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Abstract: Braking systems have a direct impact on the safety of road users. That is why it is crucial
that the performance of brakes be dependable and faultless. Unfortunately, the operating conditions
of brakes during their operating time are affected by many variables, which results in changes in
their tribological properties. This article presents an attempt to develop a methodology for studying
how the operating time affects the value of the coefficient of friction and the abrasive wear factor.
The Taguchi method of process optimization was used to plan the experiment, which was based on
tests using the ball-cratering method. The results clearly show that the degree of wear affects the
properties of the friction material used in the production process of brakes.

Keywords: mechanical engineering; coefficient of friction; abrasive wear factor; automobile brakes;
Taguchi method

1. Introduction

The braking system is one of the most important elements of any vehicle. The health
and life of the driver, passengers, and other road users may depend on the regularity and
effectiveness of brakes. For this reason, numerous studies have been and will be conducted
in order to identify problems related to the construction and operation of brakes, as well as
improving the braking system [1-3].

The most common brakes in today’s vehicles are friction disc brakes, which replaced
the older drum brake design [4,5]. Disc brakes use friction to convert mechanical, kinetic
energy into heat. Thermal energy is then transferred to the atmosphere and to other parts
of the braking system and the vehicle’s suspension [6,7].

Brake heating is an important and complicated process. The results of laboratory and
simulation tests show that brake discs and pads are the elements that are subjected to the
biggest amounts of heat [8-11]. The heat generated during braking, its speed of transfer, as
well as the value of the coefficient of friction (COF), strictly depend on the type of materials
used in the production of the braking system’s components [12-14]. The effectiveness of
the brakes depends primarily on the value of the coefficient of friction between the pads
and the disc. Unfortunately, the COF is not constant [15,16]. Large temperature changes of
the operating components of breaks mean that the value of the COF between the disc and
the pad, in some cases, drops to almost zero [17]. The humidity level near the abrasive pair
is also significant. High humidity can lead to condensation and the formation of a water
film. At low speeds of cooperation between the pad and the disc, the modulation of the
coefficient of friction value can be as high as 30% [18].

The phenomenon of friction is closely related to wear. Today’s emphasis on environ-
mental protection has made wear a popular research topic, especially in the case of friction
materials used in the automotive industry. The reason is that wear products are released to
the environment, causing pollution. Thus, the wear rate coefficient, the chemical composi-
tion, and the size of the particles emitted due to friction are significant. Such research was
performed by Gawande et al. [19]. Additionally, the weight loss of asbestos-containing and
non-asbestos pads was compared. The nature of the emitted particles was investigated by
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Sinhra et al. [20], whose study provided valuable information about the harmful effect of
such emissions on living organisms. Moreover, it has been suggested that wear products
are one of the reasons for the occurrence of airborne PM (particulate matters), which has
been confirmed by other researchers [21,22]. The impact of wear products on human
health was also investigated by Sarnat et al. [23] and Arden Pope et al. [24]. These authors
found that such particles have a huge impact on the respiratory system and contribute
significantly to serious disorders. In some cases, wear tests have a different background.
Ramadan et al., for example, investigated the frictional effects of various samples in order
to find a substitute for asbestos [25].

The presented analysis of literature shows that the results of research published so far
focus primarily on determining the features and effects of the friction process, e.g., heating
temperature, wear rate, the resulting surface geometry, or products of the friction process
itself that are released to the environment, and their impact on living organisms. In these
studies, “brand-new” samples were used (mostly prototypes, whose composition has not
been widely used so far), and they had no contact with the actual operating conditions of
brakes. This is important because difficult or even extreme working conditions resulting
from frequent and significant temperature changes, as well as a corrosive environment
(salt and water, especially in the winter) can permanently change the structure of the
friction material, and, in consequence, the tribological properties of brake pads and discs.
This results in a decrease in braking force, as well as larger distances required to stop the
vehicle [26]. This article is an attempt to determine the influence of such conditions and
operating time on the properties of the friction material, which has not been tried so far.
The experiments described below assessed whether the tribological properties of brake
friction elements change over time, and to what extent. In the future, there is a plan to test
the wear products of particular samples in terms of size, shape, and chemical composition,
but this is not the subject of this study.

