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Abstract: The brake system is a critical item of safety equipment in a vehicle and provides the
driver with adequate control over the speed of the vehicle and is classified as one of the most
crucial parts in any vehicle. Rotor reliability and the thermal behaviour of various small scale
disc brake rotors were investigated using a small scale brake dynamometer rig and a number of
different numerical approaches. Abaqus and Matlab software were firstly used to construct a one
dimensional (1D) thermal model to investigate the thermal performance of disc brakes. The 1D
model was validated with literature and experimental results. An axisymmetric thermal model was
then developed using Abaqus in order to investigate the temperature distribution through the
brake rotor. The effect of a coating layer on a disc brake rotor was investigated using Abaqus
implicit analyses which included an enhancement of the modelling of the coating layer and as
assessment of the results accuracy. Matlab code was constructed to communicate with the Abaqus
input file in order to perform a repetitive braking events and optimisation analysis. This code was
developed in order to save time and to utilise the optimisation toolbox in Matlab. The numerical
results showed good agreement with the experimental results obtained from the literature.
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1. Introduction

A disc brake must undergo extensive testing to make sure it functions as desired over a varied
range of braking conditions. Furthermore, testing is an essential stage in order to meet the
legislative requirements and make sure that the vehicle meets all the safety criteria. Many
researchers have investigated the thermal performance of disc brakes by predicting the
temperature distribution using different methods such as lumped analysis, a one dimensional
analytical method, a two or three dimensional numerical method with different assumptions in
each case comparing the numerical results with experimental results (Abbas et al., 1969-70, Amin
et al., 2007, Jun et al., 2008, Mcphee and Johnson, 2008, Newcomb, 1960, Talati and Jalalifar,
2009). In this research, a small scale test rig was used instead of a full scale dynamometer. The
major advantages of reduced scale testing are highlighted by (Kermc et al., 2005). They found that
it is more cost efficient than full scale tests and thus, leads to an increase in the practicality of fast
back-to-back testing.

Thermal modelling was introduced by various automotive brake designers as a method of
evaluating the system performance early in the development stages which decrease the level of
complexity and time consuming investigation (Kim et al., 2007). Different approaches have been
used in the modelling of brake systems in order to achieve the best accuracy, but there is a trade-
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off between the accuracy of the results and run time (Sheridan et al., 1988). Ideally, the thermal
model needs to account for the effect of varying friction coefficient, vehicle geometry and inertia
along with different heat flows (El-Sharkawy, 2008). Different studies in the literature combine a
collection of software such as Abaqus to create complex, resource-heavy simulations (Adamowicz
and Grzes, 2011, Alsaif et al., 2010, Bozic et al., 2012, Grieve et al., 1997).

In addition, other research has been undertaken in the area of lightweight disc design. Most
research makes use of aluminium alloy and composites as the material for the brake rotor. The
reason for using aluminium alloy is because of its tremendously encouraging properties such as
high specific heat capacity, low density and high thermal conductivity which make it a good
candidate for many engineering applications. On the other hand, aluminium alloys have
disadvantages, namely low maximum operating temperature and low wear resistance which can
limit their application (Dahm et al., 2009, Shrestha and Dunn, 2007, Shrestha et al., 2003).

In order to achieve the main aim of replacing the cast iron disc with a light weight disc (coated
aluminium alloy), there are many issues to resolve. One of the issues is modelling the thin coating
layer in Abaqus software; this issue was investigated by using the thermal resistance approach
which is explained in this paper. Furthermore, a novel approach to execute disc brake finite
element models using both Abaqus and Matlab software for different braking events is presented.
This approach gives the user the power of using the Matlab optimisation toolbox in conjunction
with the Abaqus solver. Also it reduces the computation time and memory required for such an
analysis.

2. Comparison between Matlab and Abaqus one dimensional
models

In this section one-dimensional thermal models were developed in Abaqus and Matlab in order to
investigate the thermal performance of a disc brake. The one dimensional Matlab model was
firstly validated with experimental results from the literature and then with the Abaqus one
dimensional model. The one dimensional model was used to develop the interaction code between
Abaqus and Matlab.

