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Abstract

he invention of metal-free friction materials is gaining

popularity in the manufacturing of brake pads and

clutch friction discs because of the negative factors asso-
ciated with metals such as copper. To gain more insight into
the failure mechanism of the recent invention during brake or
clutch applications, a nonlinear transient thermomechanical
model is established using Finite Element Code. The model is
based on a two-dimensional configuration for an investigation
on the onset of TMI (Thermo-Mechanical Instability) during
sliding contact in such material. The model is validated by

Introduction

hermomechanical instability, which involves the

coupling between the traditional thermoelastic insta-

bility and other physical interactions such as wear,
convective cooling, material nonlinearities, etc. has become
an important subject to researchers and manufacturers in the
automotive industry. This is because the response of a sliding
system in contact interactions involves not only TEI but other
distinct physical fields and properties. In clutch and brake
applications, friction material properties play an excellent role
in determining the onset of TMI during sliding contact. To
manage TMI in clutch and brake applications, manufacturers
usually employ various metal compositions such as copper to
friction materials to enhance the thermal and mechanical
behavior of the sliding system. The absence of metals may
cause the friction material to be more susceptible to thermo-
mechanical instability (TMI). Meanwhile, the harmful effect
of metals on the environment requires manufacturers to
switch to a more environmentally friendly friction material.
The evolutions of metal-free friction materials require an
in-depth understanding of the material response to thermo-
mechanical distortion to prevent the formation of hotspots,
wear, noise, and vibration [1]. Thermomechanical instability
in clutch and brakes have long been studied using various
approaches by considering the traditional TEI and different
material properties. The method for determining TEI was
pioneered by Burton et al [2]. Moreover, many researchers
have developed different approaches to estimate the onset of
TEI but rely on the condition that if the sliding speed of the

comparing the transient simulation results for a full-contact
regime to the result from the existing eigenvalue method. A
parametric study is carried out to examine how the thermal
conductivities and the elastic moduli influence TMI. The simu-
lation results show that the thermal conductivities in the trans-
verse direction and elastic moduli in the longitudinal direction
can stabilize the system. Conversely, the elastic moduli in the
transverse direction and thermal conductivity in the longitu-
dinal direction were found to enhance TMI formation. Overall,
the elastic moduli and thermal conductivities in the longitu-
dinal direction tend to play a minor role in TMI.

system exceeds a certain critical value, then TEI occurs. This
is usually done by imposing a harmonic perturbation in the
form of pressure or temperature between the sliding surface
and observing the growth of the perturbation. For instance,
Azarkhin and Barber [3] and Dow and Burton [4] shown that,
when a small harmonic perturbation is imposed between two
half-planes, the planes become unstable when the sliding
speed exceeds a certain critical speed. Lee and Barber [5]
extended this approach to the case of a layer finite thickness
sliding between two have planes. Further, an analytical model
for the symmetric and antisymmetric modes was developed
by Jang and Khonsari [6] to analyze the contact between an
insulator and a conductor. It was revealed that critical speed
is governed by five independent dimensionless parameters.
The authors also employed the condition that thermoelastic
instability occurs when the sliding speed exceeds a critical
value to determine the threshold of thermoelastic instability
in friction pairs by considering the surface roughness effect [7].

In a thermo-mechanical analysis in brakes and clutches,
the transient modal approach is usually recommended because
it provides an efficient numerical algorithm for the analysis
of TMI [8]. A simple approach to the transient solution of TEI
was carried out by Al-Shabibi and Barber [9] using a truncated
series approach (reduced-order models). Also, the fast speed
expansion method could be used as carried out by Li and
Barber [8]. Meanwhile, to ensure accuracy, a straightforward
approach is to use a finite element discretization method. This
method is preferable since it can be implemented in FEA
software without the user developing any new code.
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Nonetheless, there is some limitation to the use of the FEA in
TEI analysis. For example, the relative motion of the sliding
component implies that at least one of the components will
be moving relative to the FEA reference frame. Also, the
resulting convection terms in the heat conduction lead to the
problem of convergence and stability [10]. An early attempt
at using the numerical approach to study TEI was made by
Kennedy and Ling [11]. Zagrodzki [12] used the numerical
approach to investigate the transient thermomechanical
phenomena for multi-disk clutch. Moreover, the non-linear
transient behavior of a sliding system with TEI was studied
by Zagrodzki et al. [13]. The authors investigated the migration
speed generated during sliding contact. A similar study was
also conducted by Al-Bahkali and Barber [10]. The authors
investigated the nonlinear steady-state solution for the ther-
moelastic sliding system using FEA.

