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ABSTRACT

The type of binder and its fraction in the brake pad material formulation
plays a vital role in fulfilling the key requirements of friction materials
(FMs). Three set of brake pads were fabricated with 10, 12 and 14
weight percentage (wt%) of Epoxy-Modified novalac Phenolic (EMP)
resin and designated as DB10, DB12, and DB14 respectively. The
characterization of resin and composites were done using standard
techniques. The tribological tests were carried out on an Inertia Brake
Dynamometer (IBD) following industry standards JASO C-406 and JASO
C-427. The friction and wear behavior based on the rotor temperature,
rotor speed, and pad pressure was analyzed. It was observed that DB10
showed 12.8 % more thermal stability, 37.01 % more fade resistance and
11.54 % improved recovery rate than DB14. DB14 showed high wear
resistance at 100, 200 and 300 °C for the speed of 50 km/h.

© 2018 Published by Faculty of Engineering

1. INTRODUCTION

pad. Several binders such as phenolic, phenolic
modified Cashew Nut Shell Liquid (CNSL),

The brake pad is a component of a disc brake
system used in automotive. The function of the
brake pad is to convert the kinetic energy of the
vehicle into frictional heat energy through
sliding action with the rotor in the vehicle. The
material of the brake pad generally comprises
five constituents such as filler, fiber, abrasive,
lubricant and binder [1]. The function of the
binder among these constituents plays a vital
role in deciding the performance of the brake
pad. Binders ensure the structural integrity of
the composite in the applications of the brake
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rubber and cardanol are used in brake pad
materials. Among all the binders, phenolic
binder (novolac) exhibited superior frictional
properties even at high temperature
350 - 420 °C [2]. The capacity of binders is
defined based thermal stability and oxidation
resistance at elevated temperature.

In passenger cars, the maximum temperature rise
of the rotor and disc pads is up to 400 °C. The
Coefficient of Friction (CoF) of the brake pad
reduces when brake pads exposed to such high
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temperature for an extended period; this
phenomenon termed fade. The load, speed and
high temperature at the interface are identified as
the significant factors responsible for the fade of
the brake pad [3]. The organic ingredients and few
inorganic materials in the brake pad material also
influenced by the fade phenomena [4,5].

It is inevitable to choose a binder for Friction
Composites (FCs) with high thermal stability at
elevated temperature to control the fade
phenomena [6]. The type and quantity of binder
in the brake pad material formulation play a
critical role to manage the fade resistance of the
brake pad material [7,8]. The optimum quantity
of binder yields structural integrity to the brake
pad without sacrificing other significant
properties [1]. These research works were
conducted by modifying the resin and improving
the molecular weight of the resin to enhance the
friction and wear resistance of the brake pad
material. Seong Jin Kim et al. have identified that
the modified resin showed superior friction
stability and wear resistance than straight resin
[9]. The phenolic resin was modified with Si and
Boron phosphorous individually and studied for
its fade resistance and wear resistance. It
observed that Boron phosphorous modified
phenolic resin revealed better results than
straight phenolic resin [10]. Similarly, CSNL
modified with orthophosphoric acid, and neat
CSNL tested for fade and recovery. It is proved
that the modified version improved the fade and
wear resistance [11]. ] Bijwe et al. reported that
the trends in performance properties of brake
pad materials were not changing uniformly with
increasing content of binder[8]. The influence of
altering the molecular weight of Alkylbenzene
modified resin on a disc brake pad was
investigated and found that the medium
molecular weight reduced the fluctuations of
CoF [12]. The research works were commonly
conducted on a different type of resins, modified
resins with fillers. The composites prepared in
most of the research work tested for wear
conditions using small sample testing machines
like pin-on-disc, pad-on-disc, FAST, Chase,
Krauss and other indigenously developed
Tribometer. Tsang et al. [11] emphasized that
the tests conducted using small sample testing
machine have not identified as promising test
methods for screening automotive brake pads.
This was due to the large variability in friction
results observed in the small size testing

machines [12]. Very few works reported on the
influence of the binder quantity and evaluation
in more rigorous conditions using an IBD.

In the present work, Epoxy Modified Phenolic
(EMP) resin selected because of its good
thermomechanical properties and wetting
ability with other ingredients in the formulation.
This research work aims to study the effect of
weight (wt) % of the EMP resin in the brake pad
material. Three sets of brake friction
composites, with the same parent formulation
and different wt% of the EMP resin, were
fabricated to evaluate the friction and wear
performance. Various tests carried out to
investigate the physical, chemical, mechanical,
and tribological properties as per standards
used in the automotive industries. Thermal
stability of the brake pad was checked by

Thermogravimetric Analysis (TGA) /
Differential Thermal Analysis (DTA) and
Differential  Scanning Calorimeter (DSC).

