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Abstract—The authors propose a method of providing stability of the coefficient of friction of a disk brake.
The method is based on the use of combination of friction materials in the force pattern of working elements
of a disk brake. These friction materials interact with a brake disk and have individual level of loading. The
article theoretically substantiates the possibility of the impact of the integral properties of a combination of
friction materials involved in the force interaction on vehicle braking parameters. The reasonability of the
proposed method is proved by the results of the experimental research. A brake-pad (lining) design has been

developed to implement this method.
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INTRODUCTION

The safety of open-pit, mining, car, and railway
transport depends on the stability and the coefficient
of friction level of a friction brake, which, in turn,
largely depends on the properties of friction materials.
The production nomenclature of friction materials
includes several hundreds of items and their world
production volume is tens of thousands of tons. In the
market of friction materials, there are many firms that
deal with their development and production. The
world’s most famous producers are the following ones:
Federal-Mogul, Honeywell (United States) (the busi-
ness of friction materials is sold to the Federal Mogul
Corporation TMD Friction), Becorit (Germany), and
Wabtec (United States). Despite high financial costs
for the development of new friction materials, there is
no friction material for disk brakes that would have
fully acceptable performance properties according to
the criteria of necessary level and the stability of the
coefficient of friction.

Studies in the field of improving brake systems have
been performed by scientific groups in many coun-
tries. The scientific school of the Russian Academy of
Sciences Academician V.I. Kolesnikov (Southern
Federal University, Russia) is a leading school in the
sphere of the development of analytical mathematical
apparatus for solving the heat problem for a friction
brake system [1, 2].

The increase in the cost of brake pads, which are an
expendable material, is undesirable because of their
high consumption in transport. Thus, a promising
trend is the search for new methods of providing fric-
tion properties of disk brakes that meet the current
requirements.

In the classic schemes of disk brakes, two friction
materials are used: the material of a pad and the mate-
rial of a disk. The friction characteristics of a disk
brake are a function of the properties of materials and
the conditions of their power loading [1, 3, 4].

An alternative to the development of new friction
materials is providing new properties of a disk brake by
combining several working materials in a friction
assembly, which does not presuppose a significant
change in the design of a brake and means of its con-
trol and provides wide possibilities for increasing the
coefficient of friction and providing the stability of the
braking. To increase the efficiency of the work of a
disk brake of a vehicle, it is presupposed to create the
individual power loading of each of working elements
of a disk brake [5].

Thus, an increase in feasibility characteristics of
the braking of a vehicle can be achieved based on the
development of a disk brake, in a force pattern of
which there is a combination of friction materials that
are united in a brake pad design, each one has an indi-
vidual load level.
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In connection with this, a promising trend is the
development of new properties of a disk brake by the
use of a combination of materials having different fric-
tion properties and individual loading conditions in
the force interaction of working elements.

The aim of this work is to develop and substantiate
the method for providing the stability of the coeffi-
cient of friction of a disk brake by the use of a combi-
nation of friction materials in the force pattern, to
prove experimentally the efficiency of the proposed
method according to the criterion of stability of the
coefficient of friction, and to develop the design prin-
ciples of a brake pad (lining) of a disk brake providing
the realization of the method.

MATERIALS AND METHODS OF STUDY

According to the current ideas about the external
friction of solid bodies, the total force of friction is a
force consisting of elementary forces that occur in
individual friction bonds. In turn, the latter are caused
by the molecular—mechanical interaction on micro-
contacts, which are observed on the contact surface of
friction elements.

The total outer friction force can be presented in
the form of a sum of two components: molecular and
mechanical ones, which are interrelated, and their
addition for the determination of the total force of fric-
tion can be used as the first approximation [3, 4].

It is known that the molecular—mechanical inter-
action of friction elements is caused by the individual
properties of materials operated under the conditions
of the power loading and under the impact of the envi-
ronment. Taking it into account, a new method of pro-
viding the friction properties of a tribological friction
assembly was proposed based on the use of several
friction materials in the force pattern of their interac-
tion. The schematic diagram of this method (by exam-
ple of a disk brake of the rolling stock) is shown in
Fig. 1. A brake disk interacts with several friction
materials A, B, C, and D, which have different indi-
vidual properties and loading conditions [5].

According to this scheme, the integral properties of
a disk brake are determined by the individual proper-
ties of the friction materials A, B, C, and D, the prop-
erties of the material of a brake disk 1, the conditions
of their individual loading, and the physical and
chemical state of the contact surfaces. In this case, the
integral force of friction is equal to the forces of fric-
tion occurring at the interaction of each of friction
materials with a brake disk.