Existing research works on thermo-mechanical insta-
bility or the traditional thermoelastic instability are usually
based on the response of friction materials whose properties
are variant with respect to direction. More importantly, the
approach is based on the eigenvalue approach which implies
that contact must be conforming, thus no contact surface
separation is allowed. Meanwhile, at elevated temperatures,
two sliding surfaces in contact may experience some localized
region separation due to material and geometry non-linearity.
The use of the transient approach deals with the nonlinearities
such as surface separation, wear effect, convective cooling,
asperity contact, etc. Researchers such as Zhao et al.[14] have
carried out a series of work on the influence of material prop-
erties such as thermal conductivities, elastic moduli, and
thermal expansion coefficient on TEL. Meanwhile, the influ-
ence of these properties in the various directions (longitu-
dinal, shear, and transverse directions) as in the case of the
metal-free friction material was not considered. The present
study considers the influence of properties in the longitudinal
and transverse direction on TMI by considering the coupling
effect of convection cooling and separation effect using a
nonlinear transient approach. The developed model uses an
iterative process until the solution converges. The iterative
process required the use of Finite Element Code, FORTRAN,
and MATLAB.

Metal-Free Friction
Material

We used the properties of a carbon-fiber-reinforced hybrid
composite friction material made of woven yarn for the
simulation. This material is considered metal-free because
it has no metal compositions. The mechanical stiffness
matrix and thermal properties of this material are obtained
using the rule of mixture by modifying the friction material
presented by Bicz6 et al., [15] to exclude the copper compo-
nent. Moreover, because the TMI model is a 2-dimensional
configuration, material parameters in the x-direction (longi-
tudinal) and y-direction (transverse) were considered as
shown in Table 1.

TABLE 1 Mechanical and thermal properties of the carbon
fiber-reinforced composite friction material

Thermomechanical properties of the metal-free friction

material

E, (GPa) mn
E,, (GPa) mn
G;; (GPa) 7.6
Vi, 0.25
kyy [W/(m.K)]] 4
ka2 [W/(mM.K)]] 4
a0 [(10°8/° €)] 12
oy, ,a [(1078/° C)] 12

TMI Model Formulation

The TMI problem, involving the sliding of two discs was
modeled as blocks. Boundary conditions were applied to the
model to depict two small circular discs or rings. This simpli-
fied model is an accurate representation of the sliding behavior
of a full brake disc or clutch because the solution is periodic
in the sliding x-direction by applying cyclic symmetry
boundary conditions. The period corresponds to an integer
submultiple L = C/W of the circumference C of the disc, where
W is the wavenumber [10]. The material properties listed in
Table 1 and Table 2 represent the friction and steel disc blocks
respectively. Both blocks are considered elastic and thermally
conducting. Figure 1 shows the schematic of the two-disc
blocks of different materials. Block 1 is the composite friction
material while block 2 is the conducting steel disc. Block 1
moves in-plane with a sliding speed V with respect to block
2. Moreover, Block 1 can move in both the x and y directions
while block 2 stays stationary. The two blocks have equal
length L and heights of &, and h, respectively. When y = y,
represent the contact interface between the two blocks. The
formulation of the TMI model consist of thermal analysis and
a static elastic analysis which were both carried out using
Finite Element Code.

Boundary Conditions for
Thermal Analysis
If the surface y=y, are in perfect contact, thus the clearance

Au,, =0, then the contact is given implicitly by the conserva-
tion of energy condition.