2.1 Matlab One Dimensional Model

In this study the thermal analysis was carried out according to the following assumptions: the
kinetic energy changes to thermal energy without any other form of energy loss during braking,
the heat flux generated through friction between the pad and the disc is transferred from the
friction interface to brake parts by conduction; heat transfer by radiation from the disc is included
in this study along with heat transfer by convection and conduction. All brake parts are assumed to
be at steady state conditions and constant temperature before braking. The one dimensional finite
difference model of the solid disc brake is illustrated in Figure 1 in which L, is the thickness of

the disc substrate and L. is the thickness of the coating.
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Figure 1. One dimensional thermal model for brake disc

Based on Figure 1, the finite difference equations for calculating the temperature were derived as
shown in the literature (Bozic et al., 2012, Limpert, 1999) and embedded within a bespoke Matlab
m-file to calculate the temperature through the disc brake. The overall Matlab model structure is
shown in Figure 2. Furthermore, this model was modified to calculate the thermal performance of
a coated disc brake.

The Matlab model was used to investigate the thermal performance of various small scale disc
brake materials. A sensitivity analysis was carried out to find the optimium number of nodes
representing the disc and the coating as there is a trade-off between the number of nodes inside the
coating and the model runing time. The one-dimensional Matlab model was validated with the
results from the literature (Newcomb, 1960). The material properties used in this simulation are
for steel, as shown in the first line of Table 1. In addition, the specification of the disc brake
modelled is presented in Table 2.
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Figure 2. The overall Matlab model structure

Table 1. Thermal properties (Alsaif et al., 2010, Curran and Clyne, 2005, Jun et al.,

2008).
Materials Density o [kg/m?] Specific heat ¢, [J/kg.K] Conductivity k [W/m.K]
Steel 7854 434 60.5
Grey Cast Iron (GClI) 7100 500 51.5
Al-MMC (AMC640XA) 2900 800 130
Alumina coating 3030 828 1.6
Pad Material 2596 827 0.736
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Table 2: Parameters of automotive brake application (Newcomb, 1960).

Inner disc diameter 132 mm
Outer disc diameter 227 mm
Disc thickness 11mm
Mean sliding radius 94.5 mm
Convection coefficient 60 Wm2k*
Vehicle mass 1800 kg

Using the data in Tables 1 and 2, the disc surface temperature was evaluated using the one
dimensional thermal model, based on a braking duration of 4 seconds, an initial vehicle speed of
100km/h and a deceleration of 7m/s®. The results were compared with the published results
(Newcomb 1960) as shown in Figure 3. The calculated results show very good agreement with the
published experimental results.
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Figure 3. Validation of the current model with published results (Newcomb, 1960).

2.2 Abagus One Dimensional Model

The performance of the small scale disc brake was also analysed using Abaqus finite element
analysis software. A 1D model was first validated against the Matlab model and then used as a
guide to develop the 2D and 3D FEA models. Also the 1D model was used to investigate different
approaches to include the effect of a coating layer with or without explicitly modelling it. The 1D
transient heat transfer model of small scale disc brake was meshed using a 4-node linear
axisymmetric heat transfer quadrilateral elements (DCAX4). The same boundary conditions of the
1D Matlab model were applied in the 1D Abaqus model as shown in Figure 4. The overall Abaqus
model structure is shown in Figure 5 .
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Figure 5. The overall Abaqus model structure
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The 1D Abaqus model was validated against the 1D Matlab cast iron disc model. The material
properties, initial conditions and braking parameters are shown in Table 1 and 3. The results
derived from the Abaqus model shows very good agreement with the results obtained from Matlab
as shown in Figure 6.

Table 3: Initial conditions and parameters used for the simulation (Jun et al., 2008).

Parameter Value Parameter Value
Disc thickness, ty 0.014m | Proportion of braking at front axle, x¢ 0.7
Rate of deceleration, d 0.79 Pad area, A 575 mm?
Brake disc diameter, do 125mm | Pad arc angle, 6, 60°
Partition ratio, p 0.17 Initial speed, v; 100km/h
Surroundings temperature, T | 20°C Final speed, v; Okm/h
Vehicle mass, m 163kg Vehicle wheel diameter, d; 0.292m
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Figure 6. Validation of the numerical Matlab model with Abaqus model.