Friction tests were carried out on an IBD as per
test standard JASO C-406, and the wear test
conducted following standard JASO C-427.
Scanning Electron Microscopy (SEM) analysis
was performed on the worn out surface to know
the wear mechanism.

2. MATERIALS

EMP resin procured from M/s. Esterkote
chemicals Chennai, India. TGA/DTA of the resin
was carried out in the Jupiter simultaneous
thermal analyzer (Model STA 449 F3, NETZSCH,
and Germany). The resin was heated in the
alumina pans (5-10 mg) under air atmosphere.
The rate of heating was maintained at 10 °C/min.

Table 1. Properties of the EMP resin.

Properties Epoxy I.nOdlf.led
phenolic resin

Melting point 84°C

Gel Time at 150°C (ISO 8987 B) 67 - 110 sec

Flow length test at 135 °C (ISO 8619) 62 mm

Hexa content 10 %

Moisture content 21%

The DSC analysis conducted in a thermal
analyzer (TA-60 WS), with the temperature rate
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of 10 °C/min. The DSC system was kept nitrogen
atmosphere with a flow rate of 20 ml/min. The
mass of 10 mg was placed in a closed aluminum
sample chamber to obtain the thermo-reaction
behaviour. The resin also characterized for flow
distance, melting point, Gel Time, flow length,
Hexa & moisture content (%) by standard
methods. The results displayed in Table 1.

2.1 Thermogravimetric Analysis

TG analysis of the EMP resin illustrated two
stages of weight loss as shown in Fig. 1. The
resin exhibited a weight loss of 5 % up to 380 °C
in the stage-1.
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Fig. 1. Thermal Gravimetric Analysis of resin.

In the stage-2 of TGA/DTA at 380-650 °C, the
weight loss was 89 %, and this maximum weight
loss is due to the thermo-oxidative reactions,
leaving a carbon residue equal to 6 % of the
initial mass. From the TGA results, it was
identified that the resin started to decompose
above 360 °C.

2.2 DSC Analysis

DSC test is a promising technique to obtain the
thermal profile of the material under the
conditions of thermal dynamic (linear
temperature ramp) scanning. The reaction
behavior of the material from the room
temperature to 200 °C was obtained from this
test. The DSC curve of the EMP resin depicted in
figure 2. The reaction started at around 150 °C,
and reached the peak at 156 °C, and ended at
173 °C. The curing temperature of the resin
finalized as 156 °C from this result.
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Fig. 2. The result of the DSC analysis.

2.3 Fabrication of brake pad

The brake pads are fabricated in four steps
process, which are mixing of ingredients,
preforming, curing and post-baking. The
formulation of the brake pad materials was
carried out by keeping all other ingredients at
constant wt% except the resin and the Baryte.
The variation in resin and Baryte of all the three
brake pads shown in Table 2. In one of the
author’s previous work, the content of two
organic material namely Phenolic resin and
organic friction dust in the formulation was
studied [13]. The variation of organic content in
the study is 4 wt%, which cause a major
difference in the tribological study. Based on this
study, the total organic content variation in this
study is taken as 4 wt% and the resin content in
the brake pad taken as 10, 12 and 14 wt%.

Table 2. Variation of binder content in brake pads.

Ingredients Brake pads

DB10 DB12 DB14
EMP resin (wt. %) 10 12 14
Barytes (wt. %) 10 8 6
Other ingredient (wt. %) 80 80 80

The other ingredients (wt%)in the formulation
were Kevlar (1.8 %), cellulose fiber (1.2 %),
Rockwool fiber (12 %), copper fiber (8 %), steel
wool (12.5 %), green chrome oxide (3 %), graphite
powder (10 %), crumb rubber (1 %), rubber NBR
(1 %), friction dust (7.5 %), china clay (17 %) and
magnesium oxide (5 %). These additional
ingredients were mixed in a shear mixer with
feeder and chopper. The homogeneous mixture
was then introduced into a two- cavity mold
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supported with the shot peened and adhesive
coated steel back plates. The composites in the
form of pads were molded in a hydraulic press
[14]. The different steps in the fabrication of
composite are shown in Fig. 3.

Feeder 300 RPM; Chopper
3000 RPM; Total duration:
18 minutes

Mixing the Ingredients
(Lodi gee mixing machine)

Mould Cavityl10 grams of

| Preforming mixture; pressure 170
l kg/em?
Curing Tiop die’ 159°C; Toouiom die :
(Thickness: 15.2 mm; 156°C; pressure 150 kg/cm?;
Time: 8 min) No. of breathings: 04
Temperature 160°C;
Post-curing Duration; 6 hrs
06 hours
Finishing (Grinding)

Fig.3.Fabrication Process of brake pads.

