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Abstract: The effects of zinc, steel, aluminum, and brass
materials that can be used instead of copper in brake friction
composites on braking performance were investigated in
this study. The specimens containing three different ratios of
metallic shavings were produced by the dry mixing method.
In terms of comparison, a total of 16 specimens were
examined by producing the specimen containing copper at
the same rates and the specimen containing nometallic chip.
The weight loss, specific wear rate, and friction coefficient of
the specimens were determined by the brake test results.
The hardness and density tests were carried out. Thermal
conductivity tests of the specimens were carried out to
determine the thermal characteristic of copper. Among the
metallic chips used, aluminum and steel wool were found to
be good alternatives to copper.
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1 Introduction

Vehicle brake pads are composites consisting of many
functional materials and are called brake friction compos-
ites in the literature. These components include binders
(phenolic resin, NBR, etc.), fibers (aramid, rockwool, carbon,
etc.), fillers (barite, calcium carbonate, vermiculite, etc.), and
frictional modifiers (cashew, graphite, copper, metal sul-
fides, etc.) [1]. The reason why there are many materials in
the content is to obtain the multifunctionality expected from
brake pads. These functions are lowwear rate, steady friction,
environmental friendliness, low noise, and good thermal
stability [2]. The materials in the brake friction composites
must be eco-friendly while providing the expected functions.

For example, while asbestos improves the tribological prop-
erties of brake pads, it is prohibited because it is toxic and
lung damaging. A similar situation has emerged for copper in
recent decades. Since copper has a high melting point, it
creates a film that increases thermal conductivity at the
friction interface and provides good heat transfer. Thus, the
friction coefficient of the brake pads becomes stable even at
high temperatures, and tribological improvement is achieved.
However, there is a risk for aquatic life of copper particles
separated from the brake pad during braking. For this
reason, a regulation was established in North America,
limiting the copper content in the brake pads to wt.5 % or
less by 2021 and to wt.0.5 % or less by 2025 [3]. The use of
copper in the brake friction composites will be reduced
and eventually prohibited in the next years [4]. Thus,
researchers focused on studies on the material or materials
that can be used instead of copper [5–23].

This study aims to investigate the effect of using four
different metallic chips instead of copper in the content of
brake friction composites and to investigate the thermal and
tribological characteristics of the composites. The metallic
chips used in the study were added to the content at three
different rates and compared with those containing the
same amount of copper chips.

2 Experimental

2.1 Formulation of brake friction composites

In this study, five different metallic material chips, including
steel, copper, zinc, brass, and aluminum were used in three
varying ratios. Brake friction composites containing eight in-
gredientswere formedbykeepingwt.55 %fixed (comprising a
binder, fibers, solid lubricant, abrasive, and friction dust) as a
parent composition. The balance is wt.45 % was adjusted by
varying the metallic material as wt.0%, wt.10 %, wt.15 %, and
wt.20% and compensatedwith barite (filler material). Sixteen
different versions of brake friction composite specimens in
the present work, as described in Table 1.

The parental basicmaterials used for themanufacturing
of brake friction composites includes phenolic resin as the
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binder (wt.20 %), rockwool and glass fiber as fibers (wt.15 %),
graphite, zircon, cashew as friction modifiers (wt.20 %).
Subgroups called solid lubricant, abrasive, and friction dust
belongs to the main group of friction modifiers. The formu-
lated brake friction composites compositions are listed in
Table 2. The five ingredients (metallic materials) subjected to
research were varied and the rest of the others were kept
constant. All ingredients were obtained from local raw ma-
terial suppliers.

2.2 Development of brake friction
composites

Conventional routes have been taken to make brake friction
composites including dry mixing, pre-forming, and hot
pressing. To ensure macroscopic homogeneity, mixing was
done by shaking for 10min in a chamber. Optimum

production parameters such asmixing chamber,mixing time,
and shaking shape were determined based on the authors’
previous studies [24–28]. Then, the mixture was placed in a
four-column hydraulic machine. The mold cavity was filled
with the mixture and pre-forming in a compression molding
machine under a pressure of 8MPa for 2min. After pre-
forming the hot-pressing was done at 150 °C for 10min at
13 MPa. Two intermittent breathings were provided to allow
the volatiles to be expelled during hot-pressing initiation.
Finally, the surface of the brake friction composites was
smoothed with sandpaper.