An innovative research approach was applied, consisting in the use of the properly
prepared ball-cratering method to determine the values of the coefficient of friction and the
abrasive wear factor of association; the brake pad composite material-counter-sample. So
far, research has been based mainly on the pin-on-disc method. In addition, pads exposed
to normal exploitation were used for the production of samples; thus, the influence of
natural conditions on the properties of the material was investigated.

2. Materials and Methods

The research objects were samples in the shape of a cylinder, 1” in diameter and a
10 mm thickness (Figure 1). Three groups of genuine brake pads, all produced by the same
company for three different car models, were used to complete the samples. The first group
consisted of brake pads for a small city car. The second group included pads dedicated
to medium-class cars, while in the third, there were pads for a large, off-road vehicle. In
each group, there were different types of pads—both brand-new and used ones in varying
degrees of wear (from about 15% of wear to almost no lining at all) obtained by courtesy of
an Authorized Service Station. In total, over 100 pads were used for testing.
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Figure 1. One of the samples used in research (mm).

In the first group of pads, there are three layers that were important from the point of
view of the performed tests, and all could be clearly distinguished (Figure 2a): the metal
support plate, about a 3 mm thick binder layer (interlayer), and the friction material. In the
second and third groups, the interlayer was much thinner (less than 1 mm, an example is
shown in Figure 2b), and irregular. Therefore, in their case, the results presented below
relate mainly to the support plate and friction material. The chemical composition of
individual groups of pads and their layers was determined using the Phenom XL electron
microscope (Thermo Scientific, Taren Point, Australia) equipped with an EDS (Energy
Dispersive Spectroscopy) detector (SDD (Silicon Drift Detector) type). The collected data
are presented in Table 1.

| friction material

(a) “interlayer
S metal support plate
Friction material
“interlayer
(b)

metal support plate

Figure 2. Cross-sections of brake pads used in the tests: (a) first group and (b) third group.
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Table 1. Composition of individual samples and their layers.

Brake Pads

Group No. Layer Composition (% of Total Mass)

Phenolic resin—21.31%, Steel fibers—4.16%, Glass fiber—7.98%, Cast
iron fibers—4.73%, Silicon carbide—1.18%, Zeolits—5.84%, Zinc
oxide—1.19%, Graphite—1.57%, Copper—5.96%, Barite—15.66%,
Silicates—8.38%, Magnesium oxides—15.25%, Rubber particles—6.79%

Phenolic resin—38.43%, Steel fibers—2.64%, Cast iron fibers—1.58%,
1 Binder 1 interl. Silicon carbide—0.49%, Zeolits—5.19%, Zinc oxide—0.82%,
inder layer (interlayer) Graphite—1.57%, Barite—21.63%, Silicates—11.3%, Magnesium
oxides—16.35%

C—0.18%, Mn—1.38%, Si—0.2%,
P—0.03%, S—0.02%, Fe—98.19%

Phenolic resin—27.35%, Steel fibers—3.11%, Glass fiber—5.71%, Cast
iron fibers—2.96%, Silicon carbide—0.82%, Zinc oxide—2.14%,
Graphite—3.27%, Copper—8.19%, Barite—18.69%, Silicates—10.53%,
Magnesium oxides—17.23%

Phenolic resin—45.74%, Steel fibers—1.49%, Cast iron fibers—1.31%,
Silicon carbide—0.39%, Zeolits—3.51%, Zinc oxide—1.69%,
Copper—7.94%, Graphite—2.19%, Barite—14.93%, Silicates—4.83%,
Magnesium oxides—15.98%

