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THERMAL TREATMENT OF THE BRAKING SYSTEM: SIMULATION
AND MODELING IN ABAQUS
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Abstract: This paper investigates the influence of heat treatments on the performance of the braking system,
using numerical simulation methods performed in Abaqus. Through a coupled thermomechanical analysis,
the temperature and stress distributions in the brake components subjected to intense operating conditions
were studied. The developed model allowed the evaluation of the behavior of the heat-treated materials,
revealing a reduction in plastic deformations and a more efficient thermal dissipation. The study
contributes to the optimization of the geometry and materials used in the braking system components,
proposing solutions for increasing safety and durability in automotive and industrial applications.
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1. INTRODUCTION

Vehicle braking systems are subject to
extreme stress, especially under conditions of
intense or repeated braking, when kinetic energy
is rapidly converted into heat by friction
between the brake disc and the brake pads. This
conversion generates a sudden increase in
temperature in the contact area, directly
influencing the mechanical and the thermal
behavior of components involved. The brake
discs, usually made of cast iron or special alloys,
experience rapid thermal variations, and the
cooling process by convection and radiation
does not always manage to eliminate residual
thermal stress. These stress, accumulated over
time, can lead to plastic deformations, cracks
and, ultimately, to compromising operational
safety. At the same time, brake pads made of
composite materials must withstand high
temperatures, mechanical wear and thermal
degradation phenomena, while maintaining a
constant friction coefficient [1, 2]. Components,
such as calipers or drums, involved in the
generation and transmission of braking force,
can also suffer mechanical and thermal
degradation in the absence of optimized design
and appropriate heat treatments [3 - 6].

Due to increasingly stringent requirements
for road safety, performance and durability, the
analysis of the thermomechanical behavior of
brake systems has become an essential direction
in engineering research. Heat treatments applied
to components can significantly improve
mechanical properties, dimensional stability and
wear resistance, contributing to the prevention
of structural defects and increasing the life of the
system [4, 7 - 9].

In this context, numerical simulation methods
based on the finite element method, such as
those implemented in Abaqus, allow the
investigation of the mechanical and the thermal
behavior of the brake under realistic operating
conditions, reducing the dependence on
experimental testing.

The present work aims to evaluate the
influence of heat treatment on the performance
of the braking system, through a detailed
numerical analysis. Through thermomechanical
modeling, the behavior of materials and the
distribution of stress during heating and cooling
processes are analyzed, with the aim of
highlighting effective solutions to increase the
reliability and safety of the braking system in
operation.
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2. THEORETICAL CONTEXT

With the evolution of the automotive industry
and the increase in safety standards, the
optimization of braking systems and the thermal
treatments applied to them has become essential.
Finite element simulation tools, such as Abaqus,
allow engineers to analyze and improve the
performance of braking systems virtually [10 —
12]. These tools provide detailed information
about thermal and mechanical behavior under
various operating conditions, reducing the need
for expensive experimental tests.

The efficient operation of a brake system
involves the rapid transformation of kinetic
energy into thermal energy, generated by
friction between the brake pads and the disc [5,
9]. This conversion induces intense thermal
stress, which can compromise the integrity of the
components if not carefully managed. Brake
discs, most made of cast iron, must withstand
repeated thermal cycles and stresses generated
by temperature differences between the external
and internal surfaces. Without adequate heat
treatment, these stresses can lead to cracks,
permanent deformations or even failure of the
part.

The thermophysical properties of the
material, such as thermal conductivity, specific
heat capacity and thermal expansion, play an
essential role in the behavior of components
during braking [13]. Also, the coefficient of
friction between the contacting materials
directly influences the amount of heat generated.
In real processes, this coefficient is not constant,
but varies depending on temperature, pressure
and relative speed [14 — 19].

Heat treatments such as quenching,
tempering, normalizing or annealing are
essential to improve the mechanical and
structural properties of components. These
processes modify the internal structure of the
material, giving it greater resistance to
mechanical and thermal stresses, as well as
superior dimensional stability [7, 20]. The
choice of the right treatment depends on the
operating conditions and the desired thermal
behavior for each part.

