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ABSTRACT

Purpose: The brake system is the most significant component of a vehicle because it protects 
the driver, passengers, other road users, and property on both sides of the road. The basic 
principle of the disc brake system depends on the friction-based between the brake pads and 
rotor disc.
Design/methodology/approach: The paper introduced a developed 3D finite element thermal 
model of the brake system to simulate the heat generated by friction in the vehicle's disc brake.
Findings: The results presented the surface temperature at any instant of the disc brake under 
various initial velocities when the materials properties of the rotor disc and pad depend on 
temperature.
Research limitations/implications: The main aim of the present paper is to build a numerical 
model to simulate the braking process under various initial vehicle velocities and investigate the 
influence of the material properties when they function on temperature and constant.
Originality/value: The maximum difference between the two cases (contact and depend on the 
temperature) was 17 K for the initial velocity of 144,120. Also, it was found out that the percentage 
differences of the surface temperature increasing with the rise in initial vehicle velocity were 323% 
and 392.5% when the initial velocity of the vehicle increased from 100 km/h to 144 km/h.
Keywords: Brake system, Thermal analysis, Finite element method, Frictional material, Heat 
generated
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1. Introduction   
 

The brake system plays a crucial role in a vehicle as it 
ensures the safety of the driver, passengers, and other road 
users and protects surrounding properties. Based on the 
principle of friction, the disc brake system efficiently 
transforms the vehicle's kinetic energy into thermal energy, 
allowing for rapid deceleration or halting. The effectiveness 
of a frictional brake system is proportional to the magnitude 
of the shear force that opposes the disc's rotation. The large 
heat frictional power rate generated in the brake system leads 
to a high surface temperature during braking. Consequently, 
various thermal and mechanical effects types, such as 
crazing, heat spots, butterfly disc failure, and corrugated 
rotor disc failure, are predicted to happen in the contact zone 
[1]. One or more of those effects may lead to premature 
failure of the brake system. The brake parts absorbed the 
heat generated according to conduction heat transfer in 
brake’s elements and dissipated to the surrounding by 
convection and radiation [2].  Therefore, predicting the 
amounts of heat generated and dissipating heat depends on 
studying and analysing the thermal transient behaviour of 
the brake system. Mohammed et al. [3] studied the transient 
thermal behaviour of mechanical frictional brake systems 
based on numerical and experimental approaches. Their 
results illustrated that the optimal friction material is the 
material that has good thermal properties because it leads to 
a lower final surface contact temperature. Hasan [4] 
investigated the effects of the different initial speeds of the 
vehicle and contact pressure on transient thermal-structural 
behaviour. The experiments and numerical results showed 
that the surface temperature was maximum when applied the 
highest initial speed and pressure. Also, the transient thermal 
behaviour showed that the surface temperature increased to 
its peak and then steadily decreased until it reached the 
lowest point at the end of the braking time. Bena and Sirata 
[5] analysed the effect of the thickness of the disc on the 
transient thermal and stress behaviours of the brake disc. The 
numerical results showed that the maximum surface 
temperature appeared on the brake contact zone, and the 
minimum surface temperature appeared on the opposite disc 
surface. Stojanović et al. [6] discussed the effect of different 
contact pressures on the magnitude and distribution of the 
heat generated between the brake disc and pad during the 
braking process. The result showed that the maximum 
surface contact temperature was recorded when applying the 
highest contact pressure. Babu and Solomon [7] investigated 
the effects of ambient temperature on the transient thermal 
behaviour of the brake disc system. They found that the 
maximum surface temperature occurred at each initial 
period and started slightly decreases along the disc thickness 

away from the contact surface. Synák et al. [8]  investigated 
the influence of the repeated braking process on the surface 
temperature of a brake system component. The result 
showed that the maximum surface temperature increased 
dramatically when the number of repeated brakes increased. 

Most research studied the thermomechanical transit 
behaviour of the brake disc, assuming constant materials 
properties of the disc and pad. The paper presents a 
comprehensive analysis of the effect of changing the 
material's properties with surface temperature on the 
transient thermal behaviour of the disc brake. Furthermore, 
a comparison was made between the thermal results when 
assuming constant and variable material properties with 
temperature during the braking period. The finite element 
method (COMSOL Multiphysics® 6 software) was used to 
simulate the braking process and compute the thermal and 
thermal energy during the braking process. 
 