2.3 Characterization of brake friction
composites

The density of brake friction composites was measured ac-
cording to the Archimedes principle using a computerized
density measuring device with a 0.01 g cm−3 precision.

The hardness of brake friction composites was calcu-
lated using a Rockwell hardness machine the L scale
intender having 6.35 mm diameter. Gradual load of 600 N
was applied. The procedure was done at five points and the
average result was reported.

The thermal conductivity of brake friction composites
was measured using a C-Therm TCi thermal conductivity
analyzer. Each casewasmeasuredfive times, afterwhich the
results were averaged.

The brake friction composites employed in this study
were produced into a cylindrical shape with diameter of
2.54 mm to be used as specimens in the laboratory-scale
brake friction tester. Figure 1 shows a photograph and a

Table : Designation of brake friction composite specimens.

M Specimen without metallic material
S Specimen containing wt.% of steel
S Specimen containing wt.% of steel
S Specimen containing wt.% of steel
C Specimen containing wt.% of copper
C Specimen containing wt.% of copper
C Specimen containing wt.% of copper
Z Specimen containing wt.% of zinc
Z Specimen containing wt.% of zinc
Z Specimen containing wt.% of zinc
B Specimen containing wt.% of brass
B Specimen containing wt.% of brass
B Specimen containing wt.% of brass
A Specimen containing wt.% of aluminum
A Specimen containing wt.% of aluminum
A Specimen containing wt.% of aluminum

Table : Formulation of brake friction composite specimens (wt. %).

Classification Ingredient M S S S
C C C
Z Z Z
B B B
A A A

Binder Phenolic resin    

Fibers Rockwool    

Glass fibers
Friction modifiers Graphite    

Cashew
Zircon
Metallic materiala    

Filler material Barite    

aVarying ingredient.

Figure 1: Laboratory-scale brake friction tester.
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scheme of the laboratory-scale brake friction tester, the ge-
ometry of the disc made of gray cast iron, and the specimens
used in this study. The laboratory-scale brake friction tester
allows the recording of normal force, braking torque, rotor
speed, temperature of the disc, and friction coefficient
recorded every second. The technical specifications and
more details about the functions of the brake friction tester
are found in [24, 25].

Thewear of the brake friction compositeswasmeasured
throughmass loss, by subtracting themass of each specimen
before and after the braking tests. For this purpose, an

electronic balance with precision of ± 0.001 mg was used for
weighing the brake friction composites. Thus, the specific
wear rate of brake friction composites was determined by
Equation (1) [29]:

V = 1
2 · π · R

·
1
n
·
W 1 −W 2

fm · ρ
(1)

with V: specific wear rate (cm3 Nm−1), W1: mass of the spec-
imen before the (g), W2: mass of the specimen after the test
(g), R: distance between the center of the specimen and the
axis of rotation of the disc (m), n: total number of rotations of

Figure 2: Braking time versus the friction coefficient graph for brake friction composites.
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the disc during the braking test, fm: total average friction
force over the test period (average friction force over total
friction distance) (N ) and ρ: density of specimen (g cm−3).

Furthermore, the worn surface properties of the brake
friction composites were investigated using a ZEISS EVO
LS10 scanning electron microscope. All specimens were
coated with a thin layer of gold using a sputtering coater.

3 Results and discussion

3.1 Friction and wear properties of brake
friction composites

The variation in the friction coefficient recorded every sec-
ond with the braking time of the brake friction composites is
shown in Figure 2. Since the first 150 s of the braking time is a
run-in process for the disc and the specimen, the sudden
increase in the friction coefficient is normal. Tribological
performance was evaluated by considering the variation in
friction coefficient after 150 s. As the braking continues, the
temperature at the disc and pad interface increases, and
friction efficiency is affected. This phenomenon is known as
fade in the literature.