The FM ingredients added in the following
sequence during mixing (in the Lodigi shear
mixing machine).

a) Reinforcing fibers and pulp ingredients (06
minutes)

b) Powder ingredients (08 minutes)

c) Binder (04 minutes)

3. EXPERIMENTAL METHODS
3.1 Friction test

In the present work, the friction test was
conducted using IBD. The test was conducted by
following industry standard JASO C-406 which is
used for determining the CoF of brake pads used
in the passenger car. The friction test schedule is
given in Table 3. Bedding was done at 120 °C to
establish the conformal contact between the
mating surfaces. The friction tests were carried
out at three braking speeds, such as 50, 100 and
130 km/h. The tests carried out with different
decelerations from 0.1 to 0.8 g. The brake rotor
deceleration was controlled by braking pressure,
which was programmed to achieve a selected
rate of deceleration. The applied pressure and
speed are essential parameters during braking
as the p is dependent on it. The variation in p is
expected to be as low as possible. The
tribological test performed on a double-ended
full-scale IBD, and the schematic diagram as
shown in Fig. 4. The specification of the IBD and
test conditions are given in Table 4.
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Fig. 4. Schematic diagram of Double ended full-scale IBD.

1. D.C Motor 8. Emergency Brake

2. Encoder 9. Bearings

3. A.C Power supply 10. Rotor Disc

4. Air Compressor 11. Caliper
5. Air Filter 12. Thermocouple
6. Main shaft 13. Torque sensor

7. Inertia Wheels

14. Brake fluid Receptacle

15. Hydraulic Pressure sensor
16. Hydraulic piston cylinder
17. Pneumatic Pressure sensor
18. Blower

19. Data Acquisition system
20. Monitor output

21. Outer cover
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Table 3. Friction test schedule based on JASO 406.

Effectiveness Test
Procedure Speed (Km/h) Brake (iﬁ(/:(;ieration t:g;i::;ﬁ_l;i C appl;]i(t):.a(zifons Air Blower
Burnish/Bedding 50 0.1gto0.8g 120 200 ON
Effectiveness I 50,100 0.1gto0.8g 80 16 ON
Effectiveness Il 50,100,130 0.1gto 0.8g <80 24 ON
Effectiveness III 50,100,130 0.1gto0.8g <100 24 ON
Fade & Recovery-I
Fade cycles 100 3&4 90 °C for 1st break 10 OFF
Recovery cycles 100 3&4 >80 °C 10 ON

Table 4. Friction test conditions

Detail Specification
Standard JASO C-406
Brake assembly model PE54C-14
Inertial Load 49 kg-ms?
Rolling or tire radius 0.293 m
Effective radius (pad on disc sliding radius) 0.103 m
The thickness of thep;;::t(?3 along with the back 15.2 mm

3.2 Wear Test

The wear behavior of the developed brake pad
was tested using the IBD. The test was
conducted by following the standard JASO C-
427. In this testing method, the wear rate of both
pad and rotor disc was calculated over the
temperature range of 100 °C to 300 °C for 500 to
1000 brake applications. The temperature was
measured on the rotating disc, precisely in the
middle of the effective contact area, with the
help of contact type of thermocouple. The
cooling wind at the velocity of 11 m/s was
blown uniformly on the braking device to
simulate the real vehicle running condition for
the test setup. The wear thickness loss was
measured and tabulated after a specific number
of applications of brake at a specific temperature
(100 °C, 200 °C, 250 °C and 300 °C).

Table 5. Wear test schedule.

The burnishing cycle run at the speed of 50
km/h, for 200 brake applications. The
temperature during burnishing cycle measured
as 100 °C which confirmed the definite contact
between the disc and the pad. The wear test
started with a measurement of the initial
thickness of the brake pad at 8 different
positions. Wear test-I conducted for 1000 brake
applications with initial temperatures of disc
raised to 100, 200, and 250 °C. The steps
involved in the schedule displayed in Table 5.

3.3 Mechanical Tests

The specific gravity of the developed composites
was identified by the water displacement
method. Hardness test was conducted in a
Rockwell testing machine using ‘S’ scale. The
average value of five indentations was made
from the center to the edge of the specimen to
obtain the proper hardness for each developed
brake FC. The shear strength indicates the
bonding strength of the FM with the back plate.
It was determined using ISO 6312 standards.
The cold shear strength test was conducted at
the ambient temperature, and the hot shear
strength held after heating the composite to 200
°C. The porosity of the FM evaluated following
JIS D 4418 (1996) standards.

