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Friction and Wear Characteristics of Rubber
Resin-Bonded Metallic Brake Pad Materials

Kishor N. Hendre, Bhanudas D. Bachchhav

Abstract: This paper aims to present comparative study of
friction and wear characteristics of non-asbestos rubber resin
bonded metallic based brake pad material. Friction material was
compression moulded and machined to a sample size. Their
physical and mechanical properties were studied. Experiments
were conducted using Pin-on-disc test set-up against EN31 disc.
Coefficient of friction and wear was measured for metallic based
brake materials at varying conditions of temperature, sliding
velocity, pressure and dliding distance. When brake pads are in
contact with brake disc, heat is generated hence thermal
behaviour of metallic based brake material and its impact on
friction and wear were studied. Experiments, based on Taguchi’s
analysistechnique, using Lyorthogonal array were performed. On
the basis of experimental results and SN ratio analyses, ranking
of the parameters have been done. It was found that temperature
(95.37 %) and dliding velocity (2.99 %) are most affecting
parameters in friction, However temperature (82.96 %) and
pressure (6.80) in wear. The elemental composition of metallic
based brake material was measured by EDS technique. SEM
micrographs of brake pad samples were tested at different
magnifications. Further detailed studies are suggested to evaluate
wear rate, stopping distance under simulative test conditions
alternate to asbestos based brake pad material.

Index Terms. Asbestos-free, Metallic Brake Pad Materials,
Friction and Wear, Pin-on-Disc Test, Taguchi Method

I. INTRODUCTION

A brake pad / lining is the most important element of the
automotive disc brake system. Brake linings are the
sacrificial wearing elements and the primary determinants of
frictional behavior, therefore brake pad materials should
maintain a controlled friction coefficient, minimum wear and
good therma conductivity [1]-[2]. Asbestos based friction
meaterials have been used over a century but presently being
banned because of its health hazards. A lot of research is
being carried out in developing eco-friendly brake pad
materials having equally good mechanical, thermal and
tribological propertiesto that of asbestos [3]-[4]. Thefriction
material usually composed of binders, reinforcements,
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friction modifiersand fillers; however their composition keep
changing with applications, technological developments and
impending environmental impact. Development of
asbestos-free friction materials from agro-waste, composites
and with no copper and lead have been carried out [5]-[8].
Comparison of mechanical and physical properties of newly
developed materials with other commercial brake pad
materials and their performance evaluation was discussed. A
preliminary investigation has been carried out to evaluate
coefficient of friction and wear using pin-on-disc test set-up
[9]-[11]. Morphological analysis of friction bands produced
during braking operations, area covered by the friction layer
on brake disc surface and correlation among temperature
variation and morphological analysis were discussed [12].
Attempts have been made [13] to grade critical propertiesfor
a selection of brake pad materials amongst al by using
Analytic Hierarchy Process (AHP) and found that friction
coefficient, wear and thermal conductivity are most
predominant. However, the analysis primarily was based on
qualitative attributes only.In this paper, metallic based
friction materials namely AF-22 were compression moulded
and machined to a pin sample size. Their physical and
mechanical properties were studied for comparison purpose.
This paper highlights the investigations of frictional and wear
characteristics of these materials in order to render it a
suitable material for brake pad application through detailed
guantitative analysis using Taguchi method [14].

Il. AF-22BRAKE PAD FRICTION MATERIAL

Friction material were procured from CO-EFF friction
bands, India under the trade name AF-22 having density 2.12
g/cm®, compressive strength 165 N/mm? and transverse
bending strength 78 N/mm?. AF-22 brake pad material made
up of non-asbestos friction material, rubber resin bonded,
metalic filler based. Brake friction material sample were
crushed into the fine powder sample for energy dispersive
spectroscopy (EDS) and scanning electron  microscopy
(SEM) analysis. When brakes applied at that time heat is
generated and brake material heats, to study the thermal
behavior of braking materials thermogravimetry analysis
(TGA) used.

