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Abstract

Along with the developing technology, expectations for improved automobile brake
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pads are also rising. Research on higher performance brake pads is continuing at a rapid

pace. It is also recognized that in this field, widespread efforts are being made towards
the production of brake pads which are economical, environmentally friendly and do
not pose risks to human health. In recent years, non-industrial waste products have also
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been used as additives in brake pads, thus contributing to local economy. Performance
tests have to be carried out so that the brake pads produced with the new compositions
can be used. For this reason, the performance tests of the brake pads are important. This

study brings a new overview via an investigation of the methods applied in determining

their performance characteristics.
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1. Introduction

In every vehicle, the brake pads play an important role in the
braking system [1, 2]. The first brakes consisted of a rope wound
around the back axle of a horse carriage, or a piece of wood
pressed against the rim of the wheel. Modern brake pad materi-
als share many similarities with these primitive brakes [3].
Along with the development of automotive technology, many
studies have been carried out in the search for cheap, high-per-
formance, environmentally friendly and safe brake pads. The
brake pad lining generates friction against the rotating disc to
perform the task of braking [4]. During the process of breaking
the moving vehicle, this friction converts the kinetic energy to
thermal energy. Thus, the material used for brake friction is a
crucial element in the process [5]. It is important to examine the
testing procedures applied to the brake pads produced using dif-
ferent additive materials [6]. If test results of newly created com-
positions are within acceptable standards, the new brake pads
can be commercialized. These tests include those for hardness,
density, shear, compressibility, water-oil absorption and fric-
tion-wear [7]. Friction-wear tests can be performed using many

differently designed devices (pin-on-disc testers, Krauss ma-
chines, scratch testing instruments, brake inertia dynamometers,
etc.) [8-12]. WanNik et al. [13] investigated the friction perfor-
mance of 0.6%, 1%, 1.5% and 2% boron-augmented brake pads.
The researchers prepared samples of brake pads for measure-
ment of friction coefficients, hardness, thickness loss, surface
roughness, porosity and specific gravity. They used a com-
mercial ZMF brake pad for comparison. Results of the boot-
strap analyses showed a great difference between the boron-sup-
plemented and the commercial brake pads in the coefficient of
friction, hardness and brake fines. Qi et al. [14] examined the
friction and wear behaviors of environmentally friendly brake
pads made by using walnut shell powder (WSP). The experi-
mental results indicated that the number of WSP-added friction
coats contributed positively to the stability and wear resistance.
Singaravelu et al. [15] They investigated the effects of the pow-
der obtained by chemical and thermal processing of crab shell
powder on the performance of brake pads. Thermal stability was
found using thermogravimetric analysis of brake pads. They
performed performance tests of brake pads with the Chase tester.
Test results show that thermally treated crab shell powder-based
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brake pads show better thermal stability thanks to a 37% coal
residue. Chemical treated crab shell powder-based brake pads
had better fade and recovery properties with a 1.71% fading rate
and 99.86% recovery rate due to better heat dissipation and
coarse texture. Manoharan et al. [16] investigated the effect of
red mud as an abrasive on brake pads and iron sulfide as a lub-
ricant. They used a Chase-type tester for the tribological perfor-
mance of two different brake pads. As a result of the tests, they
found that the synergistic effect of red sludge and iron sulfur
particles in friction composites showed stable fading and recov-
ery behaviors. It can be concluded that iron sulfide-based fric-
tion composites show less wear rate. In their experimental study,
Nagesh et al. [17] compared brake pad constituents used at dif-
ferent ratios with a previously made composition in terms of
their effects on the physical and tribological properties of the
starting material. The obtained results displayed similar val-
ues. Bahari et al. investigated the hardness and resistance of au-
tomobile brake pads with 10% and 30% additions of rice husk
dust (RHD). They reported that the RHD, especially at 30%,

had a good effect on the hardness properties of the new pads [18].