Initial Number of brake applications at a
Step | Test Conditions Speed Disc Temperature . pp
deceleration of 0.3(g) m/s2
km/h
1 Burnish/Bedding 50 200
o o o o 1000 - (100°C to 250°C)
2 Wear test-1 50 100°C, 200°C, 250°C and 300°C 500 - (300°C)
3 Wear test-II 50 100°C and 200°C 500
High Speed
4 Wear test (HS) 100 100
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4. RESULTS AND DISCUSSION

4.1 Effect of the resin content on mechanical
and thermal properties of brake pads

The specific gravity and the hardness of the
brake pad decreased when the resin content in
the material formulation increased. The
reduction in specific gravity of pads may be due
to the removal of baryte (to compensate resin)
which possessed a higher specific gravity [15].
Similarly, the reduction of hardness is also due
to the removal of hard barite particle and the
inclusion of additional soft binder. The increase
of resin content helped to strengthen the
interfacial bonding between the reinforced
fibers and the resin matrix. The increment in
interfacial bonding improved the shear strength
of the brake pad material. The results were
shown in Table 6.

Table 6. Physical and mechanical properties of the
brake pads.

Properties Unit DB10 | DB12 | DB14
Specific gravity - 2.72 2.55 2.46
Hardness HR‘S 102 98 90
Cold Shear
2
Strength Kg/cm? | 41.70 | 42.12 | 43.09
Hot Shear
2
Strength Kg/cm 25.48 26.0 25.67
Porosity % 19 18 16

Porosity plays a vital role in the mechanical and
thermal properties of the FMs. H Jang et al. [16]
expressed that the size and distribution of
internal pores affect the thermal conductivity of
the composite. The porosity decreased with the
increasing resin content. The fluidity of the resin
may predict this through gaps inside the FM
during hot pressing. The resin filled the voids
before it was consolidated during curing.

The TGA results of the three brake pads shown
in figure 5. It expressed the percentage of weight
loss and the degradation temperature when the
composites exposed to 800 °C from ambient
temperature. The TG curves of three composites
showed a two-stage mass loss, which was
denoted by two peaks in the DTA curve. The
minor degradation (Stage-1) was noted during
260-390 °C, and the major (Stage-II)
decomposition rate started at approximately
390 °C and ends at 640 °C. The first stage mass

(first smaller peak of TG/DTA represents the
first stage mass loss) loss may be due to the low
thermal resistive organic components than the
binder namely, crumb rubber and cellulose
fibers in the formulation. These ingredients
cause early degradation of brake pad than the
pure resin content [17]. Even though they
provoked a little early degradation of the
composite, Cellulose fiber is essential in the
formulation to get the strength of the preform
and the crumb rubber is vital to get the damping
effect in the brake pads.
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Fig. 5. TGA/DTA results.

This phenomenon might have happened due to
cracking and dehydrogenation. The second stage
mass loss was predicted by the degradation of
the organic binder followed by forming a char
[18,19]. GM Ingo et al. [18] observed and
reported similar kinetics of materials. Bijwee et
al. [15] highlighted similar effects and concluded
that the deterioration of the binder in brake
pads occurred during the operation at 300 - 400
°C. In this work, the second stage (second
highest peak of TG/DTA represent the second
stage mass loss) of degradation was observed
between 390 - 640 °C. This showed the
improved thermal stability of the brake pad
composites. The content of EMP resin increased
the thermal resistance of the composites and
delayed the degradation process. This expressed
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that the composite materials DB14 can be used
in the temperature range upto 370 °C [20].
Hong et al. [10] examined the wear behavior of
three varieties of resin. They found that the wear
process relied on breakage of hydrogen bonding
up to 200 °C and at temperatures higher than
300 °C. The resin went through random scission
of polymer chains, oxidation, and carbonization.
These results were in conformity with the
results of the present study.

The weight loss % of the samples at degradation
temperature was measured and shown in table
7. The considerable changes in weight were not
observed in the first stage degradation
temperature. The peaks of DTA were varied
considerably as the resin content increased in
the second stage-II.

Table 7. Degradation temperatures and corresponding
weight loss of the brake pads in stage-II.

’I]‘)eer}rgnl]‘)ae(:?\t:l?:a Weight loss (%)
Designation Stage-II Stage-II
Start End Start End
T1 (°C) | T2 (°C) | W1 (%) | W2 (%)
DB10 398 640 15.75 34.33
DB12 396 640 15.64 37.79
DB14 394 640 15.88 39.39

Brake pad DB14 showed maximum weight-loss
in the temperature range 394 to 640 °C. The
DTA peak was observed at the temperature 490
°C which indicates the more thermal reactive
nature (degradation) of the DB14 due to the high
resin. The variation in the weight loss W2 (%)
shown in Table 7 was mainly attributed to the
increase in the resin content of formulation as
the other ingredients of the brake pad material
kept constant. This inference was supported by
Jie Fei et al. [21] who studied the effect of resin
content by developing paper-based FM. They
reported that the thermal stability of the FMs
decreased with the increment in resin content.