 
2. Mathematical modelling 
 

The vehicle moves at initial velocity; when it is 
necessary to stop the car or slow down. The calliper piston 
is pressed by brake pad agents, the rotation disc. Thus, the 
vehicle speed will decrease due to the applied pressure 
between the brake rotor disc and pad. Therefore, the kinetic 
energy is converted to heat energy. The total heat generated 
by the brake system can be expressed as follows [9]. 
 

� � 0.5 𝑀𝑀 �𝑉𝑉�� � 𝑉𝑉���  (1) 
 

Q is the total kinetic energy (J), M is the mass of the vehicle, 
and V1 and V2 are the initial and final velocities of the 
vehicle (m/s). The governing equations of brake disc and pad 
temperature distribution under transient thermal state are 
written in cylindrical coordinates. The finite element method 
by using COMSOL Multiphysics 6 software solves the 
temperature field into three dimensions (r,θ,z) using the 
transit brake rotor disc and pad equation [3]; 
 
���
��� �  ��  ���� �  ���  ������ �

���
��� �  ���  � ���� �  𝜔𝜔 �𝑡𝑡� �����   (2) 

 

For: 𝑟𝑟� � 𝑟𝑟 �  𝑅𝑅� , 0 � � � 2𝜋𝜋, 0 � � � ��, 0 � 𝑡𝑡 � 𝑡𝑡�.  
 

Where α is thermal-diffusivity, θ is a pad cover angle, and tb 
is braking time (second). The brake rotor disc boundary 
conditions shown in Figure 1 can be written as follows: 
 

𝐾𝐾�  ����� �� �� � � ��� � ���,�,���  (3) 
 

𝐾𝐾�  ����� �� �� � � ����,�,�� � ���  (4) 
 

For: 0 � � � 2𝜋𝜋, 0 � � � ��, 0 � 𝑡𝑡 � 𝑡𝑡� 
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𝐾𝐾�  ����� �� �� � � �𝑇𝑇� � 𝑇𝑇��,�,���     (5) 
 

𝐾𝐾�  ����� �� � � � �𝑇𝑇��,�,�� � 𝑇𝑇��   (6) 
 

For: 𝑟𝑟� � 𝑟𝑟 �  𝑅𝑅�  , 0 � 𝜃𝜃 � 2𝜋𝜋, 0 � 𝑡𝑡 � 𝑡𝑡� 
 

While the brake pad boundary conditions can be written as 
follows: 
 

���
��� �  ��  ���� �  ���  ������ �

���
��� �  ��   ����    (7) 

 

For: 𝑟𝑟� � r �  R� , |θ| � θ�, 0 � z � ��, 0 � t � t� 
 

𝐾𝐾�  ����� �� �� � � �𝑇𝑇� � 𝑇𝑇��,�,���  (8) 
 

𝐾𝐾�  ����� �� �� � � �𝑇𝑇��,�,�� � 𝑇𝑇��  (9) 
 

For: |𝜃𝜃| � 0.5𝜃𝜃, 0 � � � ��, 0 � 𝑡𝑡 � 𝑡𝑡� 
 

𝐾𝐾�  ����� ���� � � �𝑇𝑇� � 𝑇𝑇��,�.��,�,���    (10) 
 

𝐾𝐾�  ����� ���� � � �𝑇𝑇��,�.��,�,�� � 𝑇𝑇��    (11) 
 

For: 𝑟𝑟� � 𝑟𝑟 �  𝑅𝑅� , 0 � � � ��, 0 � 𝑡𝑡 � 𝑡𝑡� 
 

𝐾𝐾�  ����� �� �� � � �𝑇𝑇� � 𝑇𝑇��,�,���    (12) 
 

For (r,θ) ϵ As, 0 ≤ t ≤  tb   
 

where: 
 

ω�t�  � 𝑉𝑉�𝑡𝑡� 𝑅𝑅�    (13) 
 

� � 𝐾𝐾 �c      (14) 
 

Rp and rp: are the outer and inner stationary pad diameters, 
ω is the angular velocity of brake rotor disc speed (rad/s). 
𝑅𝑅� and 𝑟𝑟�  are the outer and inner rotor disc diameters. The 
car slows down at a constant deceleration [10] as:  
 