Polymer composites have a wide range of applications as brake
friction materials. Fan et al. examined the wear resistance of
brake pads made using C/SiC. In this study, the main wear ob-
served included grain, oxidation, fatigue and adhesion wear.
They believed that the hard SiC grains were the cause of the
grain wear [19]. Kukutschova et al. investigated the wear per-
formance and wear abrasion of semi-metallic brake pads. Ran-
domly selected pads milled for 10 min were compared to pads
after braking and tested on a dynamometer. As a result, they ob-
served that the wear particles after braking were in a different
form than those of the milled pads [20]. Kim et al. [11] used four
abrasive materials (zircon, magnesia, quartz, and SiC) in their
study of brake pad vibration and wear behavior. The results
ranked the coefficient of friction in the order of SiC > zircon >
quartz > magnesia. Stadler et al. [21] evaluated the friction be-
havior of C¥C-SiC brake discs with sintered brake pads. The
wear was mostly in the graphite and SiC bearing discs, causing
the graphite material to soften. The chemical composition and
structure and of the friction surface differed from that of the
mass. There are many studies on brake linings. Many of these
have focused on reducing brake costs, improving performance,
or using alternative dusts by obtaining new composites [22].
Many tests are applied to brake pads produced with new com-
positions [23]. In the studies conducted, performance tests were
applied in many different ways. It may be useful to compare the
test methods that have been applied to brake pads.

An examination of these studies showed that brake pads of
many different components have been produced and tested. The
reasons for producing brake pads from different components can
include efforts to reduce the product cost, to increase the braking
efficiency, to avoid hazards to the environment and health, and
to contribute to the local economy by increasing the industrial
value of local materials. This study aimed to survey and evaluate
the methods used to test brake pads.

2. Brake Pad Testing Methods

2.1 Hardness test

High hardness is attributable to the increase in bonding. Softer
material results in a larger contact area, and thus, a higher coef-
ficient of friction is achieved [21]. Increasing the hardness of the
brake pad causes an increase in the wear resistance [24]. There-
fore, in order to determine their hardness, it is vital that tests be
performed on brake pads formulated with different composi-
tions. Many different systems (Brinell, Rockwell-R, Rockwell-
S, Rockwell-B, Shore D, Vikers and Mohs hardness scales) are
used to measure the hardness of brake pads. Hardness tests are
done according to ASTM D256 and ASTM D785 standards. The
hardness values of brake pads are influenced by their composi-
tions and production methods [25] The sieve grade is decreased
according to the hardness values of the brake pads [26], whereas
the hardness of the brake pads increases with the increasing
weight percentage of the resin [27]. Moreover, the the hardness
of the metallic matrix can be increased by addition of SiC [21].
Manoharan et al. [28] were chosen as the friction modifier in the
brake pad, three forms of graphite particles: thermally pure vein
graphite (VG), thermally pure flake graphite (FG) and refined
expandable graphite (EG). Since the interlayer distances meas-
ured from X-ray diffraction plots are high, the stiffness for EGC
is low compared to VGC and FGC due to poor interlayer bond-
ing of EG particles.

2.2 Density test

In addition to the frictional properties, product density is an
important parameter in brake pads [29]. Depending on the com-
position used, the dimensions of the dust, the method of molding,
and the heat treatment applied, the density of brake pads may
vary [30]. The properties and proportions of the materials used
as additives affect the density of brake pads. Manoharan et al.
[28] they used thermally pure core graphite (VG), thermally
pure flake graphite (FG) and refined expandable graphite (EG)
in the brake pad. They found that the lining using pure vein
graphite (VG) exhibited higher density due to the presence of
impurities in the particles. The VG particle is very small in size
and very close to each other due to gravitational forces. This
finer particle size fills the composite area of the brake pad, in-
creasing the packaging capability, they noted, resulting in higher
density. However, FG has lower density which may be due to
better compacted porosity behavior. The density difference of
graphite particles is mainly due to the geological phenomenon
acting on carbon deposits in the metamorphic or magmatic state,
which can have biologically different origins. ldeally, they con-
cluded that higher density contributes to higher stiffness. Den-
sity tests were conducted on brake pad samples using Archime-
des’ principle according to ASTM D792 [24, 27, 31]. Densities
were measured and theoretically calculated by immersing the
pad (cut in such a way as to fit the density Kit) in pure water.
Equation (1) expresses the formula for density calculation.
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. 3N Dry Weight (g)
Denszty (g/cm ) - Dry weight (g)—Wet weight (g) (1)