4.2 Effect of the resin content on the
frictional performance of brake pad

The friction test results are shown in figure 6.
The test conditions and test schedule were
discussed in section 3.1. It was observed from
the results that the CoF was high for all the
composites at low speeds and at low pressure
(deceleration). The average CoF of DB14 was
slightly higher (pDB14 = 0.41) than DB12
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(tDB12 = 0.39) and DB10 (1DB10 = 0.37) at the
speed of 50 km/h irrespective of deceleration.
The standard error in the CoF of DB10, DB12
and DB14 friction composite is 6.82 %, 4.01 %
and 4.20 % respectively. At 50 km/h, the
increase in deceleration does not much affect the
CoF. The interface temperature generated at 50
km/h is not sufficient to degrade the resin
rapidly. It also inferred by the higher
performance of DB14 at 50 km/h. The increase
in pressure also indirectly intensify the real area
of contact and subsequently escalate better
adhesion and CoF. A similar observation was
reported by Mikael Eriksson et al [22]. From the
theory of tribology, the braking pressure or load
influences the friction force by changing the real
contact area of rubbing surfaces. The
dependence of CoF (u) can be understood using
the basic relation (Eq-1) [23].
AoT

w= (1)
Where ‘A¢’ represents the real area of contact, ‘A’
denotes the surface area of contact (pad), ‘T
indicates the shear strength of the adhered
surface and ‘p’ represents the braking pressure.

It was also observed (from Fig. 6) that for higher
speeds (100 and 130 km/h), the brake pads
showed highest values of p at low
deceleration/pressure. This could be recognized
by the fact that the load carrying elements on the
friction surface operates safely well below their
load limits [24]. The shear stress input was fully
converted as frictional output. At high speed and
high deceleration/pressure, u tends to decrease
(generally referred as pressure fade). The
difference between the maximum and minimum
CoF (Ap) at 100 km/h in all three types of brake
pads were calculated as Appgi4) = 0.02, Appsiz) =
0.02 and Appsigy = 0.01. Due to the friction
process, the interface materials like polymer
matrix, rubber, and organic fiber melts. Because
of high organic content and low thermal stability
of DB14, the dry lubrication system turned into a
mixed lubrication system with the semi-solid
third body material on the friction surface. The
rheological surface properties change more
rapidly with thermodynamic action at the
interface which reduced the shear strength of
the contact film [25,26] and subsequently
reduces the p. Similarly, Ap at 130 km/h
effectiveness test for DB14, DB12 and DB10
where noted as 0.04, 0.05, and 0.03 respectively.
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Fig. 6. Friction test results.

The above results indicate that DB14 and DB12
were more sensitive to deceleration whereas
DB10 is less sensitive. The reason may attribute
to the heat energy developed due to the increase
in speed and pressure is high at the friction
interface. Therefore the amount of material
melts at the interface increases with high heat
energy [27]. Therefore, the further increase in
the speed increases the thickness of the
semisolid film with a sliding action. So, the
increased thickness in the interfacial semi-solid
tribo layer reduces the CoF (Ap) of 0.02 at 100
km/h and 0.05 at 130 km/h. The TGA results in
Fig. 5 confirmed it. At higher temperatures, resin
underwent for pyrolysis, and the gases such as
CO; and CO were then released to form a
gaseous layer above the transfer film surface. As
a result, the friction pattern changed from dry
friction to half lubricated with gases. PEI/MoS;
ultra-thin film on steel substrate produced
remarkably low friction coefficient in the N; gas
atmosphere. The softening of resin at high
temperature might be further complemented by
the reduction in friction [28]. The DB14 and
DB12 which possessed a high amount of resin
degraded and produced more gases. These gases
offered a resisting force to the applied load and
thereby reduced the friction force [23].

4.3 Fade and recovery behavior

The fading condition of the brake is foreseen in
downhill braking when the temperature at the

04
Deceleration (g} (m/s”)

06 a8 oo 02 04 [ o8
Deceleration (g) (m/s”)

interface goes beyond 450 °C, and fading friction
becomes very significant. The brake pad
materials were tested for fading friction by
continuously applying brake for 10 stops. The
fading cycle was planned for each brake
application from 100 km/h to 0 km/h. It was
represented in Fig. 7.
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Fig. 7. Fade and recovery cycle.

The temperature of the interface was recorded
as high as 400-450 °C. The initial increase in
temperature up to 200 °C was obtained with
the first 3 or 4 stops (Fig. 7). The
temperatures falling in the range of 250 to 475
°C reported for the onset of the main
transformations involved in the degradation of
resin [29,30]. Figure 7 show that the CoF of
DB14 dropped to 0.3 from 0.44 in 10 stops. The
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fading started at the 5t stop. The
corresponding disc temperature was equal to
273 °C. The CoF of DB12 declined from 0.36 to
0.31. The fading process begins at the 7th stop
and the corresponding disc temperature
observed at 315 °C. In the case of DB10, the
average CoF reduced from 0.45 to 0.34. The
fading started after the 8% stop. The
corresponding disc temperature was equal to
338 °C. The rapid drop in COF considered
undesirable. The fading resistance of DB10 was
comparatively superior to other brake pads.