𝑉𝑉�𝑡𝑡� �  𝑉𝑉�  �1 � �
���   0 � 𝑡𝑡 � 𝑡𝑡�  (15) 

 

where: t is the time (s), and tb is the braking time. The heat 
generated that the rotor disc and pads absorb can be 
calculated based on the partition ratio [3,4]: 
 

� � �������
���������������     (16) 

 

The expression p and d represents the disc and the pad, 
respectively. K is the thermal conductivity (W/m.K), C is the 
specific heat (J/kg.k) at constant pressure, and ρ is the mass 
density (kg/m3). The heat generated enters into the brake 
rotor disc and pad according to the partition ratio with an 
assumption (Td =Tp) are [5,11,12]; 
 

q��r, t����� � �1 � �����ω �t�r   (17) 

For: 𝑟𝑟� � 𝑟𝑟 �  𝑅𝑅� , 0 � 𝜃𝜃 � 2𝜋𝜋, 0 � 𝑡𝑡 � 𝑡𝑡� 
 

𝑞𝑞��𝑟𝑟, 𝑡𝑡����� � �𝜇𝜇��𝜔𝜔 �𝑡𝑡�𝑟𝑟   (18) 
 

For: 𝑟𝑟� � 𝑟𝑟 �  𝑅𝑅� , |𝜃𝜃| � 0.5 � 𝜃𝜃�, 0 � 𝑡𝑡 � 𝑡𝑡� 
 

So, the total heat generated is: 
 

𝑞𝑞� � 𝑞𝑞� �  𝑞𝑞�    (19) 
 

The amount of heat that enters into the pad is, 
 

𝑞𝑞� � � 𝑞𝑞�   (20) 
 

The amount of heat that enters into the rotor disc is, 
 

𝑞𝑞� � �1 � �� 𝑞𝑞�   (21) 
 

The amount of heat generated between the brake rotor disc 
and pad is dissipated to the surrounding by conduction and 
convection heat transfer is [13], 
 

𝑄𝑄���������� � ���𝑇𝑇� � 𝑇𝑇��  (22) 
 

where: 
 

h � 3.691 �v�/r������.�   (23) 
 

The contact pressure p solves the thermoelastic contact 
problem (r,t) [14]: 
 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 �𝑟𝑟����𝑟𝑟� �  𝑄𝑄� 𝜇𝜇𝜇𝜇�   (24) 
 

where: 𝑄𝑄�  is the brake frictional power for each brake (watt). 
 

 
 

Fig. 1. Brake model boundary condition 
 
 
3. Finite element simulation 
 

The first step of pre-processing the simulation process is 
to build the 3-dimensional brake system model using 

3.	�Finite element simulation
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COMSOL Multiphysics®6 software. The disc brake model 
has two symmetrical stationary pads with solid rotor discs, 
as shown in Figure 2. The element mesh type compares 
tetrahedra, hexahedra, and triangles. For the optimal finite 
element model, the number of elements was 48710. The final 
FE model mesh can be seen in Figure 3. The 3-D 
temperature fields Td(r,θ,z) and Tp(r,θ,z) will be calculated 
for two assumptions: 
1. The thermal properties of the brake disc and pad material 

are constant and not affected by temperature.  
2. The disc and pad thermal material properties are a 

function of the temperature. 
 

 
 

Fig. 2. a) Disc-brake system, b) section of disc-brake 
 

 
 

Fig. 3. Finite element model of brake system 
 

The details of the dimensions of the brake model are 
illustrated in Table 1. The selected initial and final velocities 
applied during the braking process are (1) 144 to 72 km/h, 
(2) 120 to 60 km/h, and (3) 100 to 50 km/h. The required 

braking time is 4 sec. The driver presses down hard on the 
brake pedal for 4 seconds to slow down the car of 1200 kg 
to the final speed. The linear deceleration for the braking 
interval calculates as the first derivative of vehicle speed. 
Table 2 shows the brake model operational conditions. 