2.3 Porosity, water and oil absorption tests

The friction should be maintained at a moderate level of sta-
bility covering a wide variety of environments, temperatures,
loads, and speeds [4]. The amount of water absorbed can be
measured by submerging brake pads in oil and water. The water
and oil absorption test are conducted according to SEA 20/50
and ASTM D570-98 standards for the purpose of evaluating the
porosity of the brake pads depending on the amount of oil and
water they absorb. Porosity enables absorption of heat and en-
ergy, which for the brake pad system is a very important
function. Porosity is necessary for the understanding of the
form and construction of the various materials used. Low poros-
ity results in high friction coefficients and wear rates. Some po-
rosity is necessary for brake pads in order to reduce the effects
on the friction coefficient caused by water and oil. Porosity tests
are carried out in accordance with JIS D 4418-1996 standards
[25]. After keeping brake pads in oil for 24 h, Oktem et al. meas-
ured their weight, stiffness and size. They found that in the oil-
soaked brake pads, the hardness had decreased, while the size
had increased only at the micron level [32]. Friction-induced
film formation can be affected by water. It then follows that the
braking behavior stability can be affected by this film formation
[33]. The density of EG is lower compared to VG and FG, as the
researchers [28] fill the cavity with the coarse particle size of

EG particles leaving sufficient porosity. The formula for calcu-
lating water and oil absorption is given as Equation (2).

Water and oil absorption (%) = ( B_A) 2

Ax100

Here, A is the initial weight and B is the final weight.

2.4 Shear test

The shear test is conducted by separating the pad from the
sheet by applying an axial and radial force and measuring the
amount of the brake pad remaining on the disc sheet. The ap-
plied axial force must be in a range between 3 and 5 N/mm?. The
radial force is perpendicular to the surface of the brake pad and
the axial force. Shear tests are carried out according to 1ISO 6312,
SEA J840B and JIS 4422: 1995 standards (Table 1). As a result
of this test, a minimum of 80% of the sheet surfaces must remain
on the pad. Saikrishnan et al. [34] investigated the effect on the
tribological performance of brake pads compared to commer-
cially available iron-aluminum copper alloy, iron and aluminum
powders. Their main purpose is to replace copper from frictional
composite formulations. Cold shear strength of brake pads
measured at room temperature according to 1SO-6312. In this
test, the improved brake pad with backplate was placed in the
shear test rig. A side load is applied to the surface of the brake
pad while applying another load in the vertical direction using a
mallet. The load was applied gradually until it failed. It was
found that the shear strength gives an overview of the strength
between the backplate and the friction material.

Table 1. Brake pad shear test standards

1SO JIS SAE
6312:2001 | 4422:1995 J840B:1998
Ram offset 1.0 mm 1.0 mm 0.25-0.51 mm
Constant speed rate applied | 10 mm/min | 10 mm/min | 10 mm/min
Constant load rate applied 4500 N/s 4500 N/s -
Hot test 300 °C - 205 °C

2.5 Microstructural analyses

Microstructural analyses are conducted to evaluate the dust
distribution in the brake pad composition and to examine the
erosion on the brake pad surface. This essential analysis is used
to determine the brake pad characteristics, the compatibility of
the constituents, and their homogeneous distribution within new
compositions.