Among these three brake pads, DB14 exhibited
early fading during the braking process.

It may be correlated with the poor thermal
stability of the composite with high resin
content as discussed in section 3.1.

Wade = lowest CoF recorded during the fade test

%Fade rate = Lmax “Wradel 140 (5

Hmax

Fading friction at any given speed with
continuous braking is more critical and fading
rate essentially is expected to be less than 25 %
at temperatures as high as 300-450 °C. The %
fade rate calculated through Eq-2 tabulated in
Table 8. The composites DB10 and DB12 were
observed to maintain a fade rate below the
critical limit (i.e., 25 %). The brake pad DB14
showed the fade rate of 30.23 %. The thermal
degradation of organic ingredients was observed
as primary causes for fade due to the
accumulation of heat in the interface [25]. The
resin was an organic ingredient. The
tribomechanical properties of the resin get
changes above its glass transition temperature.
The resin in the brake pad was exposed to
excess heat during degradation and transformed
into char, as discussed in our earlier sections.
This transformation weakened the binding force
and caused the changes in real contacts at the
friction interface [31]. The resin content
encouraged the fade rate as observed in the case
of DB14.

A good recovery trend observed in all the
developed composites after the fading cycles.
The brake pad DB10 showed comparatively
good recovery characteristics. The slow
recovery rate considered undesirable behavior
in brake pads.
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Table 8. Fade and recovery properties of brake pads.

Test cycle Parameters DB10 | DB12 [DB14
p-Fade 0.34 | 031 | 0.30
Fade % Fade rate 19.04 | 13.88 |30.23
Max. Disc temp (°C) 379 399 | 422
p-Recovery 0.36 | 041 | 0.37
Recovery
% Recovery rate 91.66 | 78.04 |81.08

Hrecovery = highest CoF recorded during recovery test

—tmin_ 5100 (3)

Hrecovery

%Recovery rate =

In general, the recovery rate of the brake pad
materials is expected to be in the range of 75-
100 %. The recovery rate of all friction
composites was calculated using Eqg-3 and
tabulated in Table 8. All the composites
exhibited recovery rate within the acceptable
range. The brake pad DB10 showed high
performance in recovery as 91.66 %. The
temperature rise at the interface was reduced by
using an air blower during a recovery test. A
layer of worn out particles of pad material was
deposited to the rotor face at an optimal
operating temperature to ensure efficient
friction mechanism. The retest was carried out
under the same conditions with the existing
layer of pad material after cooling to room
temperature. It changed the flow behavior of
particles in the surface layer during the next run.
The loosely attached wear particles from the
layer disintegrated and hardened by rolling
abrasion mechanism. This may be a possible
reason for the increase in CoF during the
recovery cycle [32]. It was concluded that the
addition of more amount of resin content
decreased fade resistance and recovery of the
brake pad material.

4.4 Friction Surface analysis after thermal
load cycle

The friction surface of the brake was analyzed
after fade and recovery cycle using the SEM with
the magnification range of 1500x to 2600x. The
SEM images are shown in Fig. 8. The microcracks
observed on the worn surface on all the brake
pads. The possible reason might be the
degradation of organic resin binders [25]. The
subsurface deformation of constituents may also
be predicted as another reason for nucleating
microcracks by weakened the interfacial
bonding between matrix and fillers. The sizes of
the microcracks increased with a decrease in
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resin content. The voids and microcracks can
easily form with less resin content which failed
to retain the capacity of the constituents [21].

SEM MAG: 1.57 kx

SEM MAG: 1.03 kx

Fig. 8. SEM micrographs of (a) DB10 (b) DB12 (c)
DB14 after fade and recovery cycle

In Fig. 8a, the micrograph of DB10 showed more
voids and microcracks of size 2.66 um - 3.96 um.
This may be due to insufficient wear debris

backflow of the resin during the continuous
braking. The Fig. 8b represented the presence of
microcracks of size 1.32 um to 2.18 pum in
medium resin brake pad (DB12). In the case of
DB14, as noticed in Fig. 8c, the worn surface
revealed a smooth surface with less detached
areas compared to DB10 and DB12. Another
probable reason to wear was due to differences
in the porosity of the developed friction
composites. It was considered as a critical factor
for heat dissipation during sliding action.

4.5 Significance of resin content on wear
behaviour

The results of the wear test shown in Fig. 9a. The
experiments conducted by varying the initial
speed, the initial temperature of the disc and
number of brake applications. The thickness loss
of the brake pad measured to understand the
wear of the material. It was observed that the
thickness loss increased with an increase in the
initial temperature of the disc for all the
developed brake pads. Zhang et al. reported that
the wear resistance of the materials influenced
by its capacity to form transfer film on the
counter surface. The growth of the tribo transfer
film was based on the removal of fragments
from the mating surface and lock them in the
crevices of counterface asperities [33].

