Arch. Civ. Mech. Eng. 20 (2020): 

83.  https://doi.org/10.1007/s43452-020-00079-1 

 [25] V. Babu, S. Marichamy, P. Ganesan , D. Madan, M.  Uthayakumar, T.D.P Rajan. 

Processing of functionally graded aluminum composite brake disc and machining pa-

rameters optimization, Mater. Today Proc. 21, 1 (2020): 563-567 

https://doi.org/10.1016/j.matpr.2019.06.707 

[26] J.X. Zhang, R. Chandel, Y.Z Chen, H.P. Seow . Effect of residual stress on the 

strength of an alumina–steel joint by partial transient liquid phase (PTLP) brazing. J. 

Mat . Proc. Eng. Tech. 122, 2 (2002): 220-225.  

https:// 10.1016/S0924-0136(02)00010-9 

 [27] G. Blugan, J. Janczak-Rusch, J. Kuebler. Properties and fractography of 

Si3N4/TiN ceramic joined to steel with active single layer and double layer braze filler 

alloys. Acta Mater., 52, 15 (2004): 4579-4588. 

[28] G.Blugan, J. Kuebler, V. Bissig, J. Janczak-Rusch. Brazing of silicon nitride ce-

ramic composite to steel using SiC-particle-reinforced active brazing alloy. Cer. Int. 33, 

(2007): 1033-1039. https://doi.org/10.1016/j.ceramint.2006.03.010 

[29] A. Levy. Thermal residual stresses in ceramic-to-metal brazed joints. J. Am. Cer. 

Soc. 74, 9 (1991): 2141-2147. https://doi.org/10.1111/j.1151-2916.1991.tb08273.x 

  

Captions 

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Clic
k t

o b
uy N

OW
!PD

F-XChange Viewer

w
w

w.docu-track.c
om Clic

k t
o b

uy N
OW

!PD

F-XChange Viewer

w
w

w.docu-track.c

om

https://doi.org/10.1016/j.matpr.2019.06.707
http://www.pdfxviewer.com/
http://www.pdfxviewer.com/


23 

 

Table 1 Selected materials used in the experimental activity and their relevant proper-

ties  

 

Table 2 Parameters for tribotesting on different materials 

 

Figure 1 a) Sketch of a pin on disc tribological test b) photograph of the tribological 

test apparatus at CRF (Italy) c) fixture for framed joined samples (Horizontal pin-on 

disc) 

 

Figure 2 Sketch of the device for tribological testing of downsized brake discs 

 

Figure 3. Sketch of an aluminum alloy braze disc protected by wear-resistant SiC parti-

cle reinforced Al matrix composite. 

 

Figure 4 Sketch of functionally graded material for braking system: bulk Al alloy 

brazed to different SiC/Al composites with increasingly higher amount of ceramic parti-

cles 

 

Figure 5  SEM micrographs of polished cross-sections of SiC particle reinforced Al 

matrix composites with different content of ceramic particles (a); higher magnification 

images of : the interfaces between the Al alloy and 30%SiC /Al MMC (b); interfaces 

between 30%SiC /Al MMC and 40%SiC /Al MMC (c); interfaces between 50%SiC /Al 

MMC and 68%SiC /Al MMC (top layer) (d).  
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Figure 6  FGM sample manufactured by joining SiC/Al composite layers on A356 alloy 

(size 40 x40 x 40 mm3) (a); sketch of the FGM structure (b) ; Low magnification SEM 

micrograph of joined interfaces (c)    

 

Figure 7  Sketch of the shrink fitting and brazing assembly of SiC/Al composite on 

A356 frame (a) ;  manufactured samples  with 40% SiC/Al composite (b) and with 

70%SiC/Al composites (c)  framed by Al alloy 

 

Figure 8  Downsized disc (100 mm diameter) manufactured by brazing the Al alloy to 

68%SiC/Al composite ring 

 

Figure 9 Friction coefficient and temperature for tribological tests made on wear re-

sistant top layer materials ; C.I.= cast iron ( data supplied for comparison purpose)  

NP= normal production friction material pad, hard pad 

SP= special friction material for Al discs, soft pad 

 

Figure 10 Friction coefficient and temperature for tribological tests made on framed 

samples 

Figure 11 Tribological testing parameters for 68 SiC/Al downsized disc characteriza-

tion  
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Figure 12 Results of the tribological testing with SP pad against 68 SiC/Al downsized 

disc (a); results of the tribological testing with NP (b) and SP (c) pad against downsized 

cast iron disc are given for comparison purpose 

 

Figure 13 CoF and temperature trend of 68 SiC/Al downsized disc in wet conditions 

(load and speed are constant) ;  cast iron data are given for comparison purpose 

 

Figure 14 CoF and temperature trend of 68 SiC/Al downsized disc in repetitive braking 

drags series (repeated stops results); cast iron data are given for comparison purpose 
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