C—0.17%, Mn—1.44%, Si—0.11%,
P—0.03%, S—0.03%, Fe—98.22%

Phenolic resin—27.83%, Steel fibers—2.97%, Glass fiber—5.52%, Cast
iron fibers—2.19%, Silicon carbide—0.79%, Zinc oxide—2.44%,
Graphite—3.73%, Copper—8.85%, Barite—18.71%, Silicates—11.02%,
Magnesium oxides—15.95%

Phenolic resin—47.27%, Steel fibers—1.41%, Cast iron fibers—1.22%,
Silicon carbide—0.43%, Zeolits—3.54%, Zinc oxide—1.75%,
Copper—8.22%, Graphite—2.11%, Barite—15.62%, Silicates—5.09%,
Magnesium oxides—13.34%

C—0.18%, Mn—1.42%, Si—0.19%,
P—0.03%, S—0.02%, Fe—98.16%

Friction material

Support plate (backplate)

Friction material

Binder layer (interlayer)

Support plate (backplate)

Friction material

Binder layer (interlayer)

Support plate (backplate)

During the process of cutting the samples, it was important not to disrupt the fric-
tion lining structure, as this could affect the material properties and thus the test results.
Therefore, techniques that did not generate high mechanical or thermal loads were used.
The shape was pre-cut with a saw, then the desired shape was adjusted with a file. The
sample was mounted throughout the entire treatment period between two 1” diameter
rollers. For technological reasons resulting from the research methodology, the friction
surface of the pad was polished manually. This allowed the surface unevenness resulting
from the cooperation with the brake disc to be excluded.

Among the many research methods available in the field of tribology [27-29], a method
called ball-cratering was selected in this experiment. This method is often used to study
the tribological properties of materials. The association of the friction pair, which, in this
case, is a flat-surface sample and a ball-shaped counter-sample, is not an ideal reflection of
the actual operating conditions of the brakes. However, due to the quasistatic nature of the
planned tests (i.e., with the input parameters unchanged during the tests), the decision was
made to use the advantages of the ball-cratering method (which include, e.g., the ease of
sample preparation, a good repeatability of the results, or a short time per single test) and
to try using it to determine the values concerned. The T-20 test station (Instytut Technologii
Eksploatacji, Radom, Poland) was used for this purpose (Figure 3).
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Figure 3. Diagram of the T-20 test stand: 1—sample, 2—counter-sample (sphere), 3—displacement sensor, 4—strain gauge

for measuring friction force, 5—load, 6—computer, 7—counterweight, 8—electric motor, 9—swivel leaver, 10—deck.

In this device, the tested sample (1) is mounted in a holder located on the vertical
arm of the lever, and its mass is balanced by a counterweight (7) located at one end
of the horizontal lever arm. On the other end, a pan is hung, on which a load (5) is
placed, ensuring that the pressure of the sample against the counter-sample (the counter-
sample used in the tests was a ball with a diameter of 1 “(25.4 mm) made of 177HNM (EN:
18CrNiMo7-6) steel (2). The lengths of the arms of the lever are the same, so the clamping
force is identical to the gravity force resulting from the pressure of the load set on the pan.
The counter-sample is mounted on the shaft of an electric motor (8) (with adjustable speed).
The ball rotates against the sample, forming a crater from the resulting friction. The crater is
measured in order to determine the abrasive wear factor (K;). The strain gauge (4) located
above the sample holder allows the direct measurement of the friction force during tests.

It should be noted that some researchers recommend using, e.g., rubber balls and
loading them on both sides with the tested samples [30] or immersing the friction node in an
abrasive suspension [31]. Analyzing the real-life working conditions of brakes in a vehicle,
which rub in “dry” conditions, it was decided to perform the tests in the traditional way.

Many scientists carry out their research according to a comprehensive plan, which
is time-consuming [32-34]. By using the selection plan, the time of research could be
significantly shortened, without endangering the quality of the results [34-36]. During
the planning process, the correct selection of input parameters is crucial [37,38]. In the
case under consideration, these parameters are the rotational speed of the ball, the load,
and the distance (length) of friction [39]. Analyzing various planning methods, it was
decided to use the Taguchi method of process optimization, which is commonly used in
this type of research [40,41]. It is also used in other branches of science, e.g., for planning
construction experiments [42], the optimization of burnishing processes [43], or in biological
sciences [44].