 
Table 1. 
Brake system model dimensions 

Dimensions, m Disc Pad 
Outer diameter 0.22 0.21 
Inner diameter 0.12 0.14 
Thickness 0.013 0.01 
Holes number 4 ----- 
Holes diameter 0.013 ----- 
Slot length ------ 0.006 

 
Table 2. 
Model operational condition 

Parameters Value 
Initial vehicle speed, km/h 100, 120 and 144 
Wheel radius, m 0.276 
Vehicle mass, kg 1200 
Start braking time, s 0 
End braking time, s 4 
Initial temperature, K 300 

 
The brake disc material is HT250, and the pad material 

is resin matrix composite. Tables 3 and 4 illustrate the 
material properties of the brake disc and pad. The 
assumptions of Finite Element thermal simulation of the 
brake system that is considered in the study are: 

 the brake model materials are homogeneous and 
isotropic,  

 the heat dissipation is due to conduction and convection 
heat transfer, 

 the visible pad lining area is the contact area,  
 neglecting wear of pads and disc,  
 the applied pressure is uniform on the contact surface, 
 neglecting thermal contact resistance, i.e., perfect 

contact Tdisc=Tpad. 
 
Table 3. 
The material properties of the brake rotor disc 

Temperature, 
°C 

Specific 
heat, 

J/Kg.k 

Heat 
conductivity, 

W/m.k 

Thermal 
expansion, 

10-6/k 
0 503 42.4 4.39 
20 530 43.1 11.65 

100 563 44.2 12.84 
200 611 43.6 13.58 

a) 

b) 
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Table 4. 
The material properties of the brake pad 

Temperature, 
°C 

Specific 
heat, 

J/Kg.k 

Heat 
conductivity, 

W/m.k 

Thermal 
expansion, 

10-6/k 
20 1200 0.9 10 

100 1250 1.1 18 
200 1295 1.2 30 
300 1320 1.15 32 

 
The main steps achieved by the developed Finite 

Element Model of the brake system can be summarised as 
shown in Figure 2. The density and Poisson's ratio of the 
brake disc are 7280 kg/m3 and 0.3. The density and Poisson's 
ratio of the brake pad are 1550 kg/m3 and 0.25 [15]. Table 5 
shows the variation of the friction coefficient with the 
temperature. 
 
Table 5. 
The variation of the friction coefficient with the temperature 
change 

Temperature, °C The friction coefficient 
20 0.37 

100 0.38 
200 0.41 
300 0.39 

 
The developed numerical model was verified by 

comparing the maximum temperature results with reference 
[2], where the percentage difference between them was at 
most 0.4%, as shown in Table 6. The results proved the high 

accuracy of the developed model and the high agreement 
with the results of Ref. [2]. 

 
Table 6. 
The validation of the developed FE model to find the 
maximum surface temperature 

 Maximum temperature of the 
Brake system at t= 1.2 s 

Ref. [2] 432°C 
Result of the present 
Developed FE model 430.15°C 

Difference % 0.42 

 
 
4. Results and discussions 
 

The main objective of the present analysis is to build a 
numerical model to simulate the braking process under 
various initial vehicle velocities and investigate the 
influence of the material properties when they function on 
temperature and constant. Also, the distribution of surface 
temperatures along pads and rotor disc thickness was 
presented. Figure 4 shows the section along two pads and 
rotor disc thickness. 

In the numerical analysis, it was simulated six different 
cases. Those cases can be classified into two categories 
based on the assumption of material properties of the rotor 
disc and pads: materials properties are dependent and 
independent of the temperatures. The descriptions of the six 
cases can be seen in Table 7. 

 

 
 

Fig. 4. The UT section of the brake pads and rotor disc thickness 

4.	�Results and discussions
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Table 7. 
The details of the cases used in the numerical analysis 

Case 
No. 

Range of 
Deceleration 

Assumption of material 
properties 

1 144 km/h to72 km/h Constant with temp. 
2 144 km/h to72 km/h Depend on temp. 
3 120 km/h to 60 km/h Constant with temp. 
4 120 km/h to 60 km/h Depend on temp. 
5 100 km/h to 50 km/h Constant with temp. 
6 100 km/h to 50 km/h Depend on temp. 