The analysis of the behavior of materials
subjected to thermomechanical stress is based on
concepts such as thermoelasticity and plasticity.
The constitutive models used in the simulation
must correctly reflect the interaction between
temperature, stress and deformation. In
particular, the material hardening curve and the
type of plastic behavior (isotropic, kinematic or
combined) influence how the material reacts
under rapid heating and cooling conditions. At
the same time, yield criteria, such as Von Mises,
are used to determine when the material enters
the plastic domain [21 — 24].

In numerical simulations, heat transfer is
modeled by conduction, convection and
radiation, each of which has a distinct role in
overall thermal behavior. The correct definition
of the contact conditions and the heat flux
generated by friction is essential to obtain
realistic results [25, 26]. Simulation models thus
become an essential tool for the analysis and
optimization of braking systems, allowing the
evaluation of thermal and mechanical behavior
under various scenarios, without the need for
extensive physical testing [27 — 30].

3. METHODOLOGY. DESCRIPTION OF
THE SIMULATION MODEL

For the analysis of the thermomechanical
behavior of the braking system, the Abaqus
software, based on the finite element method
(FEM), was used [20 — 22, 31]. The purpose of
the simulation was to investigate the temperature
and stress distribution during the braking
process, as well as the influence of heat
treatment on the behavior of the materials. The
numerical modeling included the geometry of
the main components which are involved in the
process of brake: the disc, the brake pads, the
caliper and the mounting bracket, fig. 1 [32 —
34]. The materials were defined with specific
properties, of which, for the disc, temperature-
dependent values were introduced for the
thermal conductivity, the heat capacity and the
linear expansion. For the other parts, constant
values, relevant to the simulated working
conditions, were used [21, 35].
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Fig. 1. Brake disc - caliper assembly, configuration and structural geometry

The contact conditions between the pads and
the disc were modeled with temperature-
dependent friction, which allowed a more
faithful representation of the heat generation
phenomenon. Thus, the following were
established:

* for the brake pad: configuration of the
thermal conductivity of the material, set to an
isotropic value of 32 W/mK; density of the
material for the simulation, set to a uniform
value of 7850 kg/m3; Configuration of the
elastic properties, including Young's modulus
of 206 GPa and Poisson's ratio of 0.3;
Definition of the isotropic thermal expansion
coefficient at 1.1e-5 1/K; configuration of the
specific heat of the material "back pad -
material" with a value of 595 J/(kg-K),
defined at constant volume.

Fig. 2. CAD model of the brake pad in visual section

Fig. 2. illustrates a brake pad, prepared for
thermal and mechanical simulation. The
geometric contour is used to analyze the heat
distribution and stress during operation.

* For the disc, fig. 3: Setting the thermal
conductivity of the material "Cast Iron UNI
5330 Gh190" with temperature-dependent
values; Setting the uniform density of 7200

kg/m3 for the disc material; Setting the
Young's modulus and ratio; Defining the
thermal expansion coefficient for the disc
material  (9.67e-7  1/K); Setting the
temperature-dependent specific heat,
between 470 and 775 J/(kg-K).

Fig. 3. Brake disc with assigned material highlighted
(Disc-Material)

* For pad material: Set thermal conductivity
for the "Pad-Material," with an isotropic
value of 2.06 W/mK; Set uniform density of
26.20 kg/m? for the pad material; Set Young's
modulus (40 GPa) and Poisson's ratio (0.29)
for the pad material; Set thermal expansion
coefficient for the pad material, with a value
of 1.43e-5 1/K; Define specific heat at
constant volume for the pad material, with a
value of 595 J/(kg-K), see fig. 4.

The heat produced by friction was applied in
the form of surface heat flux, and the thermal
dissipation was modeled through conduction,
convection and radiation mechanisms.

In order to capture the behavior of materials
subjected to repeated thermal stress, plasticity
models were introduced that include isotropic,
kinematic and combined hardening. The
constitutive equations were implemented by
correlating Hooke's law with the von Mises yield
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criterion, ensuring a correct description of the
transition from the elastic to the plastic domain.