The first step of planning, according to the Taguchi method, was to perform several
preliminary tests. One sample from each of the three groups of pads was selected for
their implementation. The initial input parameters of the tests were randomly set, and
the obtained results allowed for an initial estimate of the ranges of input parameters in
which satisfactory crater sizes were obtained. They also allowed the development of an
orthogonal array (Table 2).
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Table 2. Orthogonal table of preliminary tests.

L . Rotation Speed of
- oad Distance
Preliminary Test No. P (N) S (m) Counter-Sample
n (RPM)

1 2 50 38

2 2 100 80

3 2 150 150

4 4 50 80

5 4 100 150

6 4 150 38

7 6 50 50

8 6 100 150

9 6 150 80

There were three variable input parameters, and each of them could have three values,
so the preliminary studies were divided into nine groups. Each of the nine preliminary
tests was performed five times. Next, following the criterion “the smaller, the better”, and
using the results obtained in preliminary tests, the #(y;) parameter was calculated, which
determines the ratio of the signal (in this case the friction of the ball and the sample) to
the interference:

1 m
1(yi) = —101gy, (m ; %2> 1)

where: m—number of measurements (in this case m = 5) and y;—result of preliminary
tests. The calculation results allow for the determination of the optimal (giving repeatable,
low-error results) input parameters of the proper experiment for all three groups of pads
(Figure 4). These are the final values: P = 2N, S = 150 m, and n = 150 RPM (revolutions per
minute). Considering the diameter of the ball (1”), it is easy to calculate the linear velocity
at the contact point, which is v; = 0.0319 m/s. Moreover, it should be noted that the tests
were carried out in an indoor laboratory with a constant temperature of about 21 °C and
an approximately 45% air humidity. For greater clarity, the parameters of the experiment
are summarized in Table 3.

4
P [N]

b) C)
-1.5 -1
-1.7 -1.5
-2

-1.9
-2.5

-2.1
-3

-2.3
-3.5
-2.5 _a
-2.7 -4.5

6 2 4 6 2 4 6
S [m] n [RPM]

Figure 4. Dependence of the  parameter on: (a) load P, (b) friction distance S, and (c) counter-rotational speed .
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Table 3. Experiment parameters.

Parameter Value Unit
Load 5 N
Distance 150 m

Rotation speed of counter-sample 150 RPM
Ambient temperature 21 °C
Humidity 45 %

3. Results and Discussion

As a result of the study, numerical data from the direct measurement of the friction
force were obtained. The T-20 stand software automatically saved the value every 0.5 s,
which gave nearly 2500 measurement points and allowed the determination of the friction
force time profiles (Figure 5). Their course makes it possible to distinguish the run-in
period and the period of specific (correct) friction process.

1.8
1.6
14
1.2

F[N]

0.8
0.6
0.4
0.2

0 250 500 750 2250 2500

a) | o t[s]

Figure 5. Exemplary time profile of the friction force F obtained during one of the tests: (a) running-in
and (b) proper measurement period.

For each of the tests, using the value of force F measured in the period of specific
friction process (ignoring data from the running-in period), the arithmetic average was
calculated. The coefficient of friction f was determined by dividing the previously obtained
value by the load P, (Figure 6). The collected data also allowed the calculation of the
standard deviation (Table 4).

The test results of the first group of samples showed that the average COF of the
friction material is high, and its value is about 0.64. For the interlayer (binder), the
coefficient oscillates around 0.58. The second type of pads had a much thinner interlayer
with a coefficient of friction similar to the friction material, on average around 0.42. The
third type of pads also had a thin interlayer, but it had a much higher average COF of
about 0.60. In this group, the friction material had an average coefficient of friction of
approximately 0.4. All groups of pads have two common features: the largest friction
coefficient (0.85-0.91) was found in completely worn pads (when friction results from
the metal support plate), and a decrease in the friction coefficient over time. The largest
decrease, by close to 0.15, was observed in the first group. In the second and third groups,
the decrease in the coefficient of friction was about 0.1.
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Figure 6. Dependence of the coefficient of friction f of brake pads from the degree of wear g: — first
group; - - second group; - e - third group.