3. Comparison between explicit and thermal resistance modelling
of coating within Abaqus

The main problem of modelling a thin coating layer on the surface of the brake disc in Abaqus
using an explicit or implicit algorithm is the thickness of the coating which is typically in the order
of um; this requires a much denser mesh than the substrate and causes high computation time. The

thermal performance of a coated disc brake was therefore investigated using two different
approaches. The Abaqus implicit algorithm was used to solve two transient one dimensional heat
transfer models. The first model consists of two bodies directly in contact i.e. an aluminium metal
matrix composite (Al-MMC) disc and pad brake modelled using 4 node heat transfer elements as
shown in Figure 7a. The second model consists of the same two bodies but with an alumina
coating layer explicitly modelled on the AI-MMC disc brake as shown in Figure 7b. The axial
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thickness of the disc is 7 mm which is the same as the radius in the 1D model. The radial width of
the disc and pad included in the model is also 7 mm although this is arbitrarily chosen as no heat
flow occurs in the radial direction in this 1D model. In reality the coating thickness is in the scale
of um (Linck et al., 2005) but, in order to investigate the heat flow and temperature distribution

through the coating layer, it was assumed that the coating thickness was 250 zm .This coating

thickness was chosen to reduce the model size and computational time. The material properties for
the disc, pad and coating used in this analysis are shown in Table 1.

Convection

.

Pad
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Heat flux
applied on
the pad

Disc

Convection /

(a) Thermal resistance (b) Coating explicitly modelled

Figure 7. One dimensional static model.

The two transient static models were constructed and solved using Abaqus implicit, one with the
coating modelled as a thermal resistance on the disc rubbing surface (Figure 7a) and one with the
coating modelled explicitly with finite elements (Figure 7b). A 4 second transient heat transfer
analysis with 0.01 second time step was performed in both cases, using 4 node heat transfer
element (DC2D4). At the contact interfaces, surface contact with small sliding was chosen. The
mesh size was chosen so that the distance between the nodes is 0.125 mm in the heat flow
direction. A heat flux of eithers 1x10° W/m2K or 5x10° w/m?K was applied on the rubbing
surface. Heat transfer by convection was considered in the models with heat transfer convection

coefficient of 30 W /m?K for both models, and the component initial temperature was set to

20°C . The thermal resistance for the implicit coating model shown in Figure 7a was obtained
using the thermal conductivity, thickness and cross-sectional area of the coating as follow:

_ & _0.00025
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8 2013 SIMULIA Community Conference

www.3ds.com/simulia

R =0.000156 m2K /W )



Abaqus uses a thermal conductance rather than a resistance which is equal
to1/R,,, =6400W /m?K and this was applied to the rubbing surface of the brake disc. A heat
flux of 5x10° w/m?K was used to evaluate the temperature across the disc and pad for both
models which is shown at the end of the simulation (t=4 sec) in Figure 8. The x-axis shows the

distance from the bottom block (disc) to the top block (pad). In order to compare both results the

temperature of the thermal resistance model should be shifted by 0.25 mMmto the right (coating
thickness).

The results in Figure 8 show that the thermal resistance approach can be used to model the effect
of the coating layer with some limitations, the maximum surface temperatures for both models are
similar but there is a relatively small difference in the temperature across the disc itself with the
temperatures being around 5°C higher for the thermal resistance model. This is because the higher

thermal inertia ( oc,, ) of the coating is not included in the thermal resistance model. The effect of

this is to cause a lower proportion of the frictionally-generated heat to be transferred to the disc as
can be seen from the simple heat partition equation:

G _q_ 1

}/ = /4 14
qP +qR 1+ ppcpkp (2)
\ PrCrKg

where y is the ratio of heat flux into the pad to the total heat flux, Qp is the pad heat flux, Qg is

the disc heat flux, C, is the specific heat of the pad, Cj is the specific heat of the disc, kp is the

thermal conductivity of the pad, kR is the thermal conductivity of the disc and p, is the pad
density and oy is the disc density.
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Figure 8. Temperature distribution across the disc and pad without tuning.
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The thermal resistance model was then tuned through a trial and error process by raising the
convection coefficient on the disc exposed surface. This increased the amount of heat that is
transferred to the disc. Figure 9 shows the temperature across the disc, coating and pad brake for
the two proposed models after tuning of the thermal resistance model at the end of simulation (t=4
sec). The x-axis shows the distance from the bottom block (disc) to the top block (pad). Note that
in order to compare both results the temperature of the thermal resistance model should be shifted
by 0.25 mmto the right to account for the coating thickness. The results show that the use of the
thermal resistance model instead of explicitly modelling the coating layer with finite elements can
give good accuracy.
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Figure 9. Temperature distribution across the disc and pad with convection tuning.