The composite DB14 showed the lowest wear
loss as compared to DB10 and DB12 in the wear
test I. The brake pad DB14 exhibited superior
wear resistance in spite of its relatively poor
fade resistance and thermal stability.

Wear test-1 extended to the initial temperature
of 300 °C (HT wear test) for 500 brake
applications. The high temperature (HT) and
high speed (HS) wear test results plotted in Fig.
9b. The wear test Il conducted at 100 km/h and
100 °C. The relative wear loss was calculated
using the equation (6) to understand the effect
of temperature and rotor speed on wear loss.

WL

Ry (g—a)c = W—Lf 4)
Rwi (-« ¢ = Ratio of wear loss per brake
application between temperature 3 °C and a °C;
WLg = Wear loss per brake application at
temperature 8 °C (B1, B2, and B3 are 200, 250 and
300 °C respectively); WL, = Wear loss per brake
application at temperature o °C (o = 100 °C).
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Fig. 9. (a) Wear loss of wear test I & II (b) wear loss of high temperature & high speed (100 km/h) wear test.

The ratio of wear loss Rui (300-1009) for composite
DB10 was observed to be 10.22 at 50 km/h
and 0.3g (m/s?) deceleration. In the case of
DB12 and DB14, the wear loss ratio was noted
as 10.12 and 8.72 respectively. There was no
major difference in the relative wear loss of
DB10 and DB12 brake pads. The DB14 exhibited
slightly lower wear rate than other composites.
The relative wear loss Rwi (250-100 was found to
vary between 2.29 and 3.35 for all the brake
pads. It showed that the unexpected wear loss
initiated between 250 and 300 °C. In wear test 1],
the ratio of wear loss Ruwi (200-100) found as 1.02
(DB10), 1.30 (DB12) and 1.51 (DB14). It
represented that the number of applications of
brake influenced the wear loss at 200 °C. The
composites DB12 and DB14 offered lower wear
loss than DB10. The brake pad DB10 exhibited
considerable wear loss at 100 °C. This could be
correlated to the lower resin content in DB10
which led to the comparatively lower interfacial
strength between resin and fillers than other
two composites. There were no significant
changes in wear loss of DB12 and DB14
concerning a number of brake applications at
100 °C. The high porosity of the composite may
be another reason to encourage the nucleation
and propagation of cracks in the interface which
supported the wear loss.

The ratio of wear loss of all the composites
concerning temperature and speed represented
in Fig. 10. The ratio of wear loss Rwl (100-50)
km/h for DB10, DB12 and DB14 were calculated
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as 19.55, 32.09 and 36.91 respectively.
Noteworthy changes observed in the ratio of
wear loss after the high-speed test.

40

A DB14
35
o DB12
30
1]
[7:]
9 55 |
-
W]
(5]
= 20 & DB10
o
L 15
[v]
4
10 &
54
. 3
0 T T T T
RwI(200-100)°C  Rw(250-100)°C  Rwi(300-100)°C Rwi(100-50) krvh
+————— Speed 50 km/h —100°C—

Category (Temperature & Speed)

Fig. 10. The ratio of wear loss of the composites
concerning temperature and speed.

The results showed that all the composites
possessed wear sensitivity towards initial speed.
Even though the initial temperature of rotor
kept constant (100 °C), the higher (100 km/h)
initial speed of the rotor resulted in drastic wear
loss for the brake pad with high resin content
[31]. The reason attributed to the amount of
energy conversion taken place at the interface.
The source of heat generation at the interface
was predicted as (a) due to the initial
temperature setting by the heater, (b) heat
generated by braking action at high speed. It was
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further predicted that the high-temperature
wear process of the brake pad predominantly
determined by the thermal degradation of the
binder resin [10,34]. The brake pad DB14
showed lower wear loss compared to DB10 and
DB12 at different temperature regimes. The
composite DB14 was found to possess higher
wear sensitivity (i.e., a high ratio of wear loss
Rwl (100-50) km/h) with respect to the speed of
the rotor than DB10 and DB12. The brake pads
studied in this work are being used in the
commercial passenger vehicles. The average
speed of the car seldom decreases to 50 km/h or
a lower value. It can be suggested that the brake
pad DB10 which indicated lower wear loss at
high speeds, can be a better performer.

Brake pad

Wear
Particles
X

Wear™, S Disc

Fig. 11. Schematic diagram of wear loss of brake pads
with respect to a resin content.

Figure 11 showed the schematic diagram of the
wear process and the influence of speed and
resin content on wear loss. The wear particle
flow was generally observed to be higher for
higher resin content in composites. The
increment in speed also tends to increase the
wear loss in composites due to higher change in
kinetic energy. The wear test results at different
temperature and speed regime revealed that the
composite with higher resin content displayed a
lower wear loss. This result prompted to study
the worn surfaces of brake pads using a SEM.