The thermal interaction of working elements of a
disk brake, which contains several friction materials in
the force pattern, is illustrated by the differential equa-
tion of heat conduction (Fourier—Kirchhoff) pre-
sented in a cylindrical coordinate system without inner
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Fig. 1. Schematic diagram of the new method of providing
the friction properties of a disk brake of the rolling stock:
A, B, C, and D are the materials having different friction
properties; /—brake disk; £, ..., 4 are the optimal loading
forces; Fyy, ..., Fyy are the friction forces.

heat sources [6, 7]. The corresponding calculation
scheme is shown in Fig. 2.
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Equation (1) is supplemented by the boundary
value conditions. For the side (cylindrical) and end
(plane) surfaces of a brake disk, we have the following

type-3 boundary value conditions (without inner heat
sources) in Egs. (2) and (3), respectively:

ix(aa—f) =0 (T-T,), r=R )

ﬂ(aa_Tj =0, (T-T,), z=1%3/2, (3)
<

where A is the coefficient of thermal conductivity and
a,, o are the heat transfer coefficient between the cor-
responding surface of a brake disk and the ambient air.

For the sliding contact zone surfaces of a brake disk
with linings, we have the following type-4 boundary
value conditions with a surface heat source:

A (%) = Olpq _R%(Tl -T5),

N 1 L =452, (4)
(20 = - g + AT

where R, is the thermal contact resistance [8, 9]. Here-
inafter, the index 1 refers a value to a brake disk while
index 2 corresponds to the brake lining (pad).
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Fig. 2. Estimated scheme of a disk brake of the rolling stock: /—brake disk; 2, 3. brake pads; R, R, is the radius of a brake disk
and a wheel; 3, 8, is the thickness of a brake disk and a lining, respectively; V} is the oncoming airflow rate; 7, is the average
ambient temperature; ¥, is the current linear speed of a vehicle; o is the angular velocity of a brake disk; € is an angular acceler-

ation (deceleration) of a brake disk.

The specific heat flow rate generated at the braking
by one of the types of friction material (in the condi-
tion 4) is as follows:

2
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To determine the heat-transfer coefficients, the fol-
lowing criterial equations are used in the conditions (2)
and (3), respectively:

Nu, = 0.037(Re"*+ ReX*) Pr’;

5

Nu, = 0.135[(0.5Re+ Re.+ Gr)Pr]">.

Using the above equations, the following mathe-
matical model of the temperature field of the surfaces
of a brake disk was developed:
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Together, the above mathematical models make it possi-
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where T* = (T—T,)/T,; ¥* =r/R, 7* = 2z/0; ¢ = 0T,
O=p—1% P= wcppﬁz/(%); A=0a.6/(2\); B= a,.R/\.

To calculate the coefficient of friction in the case of
the simultaneous use of several (n > 2) different fric-
tion materials in a brake lining (pad), the following
dependence was obtained:

X cos(ZochG + % -P

vl 2vil
0.84v(v — DA kN v 2 %
nRE.SHBO.S/vbO.S/v

i

value of the combined action of several friction materials

ble to determine the total value of the coefficient of friction = with different properties and loading conditions that are

of a friction brake of the rolling stock obtained as the integral
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simultaneously located on a lining (pad) of a disk brake.
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Fig. 3. Dependence of the coefficient of friction on the average temperature of a contact surface of element of a disk brake:
(a) (/) carbon—steel combination; (2) cast iron—steel combination; (b) field of values for a carbon—steel—cast iron combination.

The efficiency of providing the integral friction
properties of a disk brake based on individual proper-
ties of elements of the system and the conditions of
their optimal loading are proved experimentally.

Experimental testing was performed using a special
test bench designed to simulate the force interaction of
elements of a disk brake in real time, acting forces, rel-
ative velocities, and heat flows between the friction
elements of a brake system. The basis of the test bench
is a disk brake of a tram [10]. During the experiments,
the following values were controlled: the rotational
speed of a brake disk, the pressing force of friction ele-
ments, the friction force, and the temperature in the
contact zone. The friction materials for the studies
were taken so that their characteristics significantly
differed according to the criterion of the influence of
the temperature: a composite based on carbon fibers
(hereinafter referred to as carbon) and gray cast iron
(hereinafter referred to as cast iron). Carbon and cast
iron together with the material of a steel brake disk
formed the following combinations: carbon—steel,
cast iron—steel, and carbon—steel—cast iron. The
nominal pressure at the contact of the friction ele-
ments was 0.5 MPa and the angular velocity of a brake
disk was 37.7 rad/s.

RESULTS AND DISCUSSION

The results of the experiment are shown in Fig. 3.
The results obtained in the experiment demonstrated
the possibility of providing new friction properties of a
friction assembly of a disk brake based on the combi-
nation of individual properties of elements of a tri-
bounit and their loading conditions.

The coefficients of friction at the interaction of the
carbon—steel and cast iron—steel combinations have
the opposite tendencies to change upon an increase in
temperature (the coefficient of friction of carbon
increases upon the increase in temperature, while that
of cast iron decreases). However, upon an interaction
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of the same elements in the carbon—steel—cast iron
combination, the strong tendency of the coefficient of
friction to increase upon an increase in temperature
with a subsequent decrease in its influence is observed.
This combination of materials (carbon—steel—cast
iron) has more stable friction properties than those
observed in the case of cast iron—steel or carbon—steel
materials.

The above results prove the reasonability of the
considered method of providing the friction properties
of a disk brake based on the combination of individual
properties of elements of a tribounit and their loading
conditions.