2.5.1 SEM (scabnning electron microscopy) analysis

The samples must be prepared carefully so that SEM images
can be taken. The conductivity of the surface of the brake pad
must be high enough to obtain SEM images. Particularly in the
case of naturally-doped brake pads with low electrical conduc-
tivity, coatings are required in order to increase the conductivity
and attain better microstructural images, so samples are coated
with gold before the SEM imaging to improve the results. A
number of studies have used the back-scattered electron (BSE)

mode for brake pad imaging [14, 35]. In normal mode, the ele-
ments of the microstructures are unclear. The BSE mode, being
more sensitive and having greater resolution, easily distin-
guishes each element that forms the original. In many studies,
analysis via SEM has been used to investigate different features
of the produced brake pads, e.g., that of Singh and Patnaik. They
examined pads augmented with lapinus and aramid and ob-
served adhesive wear in the SEM images that was caused by the
lapinus fiber [36]. Yun et al. [37] found that the environmental
wear brake pads have less surface wear. Mohanty and Chug [38]
utilized the SEM images of micron-sized fly ash dust additions
in sample brake pads and examined the friction surface for-
mation and characteristics. The plastic deformation of the soft
aluminum fibers was revealed. The fibers in the composites had
been contaminated when excessive contact took place. Xin et al.
[39] evaluated SEM images of the sisal particles and friction
surface in pad samples produced with sisal fibers. At 150 °C, the
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main wear behavior on the fibers consisted of cutting abrasion,
and on the matrix of fatigue cracking. Decomposition of the sisal
fibers began when surface temperatures rose above 250 °C. Qi
et al. [14] found irregularly formed friction surfaces in the SEM
images of brake pads produced using walnut shell. Fu et al. [40]
evaluated the flax fibers, basalt fibers and the friction surfaces
in SEM images of brake pads reinforced with flax fibers. More-
over, Fan et al. [41] found that the most abrasion was observed
in the SEM images of the sample with the highest Al.O5 content.
According to the SEM images, with the increase in temperature,
the stibnite patch population on the friction surface increased
and individual steel fibers were deformed and spread. Vijay et
al. [42] have developed copper-free brake pads using molyb-
denum disulfide with coarse, fine and super fine particle size.
Tribological tests were conducted using the Chase test according
to 1S2742 standards. The results showed that coarse size molyb-
denum disulfide-based brake pads had better thermal stability
with good fading and recovery properties leading to less wear
than the other two composites. Scanning electron microscopy
and energy dispersion analysis helped investigate the wear be-
havior of brake friction composite samples tested by Chase.
Singaravelu et al. [43] discussed the development of five differ-
ent brake friction composites according to the standard of Indian
scenario brake pads by replacing different cashew friction pow-
ders. They used Scanning Electron Microscopy combined with
elemental mapping to illuminate the retransfer and surface prop-
erties of the dynamically tested brake pads. The results demon-
strated good fading, wear resistance and recovery properties of
the boron-graphite modified friction powder-based brake pads
due to their thermally stable and heat dissipation properties.
Wear of composites is a complex phenomenon with multiple
thermally activated mechanisms. The increase in friction in-
creases the third body unevenness during braking. Although it
increases friction, it is a part that breaks from the friction mate-
rial at a microscopic level. This causes plowing on the mating
surface causing rotor wear. This plow again produces iron oxide
due to tribo-oxidation at the mating surface, which increases
abrasive wear. The presence of iron oxide is confirmed by basic
mapping in the following sections.

2.5.2 EDAX (Energy-dispersive X-ray) analysis

Energy-dispersive X-ray (EDAX) images are used to deter-
mine the quantities and elements contained in composites. The
EDAX analyses on the SEM images of the samples enable de-
termination of the elements forming the composition. The dis-
tribution of the specified elements in the microstructure can also
be identified. Thus, the interaction of the dusts forming the brake
pads and their mechanical properties can be evaluated. Qi et al.
studied EDAX images of walnut shell powder-coated pads
which indicated that the amount of carbon and iron had de-
creased with the increase of the amount of walnut shell [14]. Fu
et al. [40] found dust materials such as vermiculite, zircon, nat-

ural graphite and barite in EDAX images of pads using flax fiber.

Eriksson and Jacobson [44] examined the EDAX images of the

brake pads for the Volvo 850 automobile. In these images, they
observed the main items that constituted the brake pads. They
also detected iron and oxygen. Kim et al. [11] used abrasive SiC,
zircon, quartz and magnesia powders in brake pad samples and
detected these abrasives on the surfaces of the pads in EDAX
analyses. The surface analyses of brake pad samples made by

Dadkar et al. are shown in Fig. 1.
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Fig. 1. EDAX micrographs of samples: (a) and (b) at low magnifica-

tion; (c) and (d) at high magnification [45]
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The morphology of the surface wear revealed many well-
dispersed groove marks and several random areas of compacted
wear debris, which made the friction surface appear smooth and
unbroken [45].