Tribological properties of the specimens including the
mean friction coefficient, specific wear rate, and wear
amount are given in Figure 3. Accordingly, the mean friction
coefficient of Specimen C20 containing 20 % copper by mass
is higher than the other specimen, and the specific wear rate
is also high. In terms of wear performance, the specific wear
rate of Specimen S10 containing 10 % steel wool by mass is
low. A low specific wear rate is among the desired properties
of brake friction composites, but the mean friction coeffi-
cient of Specimen S10 is not high enough. In terms of the
performance of brake friction composites, it is known that
the friction coefficient is more important when it is neces-
sary to compare the wear and friction coefficient. This the-
ory agrees with the literature [6, 7]. It was observed that the
mean friction coefficient of aluminum-containing brake
friction composites was close to copper-containing brake
friction composites. When the metallic chip ratios in the
content were examined, it was seen that the friction coeffi-
cient increased as the ratio of metallic chips, excluding
aluminum, in the content increased. This situation also
shows the importance of using metallic chips in brake fric-
tion composite contents. In addition, the high wear amount,
and the high specific wear rate of Specimen M0, which does
not contain metallic chips, is proof that metallic chips
improve wear. The positive effect of metallic chips on
tribological properties has been shown in studies [11, 14].

Figure 3: Tribological characteristics of brake friction composites.

Figure 4: Hardness of brake friction composites (HRL).

Figure 5: Density of brake friction composites (g cm−3).

Figure 6: Thermal conductivity of brake friction composites (WmK−1).
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Figure 7: Worn surface images of brake friction composites, a) M0, b) A10, c) A15, d) A20, e) B10, f) B15, g) B20, h) C10, i) C15, j) C20, k) S10, l) S15, m) S20,
n) Z10, o) Z15, p) Z20.
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The hardness test results of brake friction composites
are given in Figure 4. Accordingly, among the specimens
containing metallic chips, the highest hardness value
belongs to Specimen A15 containing 15 % aluminumbymass.
However, the metal chipless Specimen M0, which is not
included in the figure, has a higher hardness value. The high
hardness increased the fragility of the SpecimenM0 and thus
the amount of wear increased. When all specimens were
examined, no direct correlation was found between hard-
ness and copper. In addition, the metallic swarf ratio in the
content did not directly affect the hardness.

Archimedean densities of the specimens are shown in
Figure 5. It is expected that the density of the specimens
containing aluminum is lower compared to its values
because aluminum is a light material. The metallic swarf
ratio in the content did not directly affect the density. The
density of SpecimenM0withoutmetallic chips is the same as
Specimen C15 containing 15 % copper by mass. Density may
be related to the content of the material and the amount of
barite used as a space filler.

One of the important roles of copper in brake friction
composite content is to reduce the fade caused by the tem-
perature effect during braking and to improve the tribo-
logical properties by providing heat conduction. The thermal
conductivity results of the specimens are given in Figure 6.
For ease of comparison, the results of specimens containing
only 15 % metallic shavings and specimen without metallic
shavings were evaluated. Accordingly, the thermal conduc-
tivity of the aluminum-containing specimen is higher than
the others. Thus, it has been seen that the materials chosen
as alternatives to copper meet the expectations in terms of
thermal conductivity.

The worn surfaces of the specimens after the braking
test are shown in Figure 7. The surface properties of the
specimens give us information about friction performance.
For example, the friction plateaus formed on the surface
reduce the fade and increase the adhesion between the disc
and the lining. Thus, the friction coefficient increases.
Material losses caused by micro-cracks and abrasion on the
surface prepare the ground for the fade. When the images
are examined, micro-cracks and material losses are seen in
copper and zinc-containing specimens. Friction plateaus
were formed in the specimens containing aluminum and
steel wool.

4 Conclusions

This study aims to investigate the effect of metallic chips,
which can be used as an alternative to copper in brake
friction composites, on braking performance in many ways.

The test results of the specimens produced using zinc, steel,
aluminum, and brass instead of copper are summarized
below:
– The metallic chips used in the content have a positive

effect on wear.
– In terms of tribological properties, aluminum, and steel

are good alternatives to copper.
– The thermal conductivity of the specimen containing

aluminum is very good.
– The friction coefficients of all the produced specimens

are in the appropriate range.
– More friction plateaus were formed in specimens con-

taining aluminum.

Research ethics: Not applicable.
Author contributions: The authors have accepted
responsibility for the entire content of this manuscript
and approved its submission.
Competing interests: The authors state no conflict of
interest.
Research funding: This study was supported by the
Research Fund of Mersin University in Türkiye with
Project Number: 2019-2-TP2-3588.
Data availability: Not applicable.

References

[1] G. Sathyamoorthy, R. Vijay, and D. L. Singaravelu, “Tribological
characterizations of bio-polymer based ecofriendly copper-free brake
friction composites,” Ind. Lubr. Tribol., vol. 74, no. 5, pp. 588–596, 2022,
https://doi.org/10.1108/ILT-01-2022-0011.