Fig. 4. Brake pad with assigned material and
discretized in a finite element mesh

The simulation was carried out in a transient
regime, analyzing the evolution of temperature
and stresses during a braking cycle. The domain
discretization was performed through a finite
element mesh adapted to the geometric
complexity, aiming at a balance between the
accuracy of the results and the calculation time.

This approach allowed the evaluation of the
real behavior of components subjected to
complex stresses, allowing virtual testing of
different operating scenarios and the effects of
heat treatment, without the need for physical
prototypes or destructive testing.

4. RESULTS

The analysis consists of a nonlinear static
simulation sequence, followed by a complex
eigenvalue evaluation, used to identify dynamic
instabilities associated with the phenomenon of
unwanted noise in the braking system. These

instabilities can be influenced by factors such as
assembly forces, non-uniform distribution of
contact pressure between the brake pads and the
disc, variation of the friction coefficient as a
function of speed, temperature and pressure, as
well as the damping generated by friction and
the progressive wear of the friction material.

The operating principle of a disc brake
system consists in slowing down the vehicle by
pressing the brake pads against the rotating
wheel discs. The friction between the pad linings
and the disc dissipates the kinetic energy of the
vehicle, resulting in deceleration. However,
during brake operation, the friction between the
lining and the disc, in the system, can induce
dynamic instabilities, which can generate "brake
squeal", the unwanted noise.

The elastic stresses are higher on the inner
face of the rotor (154 MPa), in the case of the
ventilated disc model for the rear axle, compared
to the outer face (99.5 MPa). However, the von
Mises elastic stresses that have the maximum
values are found in the area of the rotor neck
(273 MPa) and near the inner radius of the long
blade thread (442 MPa). These stress
concentrations are generated by the restrictions
imposed on the free expansion of the rotor
friction surfaces [2].

Thus, it is important to develop a more
realistic inelastic material model that integrates
distinct yield surfaces for tension and
compression states. Such a model would allow a
more accurate assessment of the brake disc
behavior under thermal and mechanical loading
conditions, contributing to the improvement of
its design and performance.
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Fig. 5. Temperature for the rear ventilated disc at the end of brake application.



4.1 Temperature distribution in brake system
components

The numerical simulations performed
revealed a significant temperature variation
within the brake system components during an
intense braking cycle. The brake disc recorded
the highest temperatures in the contact area with
the pads, where friction is maximum. This
region concentrates most of the thermal energy
generated.
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In the case of brake discs, circumferential
stresses are predominant and play an important
role in plastic deformation. Detailed analysis of
plastic deformations in this direction is essential
to prevent premature failure and improve
component durability. This approach contributes
to optimizing the design and increasing the
reliability of brake systems under intensive use
conditions.

Fig. 6. Temperature distribution on the brake pad surface under different operating conditions

The temperature distribution is not uniform
throughout the disc volume. The outer layers
heat up quickly, while the deeper areas have a
delayed thermal response, which leads to the
appearance of significant thermal gradients.
These temperature differences can generate
internal stresses and contribute to the
degradation of the material over time.

The brake pads, in direct contact with the
disc, take up part of the heat generated, but their
thermal dissipation capacity is limited by the
properties of the composites used. A progressive
increase in temperature is observed inside them,
with an accumulation of heat in the layers close
to the friction zone.

Auxiliary metal components, such as the
caliper and the mounting bracket, register lower
temperatures due to their distance from the
active braking zone, but are still affected by
thermal transfer by conduction. If cooling is not
effective, these components can accumulate heat
over time, affecting the durability and stability
of the assembly.

4.2 Stress and strain distribution

Thermomechanical analysis performed in
Abaqus allowed observing how internal stresses
and strains appear and evolve during an intense
braking cycle.

i 3 e a ] (o G
Fig. 7. Simulation results, illustrating the stress
distribution in the brake disc

In fig. 7. is presented the history of element
centroid temperatures during the first cooling
period for the rear ventilated disc is presented.

The highest stress values were located in the
contact area between the brake disc and the
brake pads, where the stresses are maximum due
to the combination of mechanical pressure and
rapid heating (Fig. 8.). Thermal distribution in
the disc with the highest temperature.