2.6 Friction and wear tests

The safety and braking performance can be directly affected
by the material wear rate [46], which makes wear tests among
the most important tests used to determine brake pad perfor-
mance. Tribological systems are the technical systems that occur
with wear and friction [47]. Braking (in vehicles) is a tribologi-
cal occurrence, thus confirming the importance of wear-friction
testing in the evaluation of brake pad performance. The testing
is carried out in accordance with established standards, devel-
oped by taking into account the friction properties of the disc.
The Brake Blown Quality Test Procedure (SAE J-661) is the
standard for determining the friction properties of the brake pads
in terms of friction material against the disc [48]. Moreover,
when calculating the friction coefficient of the pads, the wear
amount can be found by determining the weight loss. Equation
(3) is used to calculate the wear rate of the friction material.

L A,%d

W) =-—x

T 2nR"n f

@)
W(T;) = cm3/Nm at the individual j temperature

di and d; = the average thickness (of 5 points) of the sample
n = the number of brake disc rotations
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R = the distance between the centers of the sample and of the ~ Fn= Normal force
rotating disc p = Friction coefficient
F = the average sliding friction force

A = the area of the sample.

Jw

Weight loss cannot be measured accurately except by using Fs

scales that are sensitive within 103 or 104 g. If the amount of &

wear is expressed in grams or milligrams, then according to the

friction path in meters or kilometers, the unit corresponding to Static

the friction path is taken into consideration. If a unit is calculated £ t Fx

for the area, it can also be found by moving from weight loss to

volume loss, corresponding to the loading weight acting on the Fig. 2. Schematic view of brake pad friction

density of the material used when the amount of volume wear is When developing brake materials and additives, a variety of

to be found [49]. Eq_uation (4)_ gives the formula for calculating  tacts need to be applied. These include, among others, wear,

the wear rate according to weight loss. compression, hardness, thermal conductivity, and shear tests,

Wa = —& 4) and measurements of density. However, those that determine the
dxMx$ brake pad friction and wear behavior are the most critical.

W, = Wear rate (mm3/Nm)

G = Weight loss (mg)

2.7 Laboratory-type friction devices

Once the automotive brake pads have been produced, the
next, and most important step is to identify the brake pad
friction and wear behavior [47]. Studies in the literature describe

The other method of calculating wear rate by weight loss is

shown in Equation (5) [24]. a number of friction testing devices, both standard and specially

designed. These include inertial and friction coefficient (Chase

Wear rate = @ = ATW = % (5) and FAST) dynamometers, pin-on-disc testers, and tribometers,
TTIXNXDX

o ] in addition to specially designed testing equipment.
Wo = the initial weight (g)

w = the final weight (g) 2.7.1 FAST (Friction assessment and screening test) devices
AW = the weight loss (g) The FAST devices were firstly introduced to the market by
S = the sliding distance (m). the Ford Motor Company in the mid-1960s. The brake pad sam-

The friction coefficient (COF) is calculated by Equation (6). A ples in square block form are subjected to friction force at a cer-

brake pad according to this formula is given in Fig. 2. min [47]. Fig. 3 illustrates a schematic view of a FAST device.
Fs= Fa.pt ©6) ;I:;;;sngewce has been utilized in many studies for friction-wear

Fs= Friction force

shroud
disc specimen optical sensor (rpm)
IR temperature sensor i 10 h.p.
il ai):: as;f)ecumen 3-phase motor
counterweight gu ! A
"
L)
]
] I3
51 precision
) — : spindle
pivot bearing '
| slide adjustment - -
7 L 1 —
load cell H QL | water nozzle
. - drain ~

Fig. 3. Schematic view of a FAST device [33].

