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Abstract:

The friction pair, disc, and pad in a braking system are in a delicate balance,
with the pad being a complex combination of constituents that provides
predictable characteristics, including a known and consistent friction level.
In this investigation, L25 orthogonal array with arranged control factors is
used for the design of experiment. Taguchi design, orthogonal array, S/N
ratio and variance analysis (ANOVA) are used to explore the effect of factors
like applied load, sliding speed and track or interface diameter on wear rate
of brake pad friction material. In dry sliding conditions, wear tests are
performed on the pin-on-disc tribometer with different load values (25-125
N), sliding speeds (300-1500 rpm) and track diameter values (40-120 mm).
ANOVA results stated that applied load is the most effective with 48.27 %,
track diameter is 25 % and sliding speed is 19.23 % on wear rate of pad
friction material. In order to obtain the minimum friction material wear
rate, the optimum operating parameters have been identified as applied
load is 25 N, sliding speed 1500 rpm and track diameter 60 mm. The
computed and experimental values for pad material wear rate are adhere
closer to 1.93 % of deviations only.
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1. INTRODUCTION

Brake pads of an automotive braking system are
among the most complex composite materials
because they contain a variety of ingredients with
varying physical and chemical properties. Metallic
ingredients are commonly used in friction materials
for automotive braking systems to increase thermal
diffusivity, wear resistance and strength. Friction
and wear are extremely important in brake pad
materials, the features of friction materials are
extremely difficult to predict and they have a
significant impact on brake system performance [1-
3]. The brake pad is continuously worn and
sacrificed during its short lifespan to keep the rotor
in good working condition and the wear is a result
of sliding friction among the brake pad and the rotor
[4]. Several studies have shown the coefficient of
friction and system wear are influenced by the
characteristics of the friction layer formation at the

pad-disc contact interface, which is affected by the
compositions and properties of the contact
materials [5,6]. Friction material degradation at
high temperatures is a major problem, primarily
due to the thermal decomposition of phenolic
resins, which are commonly used as friction
material binders [7,8]. In automobile brake
components, asbestos free friction materials are in
high demand. The friction and wear behaviour are
complicated by the braking conditions. With high
temperature, braking pressure and initial speed, the
wear rate increases significantly [9-12]. A pad-on-
disc test rig was used to perform the friction test.
When commercial friction materials are used, the
results from a simplified formulation with the use of
a pad-on-disc test often show distinct friction
properties than the results of dynamometer tests or
in-vehicle testing [13-15]. A sensitivity analysis can
be used to investigate various parameters and their
influence on desired values and braking
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performance in greater detail with help of Taguchi
and variance analysis (ANOVA) techniques. Previous
works have used the Taguchi method to optimise
the wear characteristics of various materials using
various experiments. The Taguchi technique can
also be used to achieve the best design levels [16-
20].

The majority of the present literature focuses on
experimental findings based on brake pad wear
performance and very few literature studies
presented for the optimization of material removal
rate of the brake pad in wear process. The
presented investigate the effects of operating
parameters on wear rate of brake pad were
evaluated. Signal to noise ratio and analysis of
variance (ANOVA) studies were carried out to
determine important parameters influencing wear
rate. The optimal operating parameters and their
levels were computed using the S/N ratio. In
addition, using a wear rate equation, the measured
values were predicted. Finally, confirmation
experiments were used to test the developed
model reliability.

2. EXPERIMENTAL INVESTIGATION

The Taguchi technique is used to find the
optimum operating parameters in this experimental
study. The orthogonal array (OA) is a technique for
checking performance characteristics with the least
amount of trial. The experiments are carried out
using an orthogonal array, and the results are then
converted into a signal to noise ratio (S/N) in order
to perform a characteristic analysis. The parameter
design is carried to get optimum combinations. The
methodological flow chart for Taguchi and ANOVA
is shown in Fig. 1.
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Fig. 1. Methodology Flow Chart