A. AF-22 Brake Pad Friction Materials

The elemental composition, as measured by EDS is
reported in Table 1. Major elements found are C (Carbon), Si
(Silicon), Ba (Barium), Sb (Antimony). It also includes
elemental properties of Ca (Calcium) and Mo (Molybdenum)
in AF-22 brake pad material
sample.
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Table 1. Elemental Composition by EDS for AF-22

M aterial
EL AN Series Norm. Atom. C
[wt. %] [at. %]
C 6 K-series 31.70 50.14
S 14 K-series 12.74 8.62
Ba 56 L-series 7.57 1.05
Sb 51 L-series 6.79 1.06
Ca 20 K-series 6.68 3.17
Mo 42 L-series 3.59 0.71
Al 13 K-series 2.09 1.47
Mg 12 K-series 111 0.87
Au 79 M-series 0.00 0.00
Total : 100.00 100.00
cps/eV
Sb
Ca Ba
L L L L L L L L R B L L RN L
3 4 5 6 7 8

keV

Fig 1. EDS Spectrum as Detected for AF-22 Brake Pad
Material Sample
Figure 1 shows EDS spectrum and elemental composition
of AF-22 material. It contains ingredients like C, Si, Ba, Sh,
Ca, Mo, Al etc.

B. Microstructure Studiesby SEM

SEM image shows chunk, segments and block images of
AF-22 compound in Figure 2a at 2000 x magnifications. Due
to the presence of rubber resin, C (Carbon) and Si (Silicon)
wt (%) are higher like carbon provides hydrocarbon close fit
bonding for higher strength. This AF-22 brake pad material
sample brittle and flaky due to presence of properties Ca and
Sbin Figure 2b at 50000 x magnifications.
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Fig. 2a. SEM Image of AF-22 Brake Material Sample at
2000 x M agnifications
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C. Thermogravimetry Analysis

To study the thermal behaviour of metallic brake material at
elevated temperature thermogravimetry analysisis used.
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Fig. 3. Thermal Analysisof AF-22 Brake Material

A typical result for a thermo-gravimetric analysis of the
AF-22 friction material in an oxygen rich atmosphere as
shown in Figure 3. The main thermal event is preceded by a
dow and steady thermal degradation accounting for a1.55 %
mass |oss before the onset temperature of 200 °C. Between
600 °C and 800 °C the oxidation of metallic compounds
within the formulation such as carbon, silicon and antimony
produces a gain in mass once the main thermal degradation
event subsides shown in Figure 3.

I11. EXPERIMENTATION

Experiments were conducted using DUCOM (TR-20LE)
test-rig working on the “Pin-on-disc” principle at elevated
temperature. A schematic diagram for pin-on-disc set-up
shown in Figure 4. Pin is of 8-mm diameter, made up of
AF-22 brake pad material ground and flattened on its bottom
surface. The counter-face disc used is of steel hardened to 60
HRC, 165-mm diameter and 8-mm thick, which is rotating
through a driven spindle, a lever arm device to hold the pin
and attachments to allow the pin to be forced against the
revolving disc with a controlled load. The tangential force
exerted by the disc on the pin is measured by the beam-type
load cell connected to the indicator.
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Parameters which correspond to actual braking operation,
like dliding speed of disc, brake pad holding pressure,
temperature etc., were considered into their realistic range for
the experimental study.

Specimen holder —

20;
Balance _|—|!.'Speclmen
Steel disc | I
— } - Load
| |
| |
Three phase Bearing
motor

Speed
control

Frequency
Inverter

Fig. 4. Schematic Diagram of Pin on Disc Set-Up

A. Plan of Experiments

For elaboration of experiments, authors used Taguchi’s
method for four factors at three levels. Table 2 indicates the
factors assigned and the corresponding levels for
experiments. In Table 3, the plan of experiments was made
based on Lg orthogonal array and the response studied was
coefficient of friction (1) and wear rate.

Table 2. Assignment of the Levelsto the Factors

Levels
Factors 1 2 3
Temperature (T) °C 50 100 150
Sliding Velocity (V) m/s 21 4.2 6.3
Pressure (P) N/mm? 1 2 3
Sliding Distance (D) m 4000 8000 12000

Table 3. Experimental Results

R Levels Coefficient of Friction Wear Rate*100-5
u mm¥Nm
N T Vv P D ™ Uz SN WR; WR, SIN