 
Figure 5 shows the variation of the surface temperature of 

the six cases when the material properties of the brake rotor 
disc and pad are independent and dependent on temperature. 
It can be seen that the surface temperature increased until it 
reached the peak values after the half braking time (2 sec). 
Then it gradually decreases to the lowest value at the end 
braking time of 4 s. The maximum surface temperatures 
occurred when the highest initial velocity was applied, while 
the minimum surface temperature occurred when the lowest 
initial velocity was impacted. For the first category, when 
the materials properties of the brake rotor disc and pad are 

independent of the temperature, the maximum surface 
temperatures for cases (1, 3, and 5) are found to be 615.78 
K, 531.88 K, and 468.8 K, respectively. For the second 
category, when the materials properties of the brake rotor 
disc and pad are dependent on the temperature, the 
maximum surface temperatures for cases (2, 4, and 6) are 
found to be 598.8 K, 521.34 K, and 463.54 K. It can be 
noticed that the surface temperatures of the first category 
cases (1, 3, and 5) were higher than surface temperatures of 
second category cases (2, 4, and 6). Table 6 shows the 
maximum surface contact temperature of six cases. The 
maximum difference between the surface temperatures of 
case 1 and case 2 was approximately 17 K. The maximum 
difference between the surface temperatures of case 3 and 
case 4 and case 5 and case 5 are 10.5 K and 5.26 K, 
respectively. Figures 6-11 illustrate the maximum surface 
contact temperature of all cases (1-6) when the maximum 
temperature occurred during the braking process. Figures 
12-17 show the variation of temperatures along the brake 
pads and rotor disc thickness. It can be seen very clearly that 
the high thermal gradients in the contact zone between two 
pads and rotor disc and the surface temperatures increased 
towards the outer disc diameter. At the same time, it 
decreased away from the sliding surface. 

 

 
 

Fig. 5. Surface temperature at applying different initial velocities assuming dependent and independent materials properties 
on temperature 
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Fig. 6. The distribution of surface temperature at Tmax for Case 1 
 

 
 

Fig. 7. The distribution of surface temperature at Tmax for Case 2 
 

 
 

Fig. 8. The distribution of surface temperature at Tmax for Case 3 
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Fig. 9. The distribution of surface temperature at Tmax for Case 4 
 

 
 

Fig. 10. The distribution of surface temperature at Tmax for Case 5 
 

 
 

Fig. 11. The distribution of surface temperature at Tmax for Case 6 
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Fig. 12. Temperature variation at Tmax along brake pads and disc thicknesses (case 1) 
 

 
 

Fig. 13. Temperature variation at Tmax along brake pads and disc thicknesses (case 2) 
 

 
 

Fig. 14. Temperature variation at Tmax along brake pads and disc thicknesses (case 3) 
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Fig. 15. Temperature variation at Tmax along brake pads and disc thicknesses (case 4) 
 

 
 

Fig. 16. Temperature variation at Tmax along brake pads and disc thicknesses (case 5) 
 

 
 

Fig. 17. Temperature variation at Tmax along brake pads and disc thicknesses (case 6) 
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5. Conclusions and remarks 
 

In the present research paper, a numerical analysis was 
developed to investigate the effect of material properties of 
brake rotor discs and pads that are dependent on temperature 
on the thermal behaviour and performance of the brake 
system during the braking process. Based on the transient 
thermal analysis of the brake system, it can be drawn the 
following conclusions:  
1. The surface temperatures of the first category, when the 

materials properties of the brake rotor disc and pad are 
independent of the temperature (cases 1, 3, and 5), are 
higher than those of the second category (cases 2, 4, and 
6). The reason for those results is the proportional 
relationship between thermal conductivity and 
temperature. So, when the surface temperature increases, 
the thermal conductivity increases too. 

2. The percentage differences in the maximum surface 
contact temperature between case 1 and case 5, when 
increased the initial vehicle velocity from 100 to 144 
km/h, was about 323%. While it was about 162% when 
the changing starting velocity was from 120 to 144 km/h 
(cases 1 and 3). 

3. The surface temperatures along the radial disc direction 
increased towards the outer rotor disc diameter because 
the velocity of the point (node) rises according to the 
increased disc radius on the outer disc diameter.    
In future works, the effect of the cracks [16] under the 

heavy duty working condition of the brake system can be 
investigated. So, excessive thermal stresses will be 
generated, and thermal cracks will be initiated and 
propagated under such conditions. Also, the wear problem 
of the rotor disc and pads can be studied. 
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