TABLE 2 shows the material properties of the conducting
materials used in this analysis

Properties Conducting material (Steel)

Modulus of Elasticity, E, GPa 210
Conductivity K, (W/m ° C) 57
Poisson’s ratio, v 0.4
Thermal Expansion coefficient, «, 12
WC-H

Density, p, kg/m3 7250
Specific heat, o, (C) 460
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m Schematic of the sliding components
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Atinitial condition, the boundary condition at the surface
of the sliding component is given as:
L_,=T[_,=0 v)

y=y1 =y
Further, at x = 0 and x = L, cyclic symmetry boundary
conditions are imposed on the sides of the two blocks. This is
to ensure that the temperatures at the two opposite edges of
each block are the same to depict the sliding behavior of a
complete circular disc instead of two blocks sliding.
=T, and T, =T

x=0 x= x=0 (3)

In addition, surface film conditions were defined at Q,
and Q, as shown in Fig. 1 with a convection coefficient of 2
W/(m?K) at an ambient temperature of 273K. This is very
important to prevent heat build-up due to the absence of heat
loss. In the thermal analysis, the code is written based on the
boundary conditions to compute the temperature change

during contact interaction.

x=L

Boundary Conditions for the
Elastic Analysis

The general static, elastic contact in Finite Element Code was
used to compute the resulting pressures during the contact of
the two sliding blocks. The following boundary conditions
were considered:

With reference to Fig.1, at the edges y = 0 and y = y,, the
following boundary conditions were imposed.

(uy)lyzo :0and(uy )2

Where U, denotes the displacement of the nodes in the
y-direction.

Also, an external force F, was applied at this boundary
condition to serve as a control in the y-direction by keeping
the two blocks in contact without a sudden separation.
Moreover, at the side edges of the blocks where x=0and x=1L,
cyclic symmetry boundary conditions were defined for the
displacement of the nodes. This was to depict the behavior of

= Constant 4)
y=0

the sliding of two complete circular discs instead of the sliding

of two blocks.
:(u")1 :(uy)hz

(1)

Further, at y=2, block 2 was constrained to prevent it from
moving further away in the positive y-direction due to the
externally applied force F,.

and (uy )1 (5)

x=0 2lx=L 2] x=0 x=L

The Solution to the TMI
Procedure

We start by defining a small sinusoidal perturbation on the mean
contact pressure. The perturbation could be any noise imposed
on the mean pressure. This noise can always be decomposed into
Fourier series where each term is a sinusoidal wave. Therefore,
we can directly add the sinusoidal wave to the mean pressure as
a form of noise. The mean pressure and the harmonic pressure
perturbation are imposed on the system and is expressed as:

p(x,t):Pm+Asin(a)x+¢) (6)

Where P,, is the mean pressure and the remaining term
represents the harmonic pressure perturbation; A is the ampli-
tude of the perturbation; x is the distance (m); @ is the phase
angle, w is the angular velocity (rad/s).

The frictional heat generated is computed by using the
variable contact pressure obtained from Equation 6. Similarly,
the mass flow is defined in terms of the density, p of the composite
friction material, and the sliding velocity, v. A transient heat
analysis is carried out using Finite Element Code coupled with
FORTRAN and MATLAB and the resulting nodal temperatures
are extracted from the contacting interface at y=y1. The extracted
nodal temperatures are fed into the elastic part of the analysis.

In the thermoelastic analysis, the resulting pressure
distribution is extracted from the contact interface and the
new nodal contact pressure is used to compute the heat flux
for the next transient heat analysis. The process is repeated
using an iteration scheme established using MATLAB until
the solution converges and the resulting temperature and
pressure growth are observed. Figure 2 illustrates the entire
iterative process discussed.

m Block diagram of the solution procedure
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It is noteworthy that if the sliding speed is below the
critical speed, the expected temperature decays at each itera-
tion and converges to uniform contact pressure. Meanwhile,
when the sliding speed, V is above the critical speed V, the
imposed pressure perturbation grows and eventually reaches
a condition where some nodes separate.