Ratio Ratio
-6.853 117 1.16 -1.32

1 50 21 1 4000 0.44 047

2 50 42 2 8000 045 048 -6.664 145 146 -3.25

3 50 63 3 12000 046 049 -6.479 154 154 -3.75

4 100 21 2 12000 050 050 -6.020 216 2.15 -6.66

5 100 42 3 4000 049 051 -6.025 234 2.33 -7.36
6 100 63 1 8000 049 052 -5945 281 2.81 -8.97
7 150 21 3 8000 052 053 -5598 101 101 -0.08
8 150 42 1 12000 050 054 -5.699 4.15 4.16 -12.3

9 150 63 2 4000 051 055 -5533 410 4.10 -12.2

IV. FRICTIONAL CHARACTERISTICSOF AF-22
BRAKE MATERIAL

Experiments conducted with the aim of relating the influence
of temperature, siding velocity, pressure and sliding distance
with the coefficient of friction () for ranking, they based on
their contribution.
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Table 4. Response Table of Coefficient of Friction for S/N

Ratio.
Level Temperature Sliding Pressure Sliding
(@) Velocity P) Distance
V) (D)
1 -6.666 -6.158 -6.166 -6.138
2 -5.997 -6.130 -6.073 -6.069
3 -5.610 -5.986 -6.034 -6.066
Delta 1.056 0.172 0.132 0.071
Rank 1 2 3 4

The tests were replicated twice, resulting in total 18
observations, to alow the analysis of the variance of the
resultsand S/N ratios. Table 4 shows response for S/N ratios.

A. Main Effect Plot for S/N Ratio

For main effect plot signal to noise ratio was consider as
larger is better for coefficient of friction shown in Figure 5.

Main Effects Plot for SN ratios
Data Means

Temperature Sliding Velocity Pressure Sliding Distance

-5.50

50 100 150 21 42 6.3 1 2 3

Mean of SN ratios

Signal-to-noise: Larger is better

Fig 5. Main Effect Plot of Coefficient of Friction for SN
Ratio

B. Analysisof Varianceand (ANOVA) S/N Ratio

The signal-to-noise ratio (S/N) expresses the scatter
around a target value. The larger the ratio, the smaller the
scatter. Taguchi’s loss function can be express in terms of
mean square deviation (MSD), and thus SIN ratios. Here, in
braking operation the coefficient of friction is desire to be
larger and wear rate smaller hence larger SIN ratio as a better
condition is considered for coefficient of friction and the
equations (1) and (2) for the same given below [15].

SIN =- 10, (MSD) Q)
Where MSD = mean square deviation. For larger is better:
MSD = (yi* + Y2 +ys* + -=-y,)/n 2
Where n is the number of observations and y is the observed
data.

Using MINITAB, Taguchi design software, S/N ratios for
coefficient of friction, ranking of parameters and ANOVA
are calculated and shown in Table 4 and 5, respectively.
Contribution percentage of influencing factors calculated
based on pure sum of squares.
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Table5. ANOVA for Coefficient of Friction (W)

Sour ce DF Seq SS Adj MS Adj SS P-val (%)
ue Cont

Temperat 2 0.00548 0.002744 0.005489 0.000 95.37

ure

Sliding 2 0.00017 0.000086 0.000172 0.000 2.99

Velocity

Pressure 2 0.00007 0.000036 0.000072 0.000 1.25

Sliding 2 0.00002 0.000011 0.000022 0.000 0.39

Distance

Error 0 0.00000 0.000000 0.000000 0.000 0.00

Total 8 0.00575 100.0

C. Regression Analysisfor Coefficient of Friction

Mathematical equation for coefficient of friction in terms
of temperature, siding velocity, pressure and sliding distance
obtained from regression analysisusing MINITAB software.
Equation (3) obtained is as follows:

Coefficient of Friction (u) = 0.41722 + 0.000600 T +
0.00238 V + 0.00333 P + 0.000000 D ©)]

D. Confirmation Test for Coefficient of Friction

Table 6 shows the comparison between the results
obtained from experiments and results calculated from
regression equation. From the Table 6, It has been observed
that average error is below 10 %, suggesting that validity of
derived eguation with reasonable degree of freedom.

Table 6. Confirmation Test for AF-22 Brake Material

Test T \% P D Coefficient of Friction (u) Relative
Experimental  Regression Error
Eq. (%)
1 50 210 1 4000 0.44 0.4555 3.88
2 50 420 2 8000 0.45 0.4638 3.08

V. WEAR CHARACTERISTICSOF AF-22BRAKE
MATERIAL

Experiments conducted with the aim of relating the
influence of temperature, diding velocity, pressure and
diding distance with the wear rate for ranking, they based on
their contribution.