4.6 Wear mechanisms at different
temperature and speeds

SEM micrograph of the brake pads after wear test
cycle at 100, 200 and 300 °C at 50 km/h and 100
°C at 100 km/h (HS-100 °C) shown in figure 12.
The hard primary plateaus are represented as A in
Fig. 12. The hard primary plateaus are the peek
points of the metal fibers or other hard particles in

the formulation which primarily bear the contact
pressure [25]. The soft secondary plateaus
represented as B are formed due to the tribo layer.
The organic components were transmitted to the
rotor surface after decomposition. Those relocated
materials tend to back transfer to the pad due to
the attraction of layers. This back transferred
particles formed a layer on the pad which affects
both the friction and wear [6,27,35,36]. The
primary plateaus are clearly visible on the brake
pads after the wear test at 100 °C with a rotor
speed of 100 km/h (HS-100 °C). The pad surface
covered with the transition (Secondary) layer
reduced the wear of the underlying materials
[15,37]. The worn surface of DB14 at 100 °C and
200 °C covered with the secondary tribo layer due
to the backtransfer mechanism which is
responsible for low wear. Where as at high speed
(HS-100) the wear increased rapidly cause the less
secondary plateau. It was predicted that there was
a possibility to have increased presence of the
transition layer in the composites with high resin
content [21].

The flow of wear particles in composites with
high resin content was higher than other brake
pads. The domination of back transfer
mechanism was observed to aid the formation of
the transition layer. The transition layer resulted
in lower wear of DB14 at low speeds and
temperatures. SEM micrograph of DB14 at high
speed shows that the maximum exposure of
hard primary plateaus on the surface compared
to DB10 and DB12 which results in high wear in
DB14. The wear debris are marked as D shown
in the Fig. 12. These debri’s size gets reduced by
the way of pressure, shear, and fragmentation.

The fragmented particles flow along the
direction of sliding and piles up near the peak
surface asperities and forms secondary plateaus
and partly move out of the contact surfaces as
wear mass loss [38]. The metal fibers of the
brake pads exposed to the mating surfaces
marked as C which abrade the rotor. The SEM
image of the DB14 at 50 km/h and 100 °C
appeared with smooth tribo layer formation.
Whereas in the case of DB10 and DB12 had large
wear debris which can easily be sheared off the
contact surface. This evident to reduce the wear
of DB14 at 100 °C. But at 100 km/h and 100 °C
condition, the DB14 surface appeared with the
multiple primary plateaus, pit and very high
irregularity of surface.
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50 km/h

100 km/h

Also, the primary plateaus appear with the wear
track (grooves) marked as G which indicates the
domination of abrasive wear caused more wear
on DB14. DB12 also appeared with hard plateau
had a direct contact with the rotor. The
increased speed cause rapid destruction of the
fragmented layer and keeps the hard patches
alone to bear the load, which cause the
maximum wear of DB12 at 100 km/h and 100
°C. But DB10 shows the balanced plateaus (both
primary and secondary) formations with the low
resin content.
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Fig. 12. SEM micrograph of DB10, DB12 and DB14 after wear test at 100, 200, 300 °C with 50 km/h, and 100 °C
with 100 km/h.

5. CONCLUSIONS

a. The fraction ratio of resin showed minimal
impact on the mechanical properties. The
porosity, hardness and specific gravity of the
brake pads decreased with the increase in
resin content.

b. The thermal stability of the brake pads
increased with the decreasing resin content.

c. The friction stability concerning the low
pressure and speed was observed to be
superior for all composites.
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d. A fluctuation of friction noticed while
increasing the speed and in all the composites
due to the increase in interface temperature.
Due to low thermal stability DB14 with a higher
amount of resin degraded heavily and caused
the friction mechanism change from dry
lubrication system to mixed lubrication system.

e. Fade resistance of DB12 was noted to be
better than DB10 and DB14. Decomposition
of resin at elevated temperatures weakened
the binding force and lead to the modify in
real contacts at the tribo interface.

f. The brake pad DB10 performed well
concerning recovery rate and moderately
improved in fade rate compared to DB14.

g. Wear mechanism identified as the formation
of the transition layer and nucleation of
microcracks developed on the surface. The
thickness of the transition layer might be
increased due to more particle flow in high
resin content composites.

h. The wear resistance of the DB14 is higher
than the other friction composites when the
speed of the rotor is 50 km/h.

i. The ratio of wear loss (Rwi (100-50) kmyn)
indicated that the wear rate was raised up
with respect to increase in speed. The brake
pad DB10 was found as a better performer at
high speeds.

j- It can be concluded that the fractional ratio of
resin played a significant role in friction and
wear performance.
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