[2] D. Chan and G. W. Stachowiak, “Review of automotive brake friction
materials,” Proc. Inst. Mech. Eng., Part D, vol. 218, no. 9, pp. 953–966,
2004, https://doi.org/10.1243/0954407041856773.

[3] M. Mitsumoto, Copper Free Brake Pads with Stable Friction Coefficient,
Tokyo, Japan, Hitachi Chemical, 2017, Technical Report No. 59.

[4] L. Y. Barros, J. C. Poletto, P. D. Neis, N. F. Ferreira, and C. H. Pereira,
“Influence of copper on automotive brake performance,” Wear,
vol. 426, no. 427, pp. 741–749, 2019, https://doi.org/10.1016/j.wear.
2019.01.055.

[5] J. Antonyraj, R. Vijay, G. Sathyamoorthy, and D. L. Singaravelu,
“Influence of graphite purity concentrations on the tribological
performance of non-asbestos organic copper-free brake pads,” Ind.
Lubr. Tribol., vol. 75, no. 1, pp. 9–16, 2022. https://doi.org/10.1108/ILT-
04-2022-0114.

[6] R. Vijay and D. L. Singaravelu, “Chapter 14 – tribological
characterization of different mesh-sized natural barite-based copper-
free brake friction composites,” in Tribology of Polymer Composites
Characterization, Properties, and Applications, Netherlands, Elsevier
Series on Tribology and Surface Engineering, 2021, pp. 279–300.

[7] G. Saikrishnan, L. S. Jayakumari, and R. Vijay, “Effect of graphitization
percentage on fade and recovery performance of copper-free non-
asbestos organic brake pads,” Ind. Lubr. Tribol., vol. 74, no. 7,
pp. 901–909, 2022, https://doi.org/10.1108/ILT-05-2022-0152.

B. Sugözü et al.: Tribological and thermal characteristics of copper 231

https://doi.org/10.1108/ILT-01-2022-0011
https://doi.org/10.1243/0954407041856773
https://doi.org/10.1016/j.wear.2019.01.055
https://doi.org/10.1016/j.wear.2019.01.055
https://doi.org/10.1108/ILT-04-2022-0114
https://doi.org/10.1108/ILT-04-2022-0114
https://doi.org/10.1108/ILT-05-2022-0152


[8] B. Hu, S. Luk, and P. Filip, “Friction andWear Responses with Metallic
Composite Materials to Replace Copper and Copper Alloys in Brake
Pad Formulations,” SAE Technical Paper, vol. 9, no. 18, pp. 7–20, 2016.
Available at: https://doi.org/10.4271/2016-01-1912.

[9] K. A. Ahmed, S. R. Mohideen, M. A. S. Balaji, and B. S. Rajan,
“Tribological performance of brass powder with different copper and
zinc content in the brake pad,” Tribol. Ind., vol. 42, no. 2, pp. 177–190,
2020, https://doi.org/10.24874/ti.783.10.19.03.

[10] G. S. Krishnan, S. Kumar, G. Suresh, N. Akash, V. S. Kumar, and
J. P. David, “Role of metal composite alloys in non-asbestos brake
friction materials-a solution for copper replacement,” Mater. Today:
Proc., vol. 45, pp. 926–929, 2021, https://doi.org/10.1016/j.matpr.2020.
02.943.

[11] R. Vijay, S. Manoharan, and S. Nagarajan, “Influence of premixed dual
metal sulfides on the tribological performance of copper-free brake
friction materials,” Ind. Lubr. Tribol., vol. 73, no. 2, pp. 266–274, 2020,
https://doi.org/10.1108/ILT-03-2020-0116.

[12] K. Zheng, C. Gao, F. He, and Y. Lin, “The role of rare earth lanthanum
oxide in polymeric matrix brake composites to replace copper,”
Polymers, vol. 10, no. 9, p. 1027, 2018, https://doi.org/10.3390/
polym10091027.

[13] G. Sathyamoorthy, R. Vijay, and D. L. Singaravelu, “Synergistic
performance of expanded graphite—mica amalgamation based non-
asbestos copper-free brake friction composites,” Surf. Topogr.: Metrol.
Prop., vol. 10, no. 1, pp. 15–19, 2022, https://doi.org/10.1088/2051-
672X/ac4320.