2.7.2 Chase-type devices
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Brake dynamometers serve as excellent research devices be-
cause they enable careful control of braking parameters and test-
ing conditions [50]. The Chase dynamometer is used to perform
the test conditions of the SAE J-661 standard [48] The Chase
dynamometer includes a rotating drum with a 25.4-mm-square
pad of friction material loaded against its inner diameter via an
air pressure system. A small amount of friction material is
rubbed against the drum to obtain data on friction and wear [50].
The losses in thickness of the drum and in weight of the pad are
interpreted as the wear amount [47]. However, brake conditions

Blower

Drum

Front view

are not simulated as well as with an inertial dynamometer and
thus, the Chase device is mainly used for rapid screening [2].
Fig. 4 shows a schematic view of a Chase-type device. Some
researchers have utilized the Chase device to obtain wear-fric-
tion data [51]. Saffar et al. investigated the wear of rubber-based
friction materials in a Chase-type device they had developed.
The spinning speed was tested in the range of 200 — 700 rpm and
a load of 45.4 kgf was also applied with a braking time of 10 s
and 10 s release (no braking). This cycle was repeated 10 times
at 150 °C  [52].

Motor

s

Heater

Normal Load
+__Application/Release
Mechanism

Side View

Fig. 4. Schematic view of a Chase-type device [53].

Vijay et al. [54] studied the effect of brake friction materials
of pre-mixed binary metal sulphides (tin disulfide + iron disul-
fide) instead of antimony trisulfide on the tribological perfor-
mance of the brake pad. Tribological performance tests of the
brake pad were performed on the Chase friction tester according
to SAE-J-661 / IS 2742 part 4. In the tests, 25 x 25 mm brake
pads were rubbed against a cast iron drum (diameter 280 mm).
The experimental results obtained on the Chase tester show that
brake pads filled with pre-mixed binary metal sulfides have
good thermal stability, physical, chemical and mechanical prop-
erties, with stable friction and less wear rate due to better lubri-
cation that prevents friction fluctuations.

2.7.3 Krauss-type dynamometers

Krauss-type devices are only used for disc brake pads and are
used to test pads attached to the carrier steel plate. In this device,
pressure stages are adjusted by means of cylinders [45, 55]. Sa-
tapathy and Bijwe tested natural fiber-reinforced samples in a
Krauss-type device. The authors performed braking tests at 1.82
MPa pressure according to ECE R-90 standards by applying
loads of 2.5 kgf at 660 rpm at temperatures of up to 280 °C [56].
Ghazi et al. conducted experiments with a Krauss-type machine

under conditions of 660 rpm at a pressure of 1 MPa and a torque
of 2.5 kgm. They were able to reach temperatures of up to
600 °C [9]. In the literature, the above parameters are usually
applied, while temperature values sometimes vary [57] Several
researchers have employed the Krauss-type testing device
[21, 36, 45, 57-59]. Fig. 5 presents a schematic view of a Krauss-
type machine as used in these studies.

2.7.4 Full-scale inertia dynamometers

Fig. 6 illustrates a full-scale inertia dynamometer that is fully
computerized for the automatic testing of four-wheeled vehicles.
It has the capacity to perform brake testing in both hydraulic and
air braking modes. Variable inertial loads are applied on the 175-
kW motor and the torque, braking force, and COF are measured.
The motor speed can be adjusted from 100 to 1550 rpm by the
solid-state electronic variable speed drive with tachometer feed-
back. A separate box-type bed mounted on the main chassis
holds the the drive motor. Gear couplings join the main shaft
directly to the motor. Inertia values of 1.5 — 153.5 kg-m? can be
obtained via a careful arrangement of inertia wheels (one fixed
and ten attachable). A non-contact IR sensor monitors the
disc/drum temperature [59].
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(1) Compressed air supply
(2) movable bearings
(3) bearings
(4) option SH 2.5 kgm?
(5) emergency stop option
(6) bearings
(7) option SH 5 kg m?

3) (8) air inlet

() (9) DC motor
"I (10) clutch at option SH

: (11) Delt drive

_ o) /
ri=d

{ i —

N Ny

v -

: =

L.