Practical Realization of the Method

The realization of the proposed method of provid-
ing the friction properties of a disk brake presupposes
the change in the design of a pad. In this case, the
requirements for a brake pad with two working friction
materials must be as follows:

—the presence of at least two platforms that are
kinematically linked to one another;

—the location of the working materials with differ-
ent properties on each platform;

—an individual loading level of each of the working
materials; and

—the autocompensation of the work of the work-
ing materials.

The above requirements are met in the constructive
scheme in Fig. 4.

The hinges 3 and 4 provide the distribution of the
load of the pads 7 and 2 on the brake disk. An individ-
ual loading of the friction materials A and B is pro-
vided due to different shoulder lengths C and D.

A brake pad based on the above scheme is shown in
Fig. 4b. The design of a brake pad is protected by a
utility patent [11].
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Fig. 4. Scheme of a brake lining of a disk brake (a) and a variant of its practical realization (b): (/) segment where the friction
material A is located; (2) segment, where the friction material B is located; F, F; are the load forces of brake pads; (3) hinges.
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Fig. 5. Scheme of location of brake linings on wheel pairs (a) with two brake disks and (b) with disks on a wheel center: (/) brake
linings with the friction materials A; (2) brake linings with the friction material B.

The presence of the hinges 3 in a pad provides the
autocompensation of unequal wear intensities of the
friction materials A and B. The presented brake lining
is applicable in wheel pairs with one and two brake
disks. For wheel pairs with three brake disks and with
brake disks fixed on a wheel center, a traditional brake
lining on which the friction materials A and B are fixed

Fig. 6. Scheme of location of brake linings of a disk brake
of a car: (a) ventilated disk; (b) nonventilated disk. (/) fric-
tion material A; (2) friction material B.
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can be used. The location of these linings on brake
disks of wheel pairs is proposed according to the fol-
lowing schemes (Fig. 5).

A significantly easier method for the development
of friction properties of a friction assembly is realized
in the design of a pad brake of the rolling stock. In this
case, brake pads with different friction materials are
located at different sides of a wheel. The optimal pres-
sure of a brake pad on a wheel is achieved by varying
the contact surface area.

The realization of the new method applied to a disk
brake of a car is shown in Fig. 6. The checkered pattern
of brake linings on a ventilated disk of a car is caused
by the fact that the friction materials with different
properties cause different temperatures during the
interaction with a disk. As a result, the surface of a disk
can deform in a complex manner under the influence
of different temperatures.

CONCLUSIONS

(1) A method was proposed for providing the sta-
bility of the coefficient of friction of a disk brake of a
vehicle operated under extreme conditions based on
the use of several friction materials in a force pattern of
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their interaction with the consideration of individual
loading conditions of each of them. The reasonability
of the method was proved experimentally by bench
tests.

(2) A mathematical model for the determination of
the total value of the coefficient of friction of a friction
brake (in particular, a disk brake) of a vehicle was
developed as the integral value of a combined action of
several friction materials with different properties and
loading conditions (in the common case) located
simultaneously on a lining (pad) of a disk brake. This
occurs with the consideration of the influence of the
temperature generated during breaking on the main
physical and mechanical properties of materials in the
friction interaction. The initial conditions are the val-
ues of the temperature of elements of a brake system,
the speed of motion of a vehicle, and the oncoming
airflow in the moment of time preceding to breaking.

(3) The design of a brake lining that differs from the
analogs was developed using two materials with differ-
ent friction properties. This design of a brake pad pro-
vides the following:

—the autocompensation of the wear intensity of
one friction material with respect to the other; and

—an individual loading level of each friction mate-
rial.

(4) A combination of several friction materials in a
force pattern of a disk brake makes it possible to
achieve the required performance properties of a disk
brake by means of design.

NOTATION

) thermal diffusivity coefficient of a
material

T current value of time at breaking

T absolute temperature (7 =f(r, @, 2, T))

@ angle between the radius vector » and
the x axis

A coefficient of thermal conductivity

Q,, a, heat transfer coefficient between the
corresponding surface of a brake disk
and the ambient air

q specific heat flow

R, thermal contact resistance

q specific heat flow

O friction energy distribution ratio

m braking weight

ny number of types of friction materials

n, number of brake linings made of one
material

r radius vector that describes the con-

tact zone of a disk with a lining
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o* angular velocity of a disk (¢ > 0)

T time of breaking (final value)

Re,, Re, Reynolds numbers caused by blow-
ing of a break disk with the oncom-
ing airflow

T* dimensionless temperature

r, z* dimensionless coordinates

T* dimensionless time

Cp O specific isobaric heat capacity and
specific mass of the material of a
break disk

Son molecular component of the coeffi-
cient of friction

P, specific pressure in an assembly of a
break disk with a lining (pad)

N normal pressing effort of a lining to a
break disk

HB hardness of a material (lowest value
in a friction assembly)

R, radius of the curvature of micror-
oughnesses

R, average radius of friction of a break
pad

k coefficient depending on geometric
and mechanical properties of sur-
faces

h approaching of contact surfaces of a
brake disk and a lining (pad)

b,v parameters of the support surface
curve
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