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Abstract

In this paper an efficient approach to simulate thermal stresses due to frictional heating of disc brakes is presented. In
the approach thermal and stress analysis are performed sequentially. The frictional heat analysis is based on the Eulerian
method, which requires significantly low computational time as compared to the Lagrangian approach. Complete
three-dimensional geometries of a disc and a pad are considered for the numerical simulations. The contact forces
are computed at each time step taking the thermal deformations of the disc into account. The nodal temperature
history is recorded at each time step and is used in sequentially coupled stress analysis, where a temperature dependent
elasto-plastic material model is used to compute the stresses in a disc brake. The results show that during hard braking,
high compressive stresses are generated on the disc surface in circumferential direction which cause plastic yielding. But
when the disc cools down, the compressive stresses transform to tensile stresses. Such thermoplastic stress history may
cause cracks on disc surface after a few braking cycles. These results are in agreement with experimental observations

available in the literature.
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1. INTRODUCTION

Disc brakes are used to decelerate a vehicle by pressing
a set of pads against a rotating disc. It converts the ki-
netic energy of the moving vehicle into heat. This heat
causes the disc surface temperature to rise in a short pe-
riod of time. Due to these severe working conditions
during operation, macrocracks might develop on the disc
surface in the radial direction. Dufrénoy and Weichert
[1] showed that during a brake application, compressive
stresses are generated on the disc surface which cause
yielding of the material. Then, when the disc is cool-
ing, residual tensile stresses develop. Such thermoplas-
tic loadings may cause radial macrocracks after a few
braking cycles.

Different numerical approaches have been used to pre-
dict the thermomechanical behavior of disc brakes.
Dufrénoy and Weichert [2] implemented a two-
dimensional fully coupled thermomechanical algorithm.
Kao et al. [3] developed a three-dimensional (3D) FE
model capable of performing fully coupled thermome-
chanical analysis. They used this model to study hot
judder in a disc brake. Koetniyom et al. [4] performed
sequentially coupled thermomechanical finite element
analysis of disc brakes under repeated braking condi-
tions. They considered only a small segment of disc

taking the cyclic symmetry into account and assumed
a uniform heat flux. They developed and implemented
a temperature dependent material model that allows dif-
ferent yield properties of cast iron in tension and com-
pression. Choi and Lee [5] developed a FE model for an
axisymmetric fully coupled thermoelastic contact prob-
lem. They used this model to investigate thermoelastic
instability in disc brakes. In [1], Dufrénoy and Weichert
developed an uncoupled 3D FE model. They simulated
only one-twelfth of the disc by considering the axial and
rotational symmetries of the disc and used temperature
dependent material data. They confirmed the existence
of residual tensile stresses on the disc surface by measur-
ing with the hole drilling strain gage method. Gao et al.
[6] developed a fully coupled 3D thermomechanical FE
model to investigate the fatigue fracture in disc brakes.
They assumed that thermal properties of the materials
for disc and pad are invariant with temperature.

Today, the usual way to simulate frictional heating of
disc brakes in commercial softwares is to use the La-
grangian approach in which the finite element mesh of
a disc rotates relative to a brake pad. Although this ap-
proach works well, it is not feasible due to extremely
long computational times. The rotational symmetry of
the disc makes it possible to model it using an Eulerian
approach, in which the finite element mesh of the disc



does not rotate relative to the brake pad but the mate-
rial flows through the mesh. This requires significantly
low computational time as compared to the Lagrangian
approach. Nguyen et al. [7] developed an Eulerian algo-
rithm for sequentially coupled thermal mechanical anal-
ysis of a solid disc brake. First they performed a 3D
contact calculation to determine the distribution of the
pressure. Then a sequentially coupled analysis is im-
plemented by first performing a transient heat transfer
Eulerian analysis followed by a steady-state mechani-
cal analysis. Recently, Stromberg [8] developed a fi-
nite element approach using an Eulerian framework for
simulation of frictional heating in sliding contacts. In
his approach, the fully coupled problem is decoupled
in one mechanical contact problem and a frictional heat
problem. For each time step the thermoelastic contact
problem is first solved for the temperature field from the
previous time step. Then, the heat transfer problem is
solved for the corresponding frictional power. In another
paper [9] this approach was implemented for simulating
frictional heating in disc-pad systems.

In this work, thermal stresses in ventilated disc brakes
are simulated by implementing a sequential approach.
First a toolbox developed by Stromberg, which is based
and described in his earlier work [9], is used to perform
the frictional heat analysis. In this Eulerian approach the
contact pressure is not constant, but varies at each time
step taking into account the thermomechanical deforma-
tions of the disc and the pad. This updated contact pres-
sure information is used to compute heat generation and
flow to the contacting bodies at each time step. In such
manner, the nodal temperatures are updated accurately
and their history is recorded at each time step. Then a
Python script is used to write this history to an output
file for subsequent use. Because the finite element mesh
of the disc does not rotate relative to the pad, the con-
tact region is always well defined and a node-to-node
based approach can be adopted. This allows the mesh
to be refined only in the region where the brake pad is
in contact with the disc, which results in lower compu-
tational time. The output file with temperature history is
then used in a sequentially coupled stress analysis per-
formed with a temperature dependent von Mises plastic-
ity model by using Abaqus/Standard.