(12) generator

(1) motor. (2) flywheel of 0.5 kg-m?, (3) flywheel of 2 kg-m?, (4) flywheel of 4
kg-m?. (5) flywheel of 8 kg-m?. (6) flywheel of 16 kg-m?., (7) and (8) flywheel of
32 kg-m?, (9) flywheel of 64 kg-m?. (10) couplings. (11) housings. (12) shaft
bearings. (13) braking assembly, (14) load cell, (15) air chamber, (16) torque arm.

(17) emergency brakes and (18) Dyno bed

Fig. 6. Schematic diagram of full-scale inertia dynamometer [60]

2.7.5 Pin-on-disc testers

Pin-on-disc devices can be utilized to obtain friction coeffi-
cients and wear rates in brake pad samples [61]. With the pin-
on-disc apparatus, the wear-friction tests are conducted accord-
ing to the ASTM: G99-05 standard [27]. The samples are pre-
pared in accordance with the standards and mounted to the pin-
on-disc for testing. The gray cast iron disc to be used in the wear-
friction tests is mounted and the load is implemented according
to the conditions used in the tests. Finally, the pin-on-disc tests
are carried out by determining the device's turn, speed, total path
distance and trajectory diameter. In the tests, the total weight
loss, the COF, the variation of the COF and the sliding time are
evaluated.

The weight loss for each sample can be identified via the mass
method based on the TSE 555 standard and calculated by using
Equation (7) [29, 62]. Fig. 7 shows a schematic view of a pin-
on-disc testing device [11].

1 1 mi—m,
w = 27TRxfmnx p @)
n = the revolution of the rotating disc
m; and m, = average weights of pre- and post-test samples (g)
W = the specific wear rate (cm3/Nm)
fm = the average friction force (N)
R = the distance between m (the center of the sample) and p (the
density of the sample)
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Fig. 7. Schematic view of a pin-on-disc tester

2.7.6 Specially designed friction testers

Specially designed friction testing machines have been cre-
ated bearing in mind the stability and strength of the composi-
tion materials and thus, complying with all the necessary stand-
ards. Fig. 8 shows the brake pad friction-wear behavior tester
developed in one study. The Fig. includes the general arrange-
ment of the 20 components.  The tester was specially designed
to correspond to the real friction and wear behavior of brake
pads when they come in contact with the rotor disc of an auto-
mobile. The oil fluid is directed by a hydraulic unit with propor-
tional valves which control the opening and closing of the brake

1— s ‘\v‘ 5 \6 \\7 \8

pads on each side of the rotor disc via a piston. The main shaft
supports a torque of 42.5 Nm and is rotated by an electric motor
(1440 rpm, 5.5 kW) that also transmits its motion to the 240-mm
gray cast iron rotor disc. The electro-magnetic clutch pad con-
tinuously transfers power at the maximum torque value of the
electric motor. The electric motor and the electro-magnetic
clutch are coupled to the 30-mm diameter main shaft. The bear-
ings aid in guiding the main shaft through the the rotor disc axis.
The function of the caliper is to slow down and stop the wheels
[11].

\I\10\I1-2

\

\

‘\\\\\ \'

(1) hydraulic unit. (2) AC motor-5.5 kW. (3) flange coupling, (4) clutch option, (5)
clutch coils. (6) couplings, (7) (9) (13) bearings. (8) main shaft. (10) brake disc,
(11) caliper. (12) brake pads, (14) caliper mounting apparatus, (15) load cell. (16)
cooling unit, (17) heaters, (18) amplifier. (19) automation unit, and (20) infrared
laser pyrometer

Fig. 8. Specially designed friction testing device [11]
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2.8 Compressibility test