. e s’ | O | /f‘;:
Fig. 8. Temperature distribution in the brake disc under
thermal loads
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The distribution of von Mises stresses
indicates the existence of concentrations in the
peripheral area of the disc, especially in regions
where the thermal gradient is accentuated. These
stresses can lead, in the absence of heat
treatment, to the appearance of fatigue cracks or
irreversible plastic deformations.

The total deformations were analyzed over
the entire geometry of the disc. The largest
displacements occur near the outer edge, where
heating is faster and the stiffness decreases
locally due to the high temperature. If not
controlled, these deformations can affect the
contact between the pads and the disc, reducing
the efficiency of the braking system.

The distributions highlighted by simulation
emphasize the importance of heat treatment not
only for wear resistance, but also for limiting
permanent deformations and maintaining the
structural stability of the components under
cyclic thermal stress conditions, fig. 9.

Fig. 9. Temperature distribution in the brake disc

In Fig. 10 a stress distribution is presented, in
a circumferential direction:

[ ]

Fig. 10. Stress distribution in the brake disc

The stress from circumferential direction in a
circular geometry is significantly higher than the
stress from the other two directions. This causes
a strong influence of circumferential stress on
elastic behaviors in the other directions.

However, in the project, the analysis of elastic
behavior is not a major priority.

The principal plastic strains do not have a
direct relationship with the corresponding
principal stresses, since the plastic strain is the
cumulative result of all stresses acting
simultaneously. For the fatigue analysis, the
objective is to reach a stabilized plastic stage. If
this stage is reached, the irregularities in the
graphs can be neglected.

Circumferential stress is dominant with
respect to the plastic deformation in a disc-type
geometry. According to previous studies and
experience, the failure of the brake disc is
usually initiated in the radial direction, which
indicates that it is caused by the circumferential
stress. Therefore, our analysis can focus on the
stress and strain states in this direction.

The results obtained from the thermal stress
and strain analysis are reliable and correct,
respecting the principles of elasticity and
plasticity. Thus, we can continue to apply the
same approach used for the reference model to
the real model.

5. DISCUSSIONS AND CONCLUSIONS

The results obtained from the
thermomechanical simulation of the braking
system confirm the importance of heat treatment
in increasing the durability and performance of
components subjected to intense stress. The
temperature and stress distributions highlight the
fact that, in the absence of appropriate treatment,
the brake disc is prone to residual stress
accumulations, which can lead to plastic
deformations, the appearance of cracks and,
ultimately, to material failure.

The heat treatments applied to the disc
contribute to stabilizing the mechanical behavior
in the cyclic heating-cooling regime, by
homogenizing the internal structure and
reducing the sensitivity to thermal gradients.
Compared to untreated materials, the heat-
treated variants showed a visible reduction in
maximum stress and a more uniform distribution
of the deformation field.

Although the simulation was performed
without complementary experimental data, the
qualitative analysis of the obtained figures
indicates good coherence of the model. This



suggests that the proposed method can be used
as a basis for further developments, such as
optimizing the disc geometry, testing other
materials, or analyzing the behavior under
repeated braking. In conclusion, heat treatment
is an essential factor in the design of reliable and
safe braking systems. Numerical modeling by
the finite element method, applied rigorously,
can be a valuable tool for evaluating system
performance and guiding engineering decisions
in the design stage.
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TRATAMENTUL TERMIC AL SISTEMULUI DE FRANARE: SIMULARE SI
MODELARE IN ABAQUS

Rezumat: Lucrarea de fata investigheaza influenta tratamentelor termice asupra performantei sistemului de franare,
utilizdnd metode de simulare numerica realizate In Abaqus. Printr-o analizd termomecanica cuplatd, s-au studiat
distributiile de temperatura si tensiuni in componentele de frand supuse unor conditii de functionare intense. Modelul
dezvoltat a permis evaluarea comportamentului materialelor tratate termic, relevand o reducere a deformarilor plastice si
o disipare termicd mai eficientd. Studiul contribuie la optimizarea geometriei si a materialelor utilizate in componentele
sistemului de franare, propunand solutii pentru cresterea sigurantei si durabilitatii n aplicatii auto si industriale.
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