The results show the presence of residual tensile stresses
on the disc surface after it cools down, which surpass
the yield limit of material during a hard braking. The
sequential approach has proved tremendously cheap in
terms of computational time when compared to fully
coupled Lagrangian approach. This is demonstrated by
presenting numerical results.

Input file

A 4

In-house software —— Frictional heat

analysis

— Stress analysis

ODB file

Figure 1: Workflow of sequential approach to determine ther-
mal stresses.

2. SEQUENTIAL APPROACH

The workflow of the sequential approach used for sim-
ulation of thermal stresses is shown in Fig. 1. An in-
put file, which contains the meshed geometry with ap-
propriate boundary conditions and loads is required for
the frictional heat analysis. During this analysis linear
thermo-elasticity is adopted and the problem is decou-
pled in two parts. In the first part, for a given tempera-
ture distribution the contact problem is solved to obtain
the nodal displacements and contact pressure distribu-
tion. In the second part, for the obtained contact pressure
distribution the energy balance is solved and new nodal
temperatures are determined. These two equation sys-
tems are then solved sequentially and a temperature his-
tory is developed. The nodal temperatures determined at
a time step are taken into account in the next time step to
update the deformed geometry of the disc and pad. This
is shown schematically in Fig. 2. The nodal temperature
history is then written in an output file (called ODB file)
by using a Python script. This temperature history is
read into the Abaqus/Standard for performing sequen-
tially coupled stress analysis. For this stress analysis,
a temperature dependent von Mises plasticity model is
used.

3. NUMERICAL RESULTS

The assembly of the disc-pad system considered in this
paper is shown in Fig. 3. The disc is geometrically sym-
metric about a plane normal to the z-axis. It is assumed
that thermomechanical loads applied to the system are
symmetric so only half of this assembly is considered
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Figure 2: Sequential approach used during frictional heat
analysis to determine temperature history.

for the simulation and symmetry constraints are applied
on the nodes lying on the symmetry plane. Some de-
tailed geometry at the inner radius has been removed to
simplify the model as that is not important for this anal-
ysis. The displacements along x and y directions of the
nodes located at the inner radius of the disc are set to
zero. All the surfaces of the disc, except the one lying
on the the symmetry plane are considered to lose heat by
convection.

The brake pad is supported by a steel plate at the back
side as shown in Fig. 4. Some detailed geometry of the
support plate which is not necessary for the simulation
has been removed. Two cylindrical pins apply a nor-
mal force on the back surface of the support plate which
transmits it to the pad. Displacements at the back sur-
face of the support plate, other than along the force di-
rection, are fixed. Furthermore temperature is set to zero
on the back surface. The disc is meshed such that it has
smaller elements where it contacts the pad as shown in

Figure 3: An assembly of the disc-pad system.

e WA VR

Support Plate Brake Pad

Figure 4: Brake pad with support plate.

Fig. 5 (only a small portion of the disc is shown). This
is an advantage of the Eulerian approach because the fi-
nite element mesh of the disc does not rotate relative to
the brake pad but the material flows through the mesh.
In Lagrangian approach fine mesh should be applied on
the complete surface of the disc because the finite ele-
ment mesh of the disc rotates relative to the brake pad
or some adaptive strategy should have to be applied. All
the parts considered for the simulation are meshed with
4-node linear tetrahedron elements in HyperMesh (Hy-
perWorks 10.0). These meshed parts are then used to
prepare input file with boundary conditions and loads in
Abaqus/CAE.

Now the results of two frictional heat simulations will
be described. Results from the second one will be used
to compute thermal stresses in the disc.

In Fig. 6, temperature of the disc surface is shown for the
first simulation. A brake force of 24.5 [kN] is applied for
45 [s] on the back surface of support plate. The angu-
lar velocity of the disc is 45 [rad/s] and held constant
throughout the simulation. The force is ramped up by
using a log-sigmoid function during 20 time increments
and then held constant for next 70 increments with time
step = 0.5 [s]. The friction coefficient is u = 0.3, con-
tact conductance is ¢ = 0.1 [W/NK] and convection
coefficient is set to 50 [W/m?K]. The disc assembly is
meshed with 270194 elements. The total CPU time is
4272 [s] on a workstation with Intel Xeon X5672 3.20
GHz processor.

In Fig. 7, a graph of nodal temperatures is shown for the
second simulation. The nodes of the disc chosen for this
plot are located at 180° from the middle of the pad. In

Figure 5: Mesh of the disc.
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Figure 6: After the brake application, a ring of high temperature develops on the disc surface.

this case the brake force of 24.5 [kN] is applied for 20
[s]. The angular velocity of disc is 45 [rad/s] and held
constant throughout the simulation. The force on the
support plate is ramped up by using a log-sigmoid func-
tion during 20 time increments and then held constant
for next 80 increments with time step = 0.2 [s]. The
friction coefficient is ;x = 0.3, contact conductance is
i = 0.1 [W/NK] and convection coefficient is set to 50
[W/m2K]. After braking, the disc is cooled for another
5000 [s] with a time step of 5 [s]. In the legend of this
figure, R means the radius of node in [mm] for which
the curve is plotted. Here it is important to mention that
the outer radius of the disc is 218.3 [mm] and inner ra-
dius is 112.3 [mm]. Total time, i.e. sum of the braking
and the cooling time has been scaled so that it appears
as a unit on the time scale. It is evident that the tempera-
ture gradient along the radius of the disc disappears very
quickly after the brake operation ends.