Comparison with Eigenvalue
Approach

The developed TMI model was validated by comparing the
result of a full-contact regime analysis (contact without sepa-
ration) to that of existing eigenvalue approach using
HOTSPOTTER. The model was validated using a full-contact
regime because Hotspotter is based on the eigen value
approach and is not able to handle geometry and material
non-linearity. The material properties listed in Table 1 & 2
were used. Moreover, HOTSPOTTER only permits the entry
of isotropic material property for the thermal conductivity,
hence we computed the average thermal conductivity in the
longitudinal and transverse direction and used it in both
models. We also neglected surface film conditions in both.
Figure 3 presents the comparison of the growth-rate against
velocity for the two models. We can see that the results from
the developed transient model agree extremely well with the
results from HOTSPOTTER for a full-contact analysis. The
accuracy of the present model provides confidence in the
output results from the simulations carried out in this work.

TMI with Separation Effect

In TMI analysis, it is always essential to consider the separa-
tion effect since above certain critical speed, the steady-state
problem may involve regions of separation and the problem
may become non-linear. For separation to occur, the imposed
harmonic perturbation increases at each iteration, creating a
condition where some contact nodes start to separate. This is
accompanied by a rapid contraction of the contact areaand a
corresponding increase in the maximum contact pressure.
Thus, illustrating the nature of the hot spot formed on the
discs. Further, the amplitude of the perturbation will continue
to increase at the contact surface as more nodes separate with

IELEEER Growth rate vs. sliding velocity as determined by
existing eigenvalue and the simulated model

120

Ittt Existing Eigenvalue Method ~

100 - © Developed Transient Model .,-"
. 80f e
o, s

;
< eof /‘
® 7
i /
= 7
= 40 g
= /ef
o -
© 20t e
_B
(') S S
-20
o 1 2 3 4 5 6 7 8 9 10 1

Sliding velocity, v [ms™]

further iterations until the solution converges. The non-
uniform contact pressure distribution on the contact surface
leads to the non-uniform distribution of temperature which
causes hotspot, judder, and thermal buckling as observed on
brake and clutch discs [16, 17, 18].

Results

Thermal Conductivity

Thermal conductivity forms an important factor relating to
system stability as reported by Zhao et al. [14]. The critical
speed of friction materials has been found to increase as
thermal conductivity is increased. This shows how important
the parameters play in ensuring system stability. This work
further investigates how the thermal conductivity in the longi-
tudinal direction and transverse direction affect the stability
of the sliding system using a transient approach. We carried
out the simulation for a time period of t = 0.8s5 under a sliding
velocity of v = 3.0m/s

Longitudinal Direction (K;;)

We start by keeping all parameters listed in Table 2 constant,
except for the thermal conductivity in the longitudinal direc-
tion (K}, =1, 2, 3,4 W/m° C). Fig. 4 show the resulting contact
pressure distribution by varying the thermal conductivity K.
Increasing the thermal conductivity K;; exhibited no signifi-
cant effect on the system instability. Meanwhile, when the
thermal conductivity K;; =4 W/m ° Cis equal to the constant
value of thermal conductivity K,, = 4 W/m ° C (thickness
direction), P(x, t)/P,, decreases from 11.14 to 10.79. A further
study showed that the contact pressure increases again when
K, is greater than the constant value of K,,. This could
be explained by observing the temperature distribution profile
in Fig 5. When K, was equal to K,,, there is a slight drop in
temperature. Hence, the corresponding contact pressure.
Moreover, further studies need to be carried out to determine
this phenomenon.

m Contact pressure distribution for thermal
conductivity in the longitudinal direction
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m Temperature distribution along the contact
surface for thermal conductivity

m Temperature distribution for thermal

conductivity in the transverse direction
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The thermal conductivity in the transverse direction was
varied ( K,, = 1, 2, 3, 4 W/m ° C ) while keeping all other
material properties constant. Figure 6 show the resulting
contact pressure distribution. The effect of contact pressure
on the system stability was significant. Increasing K,, stabi-
lizes the system. The pressure perturbation is observed to
decays significantly as K,,is increased. For example when
K,, = 1.OW/m ° C, separation occurred at certain regions
accompanied by a rapid contraction of the contact area from
x/L = 0.52 to 0.68. The maximum value (P(x, t)/P,,) exhibited
is 10.96. Further increasing the K, = 2, 3, 4 W/m ° C caused
certain regions to have more contact interaction leading to
the evolution of new local maximum pressures. This is because
the uniformity of the contact pressure is enhanced leading to
a gradual improvement in the temperature distribution on
the contact surface as seen in Fig. 7.

