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Abstract: This paper presents the study of brake squeal, its investigation and suppression, using FEM and complex
eigenvalue analysis. This paper supplies with simple FEM model which is used for the main calculation. Complex
eigenvalue analysis is applied in order to discover the instability represented by two unstable modes at different values
of frequency. Further in this paper the analyses of the influence of two parameters, friction and stiffness, to the system
are executed.
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1. Introduction

Brakes represent one of the most important safety and performance components of a vehicle. They are important in
terms of reliability, braking power as well as in a fluent operation. The unwanted side effect of braking operation is
its occasional squeal. Brake squeal is a noise problem caused by friction induced vibrations initiated by the disc
rotation (Nouby, 2009). Usually brake squeal occurs in the frequency range between 1 and 20 kHz or even more.

Squeal is considered to be a difficult subject due to complexity of the brake mechanism, its mechanical
interactions, significant dependence on many parameters and high sensitivity on operating conditions. Many
investigators have been trying to solve this problem since the 1930s, using experimental, analytical and numerical
methods in order to understand, prevent and predict squeal occurrence (Culla, 2009) but this problem has not been
solved yet.

In studies of North (Ouyang, 2003) and other researchers we can find that the dynamics of brake systems puts in
evidence a coincidence between the squeal frequencies and the natural frequencies of the system. Particularly, they
associated the squeal phenomenon to the coalescence of two eigen frequencies of the system. Their studies
suggested the complex modal analysis of brake systems as a tool for squeal investigation (Massi, 2005). To study
the stability of the system by the complex eigenvalues analysis, the friction effects between the pad and the disc are
accounted by introducing linear elements in an asymmetric stiffness matrix. Finite element method (FEM) has
become the preferred tool in studying disc brake squeal, whereas it offers much faster and more cost efficient
solutions than experimental methods and it can predict squeal noise performance at early stage of design
development. It is feasible to apply transient analysis or complex eigenvalue analysis. Complex eigenvalue analysis
IS more convenient since transient is more time consuming.
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2. Basic model, theories and mechanisms of brake squeal

The first experimental investigation discovered that squeal could have been caused by the variation of friction
coefficient x at the contact interface. In 1938 Mills claimed that squeal was associated with the negative gradient
characteristics of dynamic friction coefficient against the sliding velocity v. Later on, the stick-slip phenomenon
had been described as unstable due to the static coefficient of friction wus (stick), higher than the dynamic ugq
(sliding) and this led to low sliding speed friction induced vibration instability. Both mechanisms led to unstable
oscillation and had risen to self-excited vibration in the system (Duffour, 2002).

Later Fosberry and Holubecki (Frosberry, 1961) suggested that the disc brake tended to squeal when either a
static coefficient of friction was higher than the dynamic coefficient or a dynamic coefficient decreaseed with
increase of speed presented in the contact interface. But subsequent experiments proved that brake squeal could
occur even though the friction coefficient was constant or even with a slight increase of relative velocity in the
contact surface (Kinkaid, 2003). In 1962 Spurr came up with the sprag-slip model, which claimed that unstable
friction induced oscillations occur even with a constant friction coefficient.

During squeal the friction material is deflected elastically along the disc surface by the frictional force (Ouyang,
2009). This deflection causes a second deflection with a component normal to the surface of the pad which reduces
the friction and the stored elastic energy returns the system to the first configuration, and the cycle is repeated.
Therefore, as a response to many tests and analysis, next studies were concerned to describe brake squeal as a
friction induced self-excited mode coupling vibration with constant friction coefficient x ( Hoffmann, 2002).

Using complex eigenvalue analysis, it is possible to obtain the dependency of eigenvalues, which indicates the
instability of such system as a function of various parameters, for instance force, relative velocity, particular
stiffnesses as well as the friction coefficient.

3. Development of simple FE model

For investigation of squeal a simple FE model had been created (Fig. 1) using FEM. This model composes of a disc,
brake pads and pads’ back plates. It was created for nonlinear analysis and complex eigenvalue extraction in purpose
of stability examination. The model was used for calculations when investigating the influence of two system
parameters: the change of the friction coefficient and the stiffness of the disc. This model does not reflect
dependency on disc angular velocity and normal force because we assume constant friction coefficient. All the
mechanical, inertial, stiffness and geometrical properties including the contact properties, between the pad and the
disc, were done in ANSY'S environment. After creation of this model static and modal analysis were applied.

Particular geometry of the brake assembly parts were distinguished according to the real brake assemblies and
material parameters gained from experiments (Suchal, 2013).

Fig. 1: Simple FE model and typical stable vibration mode

The first step was to create a FE model of a disc brake by defining all the stiffness and inertial properties of the
system. The second step was the application of pre-stressed static analyses for definition of contact and contact
elements. The third step was to apply dynamical analysis for the rotation of the disc what gave the asymmetric
stiffness matrix. The final step was application of modal analysis for non-symmetric systems matrices, in order to
calculate eigenvalues of the system.
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4. Influence of different parameters on brake squeal

This section deals with the investigation of the effects of system parameters on squeal occurrence. It starts with
changing the value of friction coefficient, followed by the analysis the influence of stiffness of the disc.