4. Axisymmetric modeling of coated brake disc

Axisymmetric models were also developed using Abaqus in order to evaluate more realistic finite
element models in comparison with the experimental method. Uncoupled axisymmetric transient
heat transfer model of small scale disc brake was developed to investigate the temperature in two
directions. The model was meshed using 4-node linear axisymmetric heat transfer quadrilateral
elements (DC2D4) as shown in Figure 10. A similar coating analysis as explained in the previous
section was implemented for the model with the same disc and pad brake material. The disc brake
dimension was 7 mm x 52.5 mm and the pad block dimension was 7 mm x 16 mm as shown in
Figure 10. It was assumed that the coating thickness was 0.25mm as before. A heat flux of
5x10° W /m?2K was applied on the pad contact surface. Heat transfer by convection was considered

in the models with heat transfer convection coefficient of 30 W /m?K . Cooling was applied on
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the upper and lower exposed surfaces of the disc and pad, considering the sides as thermally
insulated. The same convection analysis used in the one dimensional model was carried out in

modelling the 2D thermal model.

Figure 11 shows the temperature in the centre of the rubbing surface. It can be seen that the
results from the model with the thermal resistance showed good agreement with the model for
which the coating was explicitly modeled. Figure 12 shows the temperature across the centre of
the disc and pad at the end of the simulation (t=4 s). This has the same trend as the one
dimensional model where there is a difference in the disc temperature which can be tuned using
the convection coefficient.
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Figure 10. Axisymmetric transient models.
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5. Abaqus/Matlab interaction interface

Both Abaqus and Matlab have been used to investigate the thermal performance of a solid disc
brake rotor under different braking scenarios. The main problem associated with Abaqus was the
time and memory usage for the coupled thermal analysis. This problem was solved by conducting
an uncoupled analysis with the help of Matlab code to calculate the heat flux profile. Figure 13
shows the overall structure of the code used to permit interaction between Abaqus and Matlab.
Another advantage of using this code is to utilise the optimisation toolbox in Matlab with Abaqus

modelling capabilities.

Define Material properties, initial conditions,
simulation time, disc and pad dimension and braking

v

Calculate the time step, mesh size and heat flux profile

v

Read Abaqus input file that was developed

v
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Run the Abaqus input file in Matlab and generate the output report
of the specified results
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Figure 13. The overall Matlab/Abagus model structure.
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The scaling methodology (Bozic et al., 2012) was used to investigate the thermal performance of
several different small scale disc brake using the data in Table 1 and 3. Four repetitive braking
stops were performed using the algorithm described in Figure 13 for different small scale disc
brake materials to investigate the surface temperature of the disc with typical results as shown in
Figure 14. These results showed that for the same braking conditions the surface temperature of
the AI-MMC rotor is higher than the surface temperature for the steel and grey cast iron rotors
which was as expected.
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Figure 14. Surface disc temperature for different small scale disc brake materials.
6. Conclusion and future works

One dimensional thermal models of an automotive disc brake were developed using both Matlab
and Abaqus. The 1D Matlab thermal models were validated and compared with the results
obtained from the literature and Abaqus. Overall it was found that the Matlab results showed good
agreement with Abaqus and the literature results. Abaqus models were used to investigate the
coating layer modelling. The thermal resistance modelling approach without physically modelling
the thin coating layer reduces the analysis time up to 20-25% and also reduces the memory needed
for such analysis. This approach will of importance when modelling a coated three dimensional in
Abaqus because it will save much time and reduce the model size. Despite the thermal resistance
approach to modelling a thin coating layer giving very good results, particularly when using
convection tuning, it needs more investigation before it can be implemented.

Furthermore, the combined Abaqus\Matlab interaction approach for solving the disc brake finite
element models has several advantages:

e The new approach analysis used is significantly faster. The time to perform a typical
brake disc analysis has been reduced, by up to 60-65%.

e The capabilities of using various braking events such as: drag brake, repetitive brake,
alpine test... etc, are apparent with the combined approach
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In addition the interaction approach will be used in future to perform optimisation analysis
utilising the optimisation toolbox in Matlab. Furthermore, coupled braking analysis will be carried
out to investigate the thermal performance of different disc and pad materials in order to
investigate the possibility of replacing the conventional cast iron with lighter disc material.
Finally, a DOE approach will be used in conjunction with a sensitivity analysis to investigate the
effect of various parameters on the thermal performance of a solid disc brake using the proposed
interaction approach.
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