2.1 Material and wear test

Non-asbestos organic type friction materials
containing various ingredients were investigated in
this study. Total 25 pin samples of pad friction
material were prepared as per ASTM G-99 test
standards of size 30 mm x 12 mm shown in Fig. 2 (a).
The pins were cylindrical in shape and machined
from pad friction material. The friction materials of
brake pads were attached to mild steel pin with help
of strong epoxy adhesive. The cast iron disc was
casted with expendable mould in dry sand casting
of dimension of 162 mm x 8 mm produced in the
present work as shown in Fig. 2 (b). The tests were
conducted on a pin-on-disc machine with a
horizontal rotating disc, using dead weight to exert
the required nominal pin contact pressure as shown
in Fig. 2 (c). The flat surface of the pin is essential for
performing pin on the disc test, so that it is in
conformity with the contact between disc surface.
Dry sliding tests were performed with sliding speeds
between 300 rpm-1,500 rpm, nominal contact loads
varied from 25 N-125 N and interface or track
diameter from 40 mm- 120 mm at constant sliding
distance of 1000 m. At the sliding interface, the
friction force and vertical displacement of the pin
were automatically measured in the pin-on-disc
machine using a strain gauge and a linear variable
differential transformer (LVDT). A controller and a
computer were connected to the machine to
control, monitor and measure sliding speed, time,
frictional force and wear. With the help of
WINDUCOM 2010 software, the friction coefficient
(COF) and wear were continuously measured and
recorded during the entire test. For the friction
material, the wear rate (m/s) is determined by
relation:

AW
Wear Rate (V) = e (M

Where is: AW=wear amount of friction material and
t=time required for wear.

12 mm

30 mm

Fig. 2 b) Cast iron disc
dimensions

Fig. 2 a) Specimen
dimensions
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Fig. 2 c) Schematic of pin on disc test rig
2.2 Test conditions and experimental design

The experiments were designed to investigate
the impact of various operating parameters on
brake pad wear. Table 1 contains number and levels
of the control factors. In engineering analysis and
optimization, the Taguchi design is widely accepted
and utilised. The number of experiments in Taguchi
methods was reduced by using an orthogonal array,
which also reduced the effects of uncontrollable
factors. The Taguchi design's quality is ensured
during the design phase. The Taguchi approach is
used to minimise the number of trials, reduce
experimental time, and lower production costs. Its
main advantages are simplicity and accuracy. This
was often used to identify the key factors in a short
period of time. The loss function was evaluated
using the Taguchi method. The experimental design
had five levels, as shown in Table 1 L25 (243) was
chosen as a standard Taguchi experimental plan.
Table 2 shows an L25 orthogonal array with
arranged control factors and contains the
experimental strategy and findings, as well as the
computed S/N ratios for brake pad wear rate. The
results of the measured wear rate and the
calculated S/N ratio were shown on the right side of
the table. The following equation is used to
compute the S/N ratio:

N

& =—10log= (X e)

Where, y is the observed data and n is the
number of observations. The S/N ratio is calculated
using the above equation, which is related to the
smaller-is-better quality characteristics. In our case,
the wear rate is a quality criterion where the lower
the number, the better.

Load

Table 1. Number and levels of control factors

Control Levels Units
Factors | 1] I} \% \Y

Applied 25 50 75 100 125 N
Load

Sliding 300 | 600 | 900 | 1200 | 1500 rpm
Speed

Track 40 60 80 100 120 mm
Diameter

Table 2. L25 orthogonal array with control factors

Sr. | Applied | Sliding | Track | Wear Rate S/N
No. Load Speed Dia- (m/s) Ratio
(N) (rpm) | meter (dB)
(mm)

1. 25 300 40 1.177-10° 158.584
2. 25 600 60 9.263-10% 160.665
3. 25 900 80 6.755-10%° 163.407
4, 25 1200 100 1.514-10°® 156.392
5. 25 1500 120 1.108-10°8 159.106
6. 50 300 60 2.761-10% 151.176
7. 50 600 80 1.353-10° 157.374
8. 50 900 100 1.998-10% 153.985
9. 50 1200 120 2.385.10%8 152.448
10. 50 1500 40 1.912:10° 154.370
11. 75 300 80 1.653-10% 155.631
12. 75 600 100 2.486-10° 152.089
13. 75 900 120 1.547.10° 156.206
14. 75 1200 40 3.601-10%8 148.871
15. 75 1500 60 2.211-10% 173.108
16. 100 300 100 2.658-10%8 151.507
17. 100 600 120 3.666:10% 148.716
18. 100 900 40 2.814.108 151.011
19. 100 1200 60 1.485-10% 156.562
20. 100 1500 80 2.734-108 151.263
21. 125 300 120 3.318:10% 149.582
22. 125 600 40 4.506:108 146.923
23. 125 900 60 3.014-10% 150.415
24. 125 1200 80 2.635-10% 151.582
25. 125 1500 100 1.897.10 154.438

3. RESULTS AND DISCUSSION

The applied load, sliding speed and track or
interface diameter were chosen as operating
parameters, and L25 orthogonal array was used to
determine the best operating parameters. Tables 3
and 4 show the results of the statistical analysis of
response parameters, as well as the computed
ANOVA and S/N ratio.