4.1. Investigation of instability due to variable value of friction coefficient

In the following the instability will be called mode-coupling type (among the other names in literature are non-
conservative displacement dependent forces and binary flutter). This instability is characterized by the process of
the creation of the unstable frequencies. The oscillation frequencies of two stable structural modes of an undamped
system come, as a function of a control parameter (friction value), closer and closer until they merge together and a
pair of an unstable and stable mode is created (Hoffmann, 2002).

The results include the frequencies at which the squeal phenomenon occurs. The evolution of two frequencies is
investigated by changing the friction coefficient x in range (0 — 1).
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Fig. 2: Mode coupling gained from calculated data: a, first mode; b, second mode

For each value of the friction coefficient the complex eigenvalue analysis was executed. The results of the
analysis are a list with complex eigenvalues and modes. Reviewing the list of complex eigenvalues the attention
was paid to positive real part. Fig. 2 displays the evolution of real parts as a function of the friction coefficient.
Firstly, the system features two separate modes in the frequency range; these two modes are stable since their real
parts are zero. As the friction coefficient increases, the figure shows that the real parts remain zero and that the
frequencies tend to get closer. The two modes reach the same frequency at a point known as the “bifurcation point”
(Fig. 3). After that point, the system behavior is deeply altered (Fritz, 2002). Indeed, the frequencies remain equal
but the real parts become non-zero and opposite.
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Fig. 3: The first two unstable Eigen modes of the disc brake assembly

4.2. Effect of changing stiffness of the disc and back plate on brake squeal

Investigation of the effect of the disc stiffness on brake squeal was studied by changing the Young modulus of
elasticity in range (85 — 115 %) according to reference value of E;, = 1.975e11 Pa. The analysis was performed
on the first unstable mode because of the higher instability level (Fig. 3). As the Young modulus increased, the
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stiffness of the disc increased as well and the value of instability dropped significantly. The graphical results show
the dependency between different values of the disc stiffness and the instability (Fig. 4). It is assumed that by
increasing stiffness, it is possible to reduce squeal propensity and disc vibration magnitude.
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Fig. 4: Disc stiffness vs. instability dependency.

5. Conclusion

This work deals with the problem of brake squeal, its investigation and suppression. The instability causing brake
squeal by gaining two unstable modes at different values of frequency is discovered by using the complex
eigenvalue analysis on simple finite element model. It was found out that incensement of the friction coefficient
results in higher squeal propensity.

The next investigation was the stiffness vs. instability dependence. Squeal can be reduced by increasing the
Young's modulus of the brake disc.

The brake squeal problem is still under investigation. There has not been found any proper solution how to
suppress this phenomenon completely. It is due to complexity of its mechanism and the influence of numerous
parameters and side effects including thermal influence.

Acknowledgement
The paper was supported by grant from Grant Agency of VEGA no. 1/0742/15.

References

Culla A., Massi F. (2009) Uncertainty model for contact instability prediction. J. Acoust. Soc. Am. 126, 1111.

Duffour P. (2002) Noise generation in vehicle brakes, Dissertation, Cambridge University.

Fritz G., Sinou J.-J., Duffal J.-M., Jézéquel L. (2007) Investigation of the relationship between damping and mode coupling
patterns in case of brake squeal, Journal of Sound and Vibration, Vol.307(3), pp.591-609.

Frosberry R.A.C., Holubecki Z. (1961) Disc brake squeal, its mechanism and suppression, Motor Industry Research
Association, Lindley.

Hoffmann N., Fischer M., Allgaier R., Gaul L. (2002) A minimal model for studying properties of the mode-coupling type
instability in friction induced oscillations, Mechanics Research Communications, VVol.29(4), pp.197-205.

Kinkaid N.M., O'Reilly O.M., Papadopoulos P. (2003) Automotive disc brake squeal. Journal of Sound and Vibration,
Vol.267(1), pp.105-166.

Massi F., Baillet L. (2005) Numerical analysis of squeal instability, International Conference on Emerging Technologies of
Noise and Vibration Analysis and Control, NOVEM2005, 1- 10.

Nouby M., Mathivanan D., Srinivasan K. (2009) A combined approach of complex eigenvalue analysis and design of
experiments to study disc brake squeal. International Journal of Engineering, Science and Technology, 1, 1, pp. 254-271.
Ouyang H., Cao Q., Mottershead J. E., Treyde T. (2003) Vibration and squeal of a disc brake: Modelling and experimental

results, Journal of Automobile Engineering, 1/1/2003, VVol.217(10), pp.867-875.
Ouyang H., Nack W., Yuan Y., Frank Ch. (2009) Numerical analysis of automotive disc brake squeal;a review, Int. J. Vehicle
Noise and Vibration, Vol. 1, Nos. %,pp. 207-231.

Suchal A. (2013) Influence of thermal effects on dynamics of disc brakes and brake squeal, Dissertation, Slovak University of
Technology, Bratislava.

440