Table 4. Test results of the coefficient of friction.

1st Group of Samples 2nd Group of Samples 3rd Group of Samples
Number of Standard Number of Standard Number of Standard
Tests Average Devia- q Tests Average Devia- 9 Tests Average Devia-
(%) f Value . (%) f Value . (%) f Value .
Performed tion Performed tion Performed tion
0 12 0.72 + 0.051 0 12 0.48 +0.018 0 12 0.45 + 0.045
~15 6 0.69 +0.032 ~20 8 0.48 +0.021 ~10 6 0.46 + 0.022
~20 18 0.64 + 0.048 ~25 8 0.45 +0.014 ~25 14 0.43 +0.031
~30 12 0.61 + 0.046 ~35 6 0.43 +0.033 ~40 10 0.4 +0.014
~40 15 0.63 4+ 0.038 ~40 10 0.42 + 0.052 ~45 8 0.41 +0.016
~50 15 0.6 + 0.035 ~50 12 0.4 +0.015 ~50 16 0.39 +0.031
~60 18 0.61 + 0.047 ~60 10 0.38 + 0.048 ~60 18 0.36 +0.021
~70 21 0.58 +0.071 ~70 16 0.39 + 0.028 ~70 22 0.37 +0.024
~80 18 0.59 + 0.025 ~80 18 0.36 + 0.035 ~80 16 0.35 +0.052
~90 9 0.57 4+ 0.031 ~90 12 0.36 + 0.016 ~90 14 0.6 + 0.037
100 6 0.87 + 0.022 100 6 0.91 +0.011 100 6 0.85 + 0.049

()

As was stated previously, the results of this study include craters formed in samples
(examples of craters are shown in Figure 7). Measurement of their size in two planes (b1—in
the direction of friction and b2—perpendicular to the direction of friction) allows for the
arithmetic mean of the crater size to be obtained—b.

(b) (© (d) (e)

Figure 7. Sample photos of craters created during research: (a) first group of samples, g = 40%; (b) second group of samples,

q =15%; (c) second group of samples, q = 70%; (d) third group of samples, g= 80%; (e) third group of samples, g = 100%.
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For dry friction, the values of the abrasive wear factor K. are commonly calculated
according to the Archard formula [45-47]:

b4

Ke =R xs=p

@)
where: b—arithmetic average of the measurements of the crater diameter in the direction
of the sphere rotation and in the perpendicular direction (for this purpose the OLYMPUS
BX5IM microscope (Olympus IMS, Waltham, MA, USA) and Brinell magnifying glass
JC-10 (Physical Test Solutions, Culver City, CA, USA) were used); R—the counter-sample
radius. The results of the calculations of K. and the standard deviation for all three groups
of pads are shown in Figure 8 and Table 5.

5 N

K. [103m3N1m1]

0O 10 20 30 40 50 60 70 80 90 100
q [%]

Figure 8. Dependence of the abrasive wear factor K. of brake pads from the degree of wear g: — first
group; — — second group; — e — third group.

Table 5. Abrasive wear factor test results.