The temperature history of this frictional heat analysis is
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Figure 7: Nodal temperatures on the disc surface.

imported to Abaqus and a stress analysis is performed.
The total CPU time for the frictional heat and stress anal-
ysis is 8979 [s] and 5602 [s] respectively, on a worksta-
tion with Intel Xeon X5672 3.20 GHz processor.

In Fig. 8, a graph of circumferential stresses on the disc
surface is shown. It can be seen that as the brake is ap-
plied, compressive stresses are generated. But after the
disc cools down, they transform into tensile stresses. In
Fig. 9, a graph of von Mises stresses on the disc sur-
face is shown which elaborates that von Mises stresses
go beyond the yield limit of material. So the material
is deformed permanently first in compression when the
brake is applied and then in tension when the disc cools
down. A graph of circumferential plastic strains of the
disc material at the surface is shown in Fig. 10. This
shows reversing trend during cooling down of the disc
because the yielding direction is opposite to that during
the braking operation.
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Figure 8: Circumferential stresses on the disc surface.
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Figure 9: von Mises stresses on the disc surface.

Compressive stresses on the disc surface can be ex-
plained by higher expansion of the surface material due
to higher temperature. The frictional heat causes the
disc surface temperature to rise in a short period of time
as compared to the inner of the disc as shown in Fig.
6. So the surface expands more than the disc inner and
due to closed shape of the disc, compressive stresses are
generated on the surface. When these stresses surpass
the yield limit, the material deforms permanently. But
on cooling down of the disc, the compressive stresses
transform into tensile stresses because the material has
already yielded in compression. At some nodes, magni-
tude of the compressive stresses starts decreasing even
though the temperature is increasing, it can be attributed
partly to the reduction of hardening at higher tempera-
tures. Depending upon the magnitude, the residual ten-
sile stresses in circumferential direction may cause the
initiation of radial microcracks on the disc surface.

In Fig. 11, a graph of radial stresses on the disc surface
is shown. It can be seen that as the brake is applied,
compressive stresses are generated at some nodes. But
after the disc is cooled down, these stresses transform
into tensile stresses. It can also be seen that magni-
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Figure 10: Circumferential plastic strains on the disc surface.
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Figure 11: Radial stresses on the disc surface.

tude of the compressive stresses starts decreasing even
though the temperature is increasing. This can be ex-
plained by the higher expansion of the surface material
in radial direction as compared to the inner of the disc in
the beginning but as the heat flows to the inner, it also ex-
pands radially. So due to the reduction in difference in
the expansions, the compressive stresses start reducing
in magnitude. By comparing with Fig. 8, it can be con-
cluded that, although the radial stresses follow the same
trend as the circumferential stresses, their magnitude is
lower. This is in agreement with the observation that ra-
dial microcracks on disc surfaces are more marked than
circumferential ones, even when macroscopic cracks do
not appear [1].

4. CONCLUDING REMARKS

In this work a sequential approach has been imple-
mented to study thermal stresses in disc brakes. Fric-
tional heat analysis is performed in an in-house software
based on the Eulerian approach and stress analysis is
performed in commercial software, Abaqus, which uses
thermal history from the frictional heat analysis as input.
This method has proved tremendously cheap in terms
of computational time when compared to the fully cou-
pled Lagrangian approach. The temperatures predicted
by the in-house software have been compared with the
temperatures recorded by a thermal imaging camera dur-
ing a physical test and found to be fairly close. The
stress analysis results show that during a hard braking,
high compressive stresses are generated on the disc sur-
face which cause the plastic yielding. But when the disc
cools down, the compressive stresses transform to ten-
sile stresses. The results also predict higher residual
tensile stresses in circumferential than radial direction,
which is in agreement with the observation that radial
microcracks on disc surfaces are more marked than cir-
cumferential ones, even when macroscopic cracks do



not appear [1]. Such thermoplastic stress history may
cause the radial macrocracks on disc surface after a few
braking cycles.

In future this sequential approach can be used to study
the fatigue life of a disc with a reasonable simulation
time. It can be very useful when studying new designs
for real disc brake systems.

During the frictional heat analysis, temperature indepen-
dent material data has been used. For more realistic
results, temperature dependent material data should be
used. At present the in-house software assumes constant
angular velocity of the disc but in future it could also be
extended to non-constant angular velocities. For stress
analysis, a material model has been used that assumes
the same behavior of the material both in tension and
compression but in reality cast iron has different proper-
ties in tension and compression. So in future it would be
advantageous to implement a material model incorpo-
rating the different behavior of cast iron in tension and
compression. Such a material model has been developed
by Koetniyom et al. [4].
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