3.1 Analysis of effect of control factor

Analysis of the effect of each control factor on
the brake pad material wear rate was performed
with a S/N response table, using a Minitab 18.0
computer package. The experiments were carried
out as per the Taguchi method, and the wear rate
of the pad material was measured for each
combination of all the control factors. The condition
“smaller-is-better” was used to calculate signal to
noise ratios [15]. For each combination of wear
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rate, Table 2 displays the observed S/N ratios. The
average wear rate values were calculated as
2.162-:10° m/s during the end of experimentation.
The average S/N ratio values for wear rate are
calculated to be 154.62 dB. The S/N ratio table for
wear response are shown in Table 3. According to
Taguchi, the S/N ratio should be as high as possible
to achieve optimal operating parameters. The level
of S/N response and the effect of operating
parameters on wear rate are shown in Fig. 3 and
Table 3. The optimum level for each control factor
was determined based on the highest S/N and is
displayed in Table 3 as bolded wear rate values.
According to this, the factors giving the minimum
wear rate were specified as applied load (L1, S/N =
159.6), Sliding speed (V5, S/N = 158.5) and track
diameter (D2, S/N = 158.4). In another way, a
minimum pad wear was obtained with applied load
25 N, sliding speed 1500 rpm and track diameter of
60 mm.

Table 3. S/N ratio response table for pad wear rate

Level Applied Sliding Track
Load Speed Diameter

1 159.6 153.3 152.0
2 153.9 153.2 158.4
3 157.2 155.0 155.9
4 151.8 153.2 153.7
5 150.6 158.5 153.2

Delta 9.0 5.3 6.4

Rank 1 3 2

Main Effects Plot for SN ratios
Data Means
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Fig. 3. The influence of operating parameters on wear
rate average S/N ratios

3.2 Variance Analysis (ANOVA) for brake pad wear
Analysis of variance (ANOVA) is a statistical

method for determining the impact of various input
parameters and for interpreting experimental data.

The effect of applied load, sliding speed, and track
diameter on brake pad material wear rate is
investigated using ANOVA. This study was
performed with a 95% confidence level and a 5%
significance level. Degrees of freedom, mean
square, sum of squares, variance, F-value, P-value
and percent of contribution are all included in the
ANOVA table.

The significance of each control factor is
determined using ANOVA by comparing the F values
of each control factor. The greater the F
contribution, the greater the impact of a factor on
the result. The percentage contribution of each
factor to total variation is shown in the last column
of the ANOVA table, indicating the degree of impact
on the results. The assigned factor is statistically and
physically insignificant when ‘F' is less than the ‘5%'
and error value is greater than the contribution
percentage of each factor. Table 4 show the ANOVA
results for pad wear rate. The percentage
contributions of the applied load 48.07 %, sliding
speed 19.23 % and track diameter 25 % is found.
The applied load (48.07 %) is the most important
factor influencing the rate of wear of pad material.
The percent of error for wear rate 7.69 is
considerably low.

Table 4. Analysis of variance results for pad wear rate

wv
o ° 2g
— a0 £
= 5 3B S 9 230 =R
o = CE z 3 2 o 5 E
= « .o e v g- o O
o o ©
a
24 12 4 4 4 DF
2.60-10° 2.00-10° 6.50-10° 5.00-10%6 1.25-10°% Seq. SS
15 16 16
1.67-10 1.63-10 1.25-10°6 3.13-10% Variance
17 16
9.8 7.5 19 F-Value
9.48-10° 2.875-10° 4.52:10°4 P-Value
04 03
7.69 25 19.2 48.1 Contrib.
(%)