[14] R. Vijay, D. L. Singaravelu, and R. Jayaganthan, “Development and
characterization of stainless steel fiber-based copper-free brake liner
formulation: a positive solution for steel fiber replacement,” Friction,
vol. 8, pp. 396–420, 2020, https://doi.org/10.1007/s40544-019-0280-8.

[15] V. Matějka, M. Leonardi, P. Praus, G. Straffelini, and S. Gialanella, “The
role of graphitic carbon nitride in the formulation of copper-free
friction composites designed for automotive brake pads,” Metals,
vol. 12, no. 1, p. 123, 2022, https://doi.org/10.3390/met12010123.

[16] I. J. Antonyraj and D. L. Singaravelu, “Tribological characterization of
various solid lubricants based copper-free brake friction materials–a
comprehensive study,” Mater. Today: Proc., vol. 27, pp. 2650–2656,
2020, https://doi.org/10.1016/j.matpr.2019.11.088.

[17] V. Mahale and J. Bijwe, “Exploration of plasma treated stainless steel
swarf to reduce thewear of copper-free brake-pads,” Tribol. Int., vol. 144,
pp. 106–111, 2020, https://doi.org/10.1016/j.triboint.2019.106111.

[18] N. Kalel, B. Bhatt, A. Darpe, and J. Bijwe, “Copper-free brake-pads: a
break-through by selection of the right kind of stainless steel
particles,” Wear, vols. 464–465, 2021, Art. no. 203537, https://doi.org/
10.1016/j.wear.2020.203537.

[19] R. Tavangar, H. A. Moghadam, A. Khavandi, and S. Banaeifar,
“Comparison of dry sliding behavior and wear mechanism of low
metallic and copper-free brake pads,” Tribol. Int., vol. 151, 2020, Art. no.
106416, https://doi.org/10.1016/j.triboint.2020.106416.

[20] R. Vijay, D. L. Singaravelu, and P. Filip, “Influence of molybdenum
disulfide particle size on friction and wear characteristics of
non-asbestos-based copper-free brake friction composites,” Surf. Rev.
Lett., vol. 27, no. 1, 2020, Art. no. 1950085, https://doi.org/10.1142/
S0218625X19500859.

[21] N. Kalel, A. Darpe, and J. Bijwe, “Propensity to noise and vibration
emission of copper-free brake-pads,” Tribol. Int., vol. 153, 2021, Art. no.
106651, https://doi.org/10.1016/j.triboint.2020.106651.

[22] G. Saikrishnan, L. S. Jayakumari, R. Vijay, and D. L. Singaravelu,
“Influence of iron–aluminum alloy on the tribological performance of
non-asbestos brake friction materials–a solution for copper
replacement,” Ind. Lubr. Tribol., vol. 72, no. 1, pp. 66–78, 2020,
https://doi.org/10.1108/ILT-12-2018-0441.

[23] V. Mahale, J. Bijwe, and S. Sinha, “A step towards replacing copper in
brake-pads by using stainless steel swarf,”Wear, vol. 424, no. 425, pp.
133–142, 2019. https://doi.org/10.1016/j.wear.2019.02.019.

[24] İ. Sugözü, C. Öner, İ. Mutlu, and B. Sugözü, “Production of boric acid
added brake friction composite and the effect of heat treatment on
braking characterization,” Ind. Lubr. Tribol., vol. 74, no. 10,
pp. 1132–1139, 2022, https://doi.org/10.1108/ILT-03-2022-0091.

[25] B. Sugözü, B. Dağhan, A. Akdemir, and İ. Sugözü, “Effect of micro and
nano-sized ZrSiO4 particles on the friction and wear properties of
polymermatrix composites,”Mater. Test., vol. 64, no. 9, pp. 1290–1297,
2022, https://doi.org/10.1515/mt-2021-2223.

[26] İ. Sugozu, I. Mutlu, and K. B. Sugozu, “The effect of ulexite to the
tribological properties of brake lining materials,” Polym. Compos.,
vol. 39, no. 1, pp. 55–62, 2018, https://doi.org/10.1002/pc.23901.

[27] I. Sugozu, I. Mutlu, and K. B. Sugozu, “The effect of colemanite on the
friction performance of automotive brake frictionmaterials,” Ind. Lubr.
Tribol., vol. 68, no. 1, pp. 92–98, 2016, https://doi.org/10.1108/ILT-04-
2015-0044.