1st Group of Samples 2nd Group of Samples 3rd Group of Samples
Number K, Value Standard Number K, Value Standard Number K. Value Standard

(:/]) of Tests (10-13.m3 Devia- ((;]) of Tests (10-13.m?3 Devia- (‘,‘/1) of Tests (10-13.m3 Devia-

° Performed N-1.m-1) tion ° Performed -N-1.m-1) tion ° Performed -N-1.m-1) tion

0 12 4.264 +0.724 0 12 4.574 + 0.548 0 12 5.134 + 0417
~15 6 3.213 + 0.994 ~20 8 3.341 + 0.221 ~10 6 2.994 + 0.805
~20 18 3.115 + 0.347 ~25 8 3.107 + 0.304 ~25 14 2.743 + 0.572
~30 12 2.795 + 1.054 ~35 6 2.824 + 0.047 ~40 10 2.889 + 1.094
~40 15 2.845 + 0.943 ~40 10 2.734 +0.177 ~45 8 2.671 + 0.902
~50 15 2.677 + 0.617 ~50 12 2.841 + 0.097 ~50 16 2.747 + 0.394
~60 18 2.549 + 0.448 ~60 10 2.611 + 0.759 ~60 18 2.703 + 0.615
~70 21 0.116 + 0.003 ~70 16 2.594 + 0.607 ~70 22 2.655 + 0.677
~80 18 0.121 + 0.047 ~80 18 2.648 + 0.050 ~80 16 2.611 + 0.284
~90 9 0.124 +0.029 ~90 12 0.106 + 0.036 ~90 14 0.164 +0.032
100 6 0.399 + 0.260 100 6 0.338 + 0.077 100 6 0.432 + 0.106

Test results show that all three groups of tested pads have similar characteristics in
terms of wear intensity. All brand-new pads were characterized by the highest K. value,



Materials 2021, 14, 884

10 of 12

which was caused by the running-in process, during which the most intense wear occurs.
After reaching the proper friction, the value of the coefficient stabilizes to approximately
2.9:10713-m3-N~1-m~L. There was also a significant drop in the abrasive wear factor value
for pads with a completely worn friction layer and also when the contact surface was the
interlayer (for the first group, it was about 60-70% and for the second and third group
about 90%). A slight increase in K; was noticed for completely worn pads.

The obtained results are characterized by a similar shape and angle of inclination, espe-
cially in the friction range of the first and second layer. This leads to a simple mathematical
relationship in this respect:

e for the friction coefficient:

fa=—15,669 x 107 + f, (3)

where: f,—a coefficient of friction of a brake pad worn to g and fo—a coefficient of friction
of a brand-new brake pad,

e for the abrasive wear factor:

Kog = 60% x 107* — 6,877 x 1072 + Ko (4)

where: K;—abrasive wear factor of a brake pad worn to g and fp—abrasive wear factor of
a brand-new brake pad.

Thanks to these interrelations, it is possible to predict the changes of the COF and
abrasive wear rate values of the brake pads at various stages of wear based on only one
measurement—a brand-new pad. Of course, the result will be correct only during the
friction period with the first and second layer. In the presented case, it will be for about
70-90% of the total lifetime of the pad.

4. Conclusions

This study proposes a methodology for testing the coefficient of friction and the abra-
sive wear factor of the working elements of braking systems. Based on this methodology,
almost four hundred samples taken from over one hundred brake pads were tested. For
this purpose, three different models of genuine parts were used (brand-new and worn to
varying degrees) from three different car models.

The test results allowed the estimation of the impact of operating time on the value of
the coefficient of friction and the abrasive wear factor. It was found that:

1.  the coefficient of friction for all tested brake pads decreases with the operation time;

2. two factors have the greatest impact on changes in the coefficient of friction: (1)
atmospheric conditions and large changes in operating temperature causing a change
in the structure of the pads’ layers (with the increase of wear, different tribological
parameters were recorded in the same layer) and (2) a change in the composition of
the material from which the pad is made of (depending on the degree of wear, the
working surface is friction material, binder, or support plate);

3.  the fastest wearout of the pads takes place when they are brand-new, which results
from the “run-in” process;

4.  the slowest wear of the pads was noticed when the friction surface was the interlayer.

From a safety point of view, information on the coefficient of friction is extremely
important because it has a direct effect on the value of the braking force. However, the
value of the K. factor says much about the lifetime of the pads. Information on the nature
of changes in both parameters is valuable for vehicle manufacturers and users.
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