Compressibility is defined as the numerical constant express-
ing the elastic characteristics of a fluid or a solid in response to
pressure on all its surfaces [63]. Compression tests are applied
according to 1SO 6310 and JIS D 4413 standards. The compress-
ibility of the brake pads can be measured under two different
conditions: hot and cold. According to the test standards, the
pressure of 160 bars is applied during the flushing period and
this process is repeated three times. Here, test loads implement
a sample coupon to the force required to achieve a unit-area
pressure at the contact interface. This test method can be used to
assess the brake pad materials for drums of commercial vehicle
discs, drum brakes or brake assemblies and material coupons for
development purposes [64, 65]. When the test is finished, the
amount of compression in the valve is obtained as p and the re-
sults can be calculated in percent. The results for cold compress-
ibility should be less than 2%, whereas those for hot compressi-
bility should be less than 5%. Several researchers have utilized
the compressibility test for brake pads. Singh et al. [58] found
that the amount of compression of the cement-toothed pads they
produced was between 1.07% and 1.34%. Moreover, Kachhap
and Satapathy were able to achieve results in accordance with
the standard, with compression rates for tungsten-augmented
pads at 0.65% on average [66].

The compressive strength increases with increases in the
wt. % of resin additions [27]. The plastic deformation occurring
at contact points between the particles is the result of further in-
creases in the applied pressure. The mechanical features and the
quality of the particles play a significant role here [29]. The per-
formance-composition-domain correlation of brake composites
has been comprehensively demonstrated [67].

2.9 Other testing methods

Different tests have been applied to evaluate the performance
of brake pads, including thermal conductivity tests, humidity ra-
tios, surface analysis, X-ray powder diffraction (XRD) analysis,
etc. In addition, a series of brake rig tests were carried out to
explain how humidity influences the generation of the brake
squeal and the friction coefficient [68]. Nonetheless, brake pad
surface analysis is challenging because of the very coarse struc-
ture of the pads and because the soft, weak phases of their struc-
ture are easily scratched by the profilometer stylus. In addition,
focus detection via optical profilometer is made almost impos-
sible by their very low reflectivity [69]. Thermal conductivity
plays a very important role in pad life. Too high thermal con-
ductivity has a negative effect on the brake fluid, ie it creates
spongy braking, while too low thermal conductivity causes
higher degradation in organic components, so the thermal con-
ductivity must be optimized for better performance. In the case
of thermal stability, the higher the stability, the lower the weight
loss will be, and the lower the thermal stability, the higher the
weight loss due to component degradation. Optimal thermal
conductivity and thermal stability are required. Thermal conduc-
tivity of brake pads can be provided by fillers. Adding volume

to the fillers in the brake pads is to reduce the cost and to add
functionality to the brake pad. Scaly vermiculate is an example
of functional fillings. This filler is used for heat resistance and
is used to obtain a homogeneous mixture [70]. Thermal conduc-
tivity testing carried out in accordance with the 1SO 7882 stand-
ard produced interesting results regarding the correlations be-
tween the thermal conductivity and the compressibility of the
composites. When the conductivity and compressibility were
higher, the counter-face friendliness was higher, whereas the
tendency to produce hot spots was lower [71].

3. Conclusions

In this study, friction materials used for the production of
brake pads and the testing devices used to determine their per-
formance were discussed. During the course of history, brake
pads have been fabricated using many different compositions.
The friction materials utilized to create various brake pad com-
positions are the most important factors in terms of health and
environmental impact, cost and performance. In addition, con-
tribution to the local economy is taken into consideration with
brake pads produced using local materials. The advance of tech-
nology and the depletion of some natural resources have also
made it clear that there is a need for future research into the use
of alternative components in the production of brake pads. Per-
formance testing of newly created compositions is important for
the commercialization of these novel brake pads. Consequently,
opportunities have been presented for the utilization of the high-
performance testing devices introduced in this study, the results
of which can be summarized as follows:

e The composition of the brake pad to be produced is one of
the most important factors affecting performance.

The testing phase is crucial when formulating new brake
pads

e  Friction-wear tests of brake pads are carried out using
FAST-type devices, Chase-type devices, Krauss-type dy-
namometers, full-scale inertia dynamometers, pin-on-disc
testers and specially designed friction testers.

e  Other tests for evaluation of brake pad performance in-
clude those for measuring hardness, density, porosity, and
water and oil absorption as well as shear tests, SEM and
EDAX microstructure analyses, compressibility tests,
XRD analyses, surface analyses, thermal conductivity tests
and so forth.
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