3.3 Effect of operating parameters on brake pad
wear rate

The applied load, sliding speed and track
diameter are the most important factors that
influence pad wear rate. The wear rate values tend
to increase as the applied load increases. The metal
matrix in friction material becomes unstable as a
result of the high applied load, and the asperities
dispersed on the contact interface are distorted and
fractured, resulting in debris. The wear rate
increases at high loads and medium sliding speeds
due to the rapid rise in temperature, which causes
the pad surface friction material to thermally
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decompose as shown in Fig. 4 (a). For combine
effect of applied load and interface diameter the
wear rate having non-linear trend because of the
wear debris present at the interface was
contributed to formation of third body layer or the
friction film on friction surface. Friction film
produced on the friction surface increases the
contact area and strengthened the friction and
wear resistance shown in Fig. 4 (b). At low sliding
speed and track or interface diameter, the wear
rate becomes maximum and slowly decreases with
increase in speed and interface area as indicated in
Fig. 4 (c). The interface temperature becomes
unstable at low speed and track diameters, causing
cutting, falling, and deformation of asperities on the
contact surface. These asperities are penetrating
into the contact surface and causes wear of friction
material.

30 Surface Plot of Waar Rate (m/s) va Applied Load (N} va Siiding Spesd (rpm]

4 g

(a)

30 Surface Plot of Wear Rate (m/s) vs Applied Load (N) vs Track Diameter (mm)

30 Surfacs Plot of Wear Rats (m/u) ve SBding Seesd (rom) va Track Dismater (mm)

(c)

Fig. 4. Wear rate variation according to different
operating parameter combinations: a) applied load-
sliding speed, b) applied load-track diameter, c) sliding
speed-track dimeter

3.4 Confirmation experiment

The final test of the experimental design process
is the confirmation experiment. The confirmation
experiment's objective is to confirm the findings
reached during the analysis phase. The optimized
values for the wear rate are calculated from Eq. (3)
for L1V5D2 i.e for applied load level 1, sliding speed
level 5 and track or interface diameter level 2.

(W)optim, = (L1 - Wavg) + (VS - Wavg) + (DZ - Wavg) + Wavg(3)

Where is: (W)optim. - denotes the computed mean
of wear rate and W, - state the average wear rate
determined from the experimental study (Table 2).

As per Equ. (2), it was determined that (W)optim. =
6.4846-10° m/s. The optimised conditions must be
analysed in the Taguchi optimization technique. The
optimised parameter was evaluated using the
confirmation experiment. Table 5 compares the
results of the confirmation test with Taguchi's
predicted results. The experimental and predicted
values are adhering close to each other. For a
reliable statistical analysis, the error value should be
less than 20 % [15]. The maximum percentage of
error computed for wear rate 4.21 %, there is within
the within permissible limits. The successful
optimization is indicated by the test result obtained
from the confirmation test.
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Table 5. Comparison of predicted and confirmation test
result

Taguchi Prediction
Test Experimental Predicted Error
wear rate wear rate (%)
(m/s) (m/s)

L1V5D2 6.4846.10% | 6.3594.10° 1.93

(Optimum) 08
L3Vv4D5 1.453 .10 1.3918 .10° 4.21

(Random) 09

4. CONCLUSIONS

The aim of this study was to analyse the impact
of operating parameters on brake pad wear rate
and to establish a correlate between wear with
these operating parameters. The optimal operating
parameters were determined in the brake pad
friction material tested against cast iron disc on pin
on disc machine under dry conditions by using
Taguchi method. The optimal wear rate was
validated using confirmation experiments The
ANOVA and S/N ratio analysis led to the following
conclusions:

e According to results of ANOVA investigation,
the major contributory parameters affecting
the pad material wear rate were applied load
with a contribution of 48.07%. The significant
contributions of the sliding speed and track or
interface diameter on the wear rate were
found to be 19.23% and 25% respectively.

e  The optimum level of operating parameters for
wear rate were 25 N applied load, 1500 rpm
sliding speed, and 60 mm track diameter, on
the basis of S/N ratio using the “smaller is
better” approach.

e  Brake pad material wear rate values computed
using wear rate equation were highly
correlated with experimental values. For wear
rate, the maximum percentage of error
computed was 4.21 %. The measured values
were 95 % within the confidence level,
according to the confirmation test results.

e With the use of abovementioned optimum
conditions brake pad designers can improve
the lifecycle.
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