[28] I. Sugozu, “Investigation of using rice husk dust and ulexite in
automotive brake pads,”Mater. Test., vol. 57, no. 10, pp. 877–882, 2015,
https://doi.org/10.3139/120.110792.

[29] Road Vehicles - Brake Linings and Pads for Friction Type Brakes, TS 555,
September 2019 [Online]. Available at: https://intweb.tse.org.tr/
Standard/Standard/Standard.aspx?0 811180511151080511041191101040
55047105102120088111043 113104073089071066110
082050100054089089068.

The authors of this contribution
Banu Sugözü
Assoc. Prof. Banu Sugözü born in 1987, graduated from Afyon Kocatepe
University in 2008. She received her master’s degree on composite
materials from Afyon Kocatepe University in 2010. She completed her Ph.D.
thesis at Selçuk University in 2016. The author, who has many national and
international studies on wear and friction tests on composite materials, is
currently at Mersin University, Assoc. Dr. continues its work.

Ergül Erol
Ergül Erol born in 1988, graduated from Kırıkkale University in 2011. He
completed his master’s degree on “The effects of metallic chips used in
phenolic resin‐based brake pads on wear, friction and heat transfer
coefficient” in 2022 under the supervision of Assoc. Prof. Banu Sugözü.

İlker Sugözü
Assoc. Prof. İlker Sugözü, born in 1978, graduated from Fırat University,
Elazığ, Turkey in 2002 and received his both his MSc degree as well as his
Ph.D. degree from the same university in 2005 and 2009, respectively. He is
Assoc. Prof. in the Department of Mechanical Engineering, Faculty of
Engineering, Mersin University, Mersin, Türkiye. His research areas include
material sciences and wear tests.

232 B. Sugözü et al.: Tribological and thermal characteristics of copper

https://doi.org/10.4271/2016-01-1912
https://doi.org/10.24874/ti.783.10.19.03
https://doi.org/10.1016/j.matpr.2020.02.943
https://doi.org/10.1016/j.matpr.2020.02.943
https://doi.org/10.1108/ILT-03-2020-0116
https://doi.org/10.3390/polym10091027
https://doi.org/10.3390/polym10091027
https://doi.org/10.1088/2051-672X/ac4320
https://doi.org/10.1088/2051-672X/ac4320
https://doi.org/10.1007/s40544-019-0280-8
https://doi.org/10.3390/met12010123
https://doi.org/10.1016/j.matpr.2019.11.088
https://doi.org/10.1016/j.triboint.2019.106111
https://doi.org/10.1016/j.wear.2020.203537
https://doi.org/10.1016/j.wear.2020.203537
https://doi.org/10.1016/j.triboint.2020.106416
https://doi.org/10.1142/S0218625X19500859
https://doi.org/10.1142/S0218625X19500859
https://doi.org/10.1016/j.triboint.2020.106651
https://doi.org/10.1108/ILT-12-2018-0441
https://doi.org/10.1016/j.wear.2019.02.019
https://doi.org/10.1108/ILT-03-2022-0091
https://doi.org/10.1515/mt-2021-2223
https://doi.org/10.1002/pc.23901
https://doi.org/10.1108/ILT-04-2015-0044
https://doi.org/10.1108/ILT-04-2015-0044
https://doi.org/10.3139/120.110792
https://intweb.tse.org.tr/Standard/Standard/Standard.aspx?081118051115108051104119110104055047105102120088111043113104073089071066110082050100054089089068
https://intweb.tse.org.tr/Standard/Standard/Standard.aspx?081118051115108051104119110104055047105102120088111043113104073089071066110082050100054089089068
https://intweb.tse.org.tr/Standard/Standard/Standard.aspx?081118051115108051104119110104055047105102120088111043113104073089071066110082050100054089089068
https://intweb.tse.org.tr/Standard/Standard/Standard.aspx?081118051115108051104119110104055047105102120088111043113104073089071066110082050100054089089068

	Tribological and thermal characteristics of copper-free brake friction composites
	1 Introduction
	2 Experimental
	2.1 Formulation of brake friction composites
	2.2 Development of brake friction composites
	2.3 Characterization of brake friction composites

	3 Results and discussion
	3.1 Friction and wear properties of brake friction composites

	4 Conclusions
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