Meanwhile, when thermal conductivity is increased
gradually to K,, = 4.0W/m ° C, the temperature profile
assumes a more uniform profile. It starts at T = 88.4 ° C and
decrease slowly to T=13°C, at x/L = 0.37. It then rises slowly
to a local maximum value of T = 82.3 ° C at x/L = 0.49. The
maximum pressure was observed to T'= 85 °C, at x/L = 0.94.
Therefore, it can be said that, increasing K,, improves the
uniformity of temperature distribution and hence, stabi-
lizing the system.

IELEEEEN Contact pressure distribution with

separation effect
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Elastic Modulus

Literature works have shown that materials with high elastic
modulus encourage the formations of hot spots and the
subsequent result is system instability. Moreover, works on
the elasticity of materials whose properties are not invariant
with respect to direction and how they contribute to TMI
formation are lacking in research. We investigated the
unstable behavior of the friction material caused by the
elastic modulus in the longitudinal E;; and thickness
direction E,,.

Longitudinal Direction (E;;)

The elastic modulus in the longitudinal direction was varied
(Ei; = 9,10,11,12GPa) while keeping all other parameters
constant. The resulting contact pressure distributions by
varying this parameter are shown in Fig. 8. It was revealed
that contact pressure decreases as elastic modulus E;;
is increased.

Thus, instability decreases slightly as E); is increasing.
It can be deduced from this behavior E}; in the longitudinal
direction can stabilize the system. The corresponding
temperature distributions (Fig. 9) show that there is a slight
reduction in the maximum temperature from T =211.25°(
to T = 206 ° C as Ej; is increased from E;; = 9GPa to

m Contact pressure distribution for elastic modulus
in the longitudinal direction
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m Temperature distribution for elastic modulus in
the longitudinal direction

m Temperature distribution for elastic modulus in
the longitudinal direction
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E,, = 12GPa. Further, the direction of the perturbation is
influenced strongly by E;;. We can also deduce that the
uniformity of temperature is improved slightly by increasing
E,,. For example;, near the-end of the contact pressure distri-
bution profile at x/L = 0.94, temperatures were observed to
be T=798°(,14.36° (,21.9° C,22.1°C for E;; = 9,10,11
and 12GPa respectively.

Transverse Direction (E,,)

Figure 10 shows the evolution of contact pressure distribution
by varying the young modulus in the thickness direction
E,, = 9,10,11,12GPa. The results show that elastic modulus in
the thickness direction significantly promotes TMI formation.
Increasing E,, caused the contact pressure to grow gradually.
This can be attributed to the fact that the thickness direction
of the material dominates which leads to higher contact
pressure and thus a higher friction heat generation. This causes
the growth rate to increase as the critical speed is decreased.
Thus, making the friction material more susceptible to TMI
as the temperature is seen to increase as elastic modulus E,,
is increased (Fig.11).

m Contact pressure distribution with
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Conclusion

A two-dimensional thermomechanical model is developed to
investigate the effect of elastic modulus and thermal conduc-
tivity in the longitudinal and thickness direction of a metal-free
friction material while considering contact with separation
effect. The model is validated by comparing with the existing
eigenvalue approach by considering full contact analysis.
Increasing elastic modulus E;; and thermal conductivity K,
were found to discourage TMI formation. Thus, a friction
material with higher elastic modulus in the sliding direction
and thermal conductivity in the thickness direction enhances
sliding stability. Conversely, increasing thermal conductivity
K, and Elastic modulus E,, were found to make the friction
material more susceptible to TMI formation. This implies that
friction materials with a higher thermal conductivity in the
sliding direction and elastic modulus in the thickness direction
promote sliding instability leading to hot spot formation,
judder, vibration, and noise. Nonetheless, when the value of K,
was approximately equal to K,,, slight stability was observed.
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