Table 7. Response Table of Wear Ratefor S/N Ratio.

Level Temperature Sliding Pressure Sliding
()] Velocity (V) P) Distance (D)
1 -6.241 -6.473 -6.447 -6.460
2 -6.656 -6.504 -6.545 -6.545
3 -6.682 -6.601 -6.587 -6.574
Delta 0.442 0.127 0.141 0.114
Rank 1 3 2 4

The tests were replicated twice, resulting in total 18
observations, to alow the analysis of the variance of the
resultsand S/N ratios. Table 7 shows response for S/N ratios.

A. Main Effect Plot for S/N Ratio

For main effect plot signal to noise ratio was consider as
smaller is better for wear rate shown in Figure 6.
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Fig. 6 Main Effect Plot of Wear Ratefor SN Ratio

B. Analysisof Variance (ANOVA) and S/N Ratio

The signal-to-noise ratio (S/N) expresses the scatter
around a target value. Using MINITAB, Taguchi design
software, S/N ratios for wear rate, ranking of parameters and
ANOVA are calculated and shown in Table 7 and 8,
respectively. Contribution percentage of influencing factors
calculated based on pure sum of squares [15].

Table 8. ANOVA for Wear Rate

Source DF  SeqSS Adj Adj SS P-Value (%)
MS Cont

Temperature 2 0.0214 00107  0.02142 0.000 82.96%

Sliding 2 0.0014  0.0007  0.00148 0.000 5.77%

Velocity

Pressure 2 0.0017  0.0008  0.00175 0.000 6.80%

Sliding 2 0.0011  0.0005  0.00115 0.000 4.48%

Distance

Error 0 0.000 2.2101 0.000 0.000 0.0000

Total 8 0.0258 100.00%
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C. Regression Analysisfor Wear Rate

Mathematical equation for wear rate in terms of
temperature, diding velocity, pressure and dliding distance
obtained from regression analysisusing MINITAB software.
Equation (4) obtained is as follows:

Wear Rate = 1.9239 + 0.001067 T + 0.00714 V + 0.0167 P
+0.000003 D 4

D. Confirmation Test for Wear Rate

Table 9 shows the comparison between the results
obtained from experiments and results calculated from
regression equation. From the Table 9, it has been observed
that average error is below 10 %, suggesting that validity of
derived equation with reasonable degree of freedom.

Table 9. Confirmation Test for AF-22 Brake Material

Test T \% P D Wear Rate Relative
Error
Experimental  Regression (%)

Eq.
1 50 210 1 4000 2.01 2.0209 0.54
2 50 420 2 8000 2.05 2.0646 0.71
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VI. CONCLUSION

Friction coefficient and wear rate of non-ashestos based
rubber resin bonded metallic brake pad materiads were
evaluated under dry dliding contact conditions at elevated
temperatures using a pin on disc tribo-tester. Following
conclusions can be drawn. The EDS spectrum depicted the
elemental composition of metallic (AF-22) material in order
to compare and confirm the material. It was found that
Coefficient of friction have been found in therange of 0.44 to
0.52 for this materials under consideration. The coefficient of
friction under dry diding condition increased with dliding
distance but decreased with pressure for this material. Wear
rate found in the range of 2.01 to 2.17 mm*N.m. Scanning
electron microscopy images depicted chunk, segments and
block images for non-asbestos materials.Taguchi’s analysis
method has enabled to analyze successfully the frictional and
wear characteristics of compression moulded brake pad
materials under diding contact conditions with selected test
parameters such as temperature, sliding velocity pressure and
diding distance. Ranking of the parameters has been done,
and it was found that as per coefficient of friction concerns
temperature contributes largely (95.37 %), diding velocity
(2.99 %) followed by pressure (1.25 %) and dliding distance
(0.39 %). In order to determine wear rate, temperature
contributed by (82.96 %, pressure (6.80 %) followed by
diding velocity (5.77 %) and diding distance (4.48 %) have
statistical significance on friction as well as wear suggesting
appropriate material plays very important role in brake pad
application. However, detail research involving this material
with influencing parameters and system variablesto evaluate
wear rate, stopping distance etc. have to be undertaken using
simulative test conditions to predict the commercia use of
such brake pad material in a specific braking operation.
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