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The Roles of Ingredients in Fade Resistance of Brake Friction Materials
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1. Introduction

Friction materials in an automotive brake system
should maintain effective and safe performance at a
wide range of pressure, speed, temperature, humidity,
and others. The performance of the friction material is
not depended on a single ingredient, but determined by
the integration of fribological effects from numerous
constituents in the composite. Normally, a friction
material consists of more than 10 ingredients such as
binder resin, reinforcing fibers, solid lubricants, abra-
sives, fillers, and other friction modifiers [1] and types
and relative amounts of the ingredients have been
determined by empirical experiences.

The effect of each ingredient for the brake perfor-
mance of the friction material has been intensively
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studied since the friction material is considered as one
of the main causes of brake induced problems such as
fade, judder, and noise. Among those brake related
issues, the fade behavior at high temperatures attracted
much attentions since it is closely related to the safety
issues during severe brake applications. This is because
the coefficient of friction is decreased as the tempera-
ture at the sliding interface is increased, so that a vehi-
cle speed can’t be controlled at high temperature. The
fade phenomenon is often experienced by a driver
when a vehicle descends from the top of hill while
engaging a brake to maintain a vehicle speed.

The cause of the high temperature fade has been
attributed to the thermal decomposition of organic
ingredients and subsequent vaporization of the organ-
ics, which changes the contact area at the sliding inter-
face [2,3]. However, the fade at high temperatures
appears not solely dependent on the decomposition of
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Table 1. Basic formulation of the friction material
used in this work

Classification Raw material Content (vol.%)

Phenolic resin

Group 1 Cashew 44
Aramid pulp

Graphite
Group 2 Sb,S; 10
MOSz
Potassium titanate

Group 3 71810, 26
Copper fiber

Filler BaSO, 20

Sum 100

organic ingredients but also strongly affected by the
properties other ingredients. This is because the phys-
ical properties and morphology of the ingredients
bound by binder resin change the tribological proper-
ties at elevated temperatures. In this study, the con-
strained mixture design was used to find the factors
that affect high temperature fade.

2. Experiments

2-1. Composition and fabrication

Friction materials investigated in this study were
low steel type materials containing 10 different ingre-
dients. The composition of the friction material stud-
ied in this work is shown in Table 1.

Friction material specimens were produced by a
conventional procedute for a low steel friction mate-
rial: dry-mixing, pre-forming, hot pressing, post-cur-
ing. The ingredients were divided into three groups in
terms of expecting roles in a brake friction material
(Table 1) and 25 friction materials with different for-
mulations were prepared using the constrained mix-
ture design [4,5,6] The polynomial regression was
used to analyze the results. The data points from con-
strained mixture design were shown in Fig. 1 using
ternary diagrams.

2-2. Physical properties

Hardness and porosity were measured to investigate
the relation between the material property delivered by

Journal of the KSTLE

Aramid pulp
{vol.%)

44

Phenolic resin
(#) Group 1 {voh.%)

MoS;
{vol.%}

....................

Graphite
(b) Group 2 {vol.%}

2%

2r8i0,¢
{vol.%)

Cu fiber
{vol.%}

SO N ’ %
26 reneemem—eeie 4
Potassium titanate
(c) Group 3 {vol.%}

Fig. 1. Data points in the constrained mixture design
from the material groups in the Table 1. (The center
point indicates the base formulation.)

manufacturing conditions (temperature, pressure, time)
of friction materials and friction property. The manu-
facturing procedure for the friction material specimen
is shown in Table 2.

Hardness of friction material specimens was mea-
sured using a Rockwell hardness tester (Akashi,
ARKG600) in S scale. Porosity was obtained by a mer-
cury porosimeter (Auto Pore I1 9220) up to 30,000 psi.
Thermal analysis (TGA/DTA) was performed to in-
vestigate the thermal decompeosition of ingredients
using a thermal analyzer (Netzsch model STA409EA)
at 10°C/min up to 1600°C [7].

2-3. Tribotests
The friction coefficient and the specific wear rate
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Table 2. Molding conditions used in this work
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Table 3. Friction test procedures

Hot pressing condition

Burnish IBT: 100°C, 0.7 MPa, 150 sec, 5 times

Drag IBT: 100°C, 0.7 MPa, 150 sec, 5 times

IBT: 100°C, 4 m/s, 0.7 MPa,
20 sec (drag) & 10sec (off-drag), 20 times

Constant
Interval test

Specimen -
number Time Temperature Pressure
(min.) 4] (kgflem®)
! 270
2 295
180
3 320
4 345
5 270
6 295
9 200
7 320
8 345
9 270
10 295
220
1 320
12 345
Hydrauiic
pressute
cylirsder
|
Load osll
Friction materiat
specimen
Disk specimen

-__wi !—-b To driving motor

Fig. 2. A schematic of the pad-on-disc type tribotester.

were obtained with a small scale friction tester. A
schematic of Krauss type friction test used in this
study is shown in Fig,. 2.

Friction force, applied pressure, disc temperature,
and rotation speed were recorded in situ by a PC-based
data acquisition system (LAB-PC-1200, National
Instrument) during friction test The data acquisition
rate was set at 100 Hz. Two pieces of friction materials
which were cut in 2 ecmx2 cmx 1 cm were pressed
against a disc using a hydraulic press. The counter disc
used in the friction test was gray cast iron. The total

IBT: 100°C, 4 m/s, 0.7 MPa,

Wear test 180 sec, 20 times

apparent contact area on the disc surface was 8§ cm’.
The temperature of the disc was measured using a non-
contacting infrared thermometer (3M Scotchtrak™ TR-
16). The detailed test procedure used for this study
was listed in Table 3.

3. Results

3-1. Effect of molding conditions on physical properties

Hardness and porosity of a brake friction material
are important physical propetties that affect brake per-
formance such as pedal feel during brake application
and damping capacity. As a preliminary examination,
those two important material properties were investi-
gated as a function of temperature and pressures dur-
ing molding. This is because the molding condition
can change the mechanical property of the friction
material by changing the molecular interaction of a
binder resin [6].

Twelve specimens were produced by changing the
molding temperature and applied pressure (Table 2).
Fig. 3 shows the hardness and porosity plotted as func-
tions of temperature and pressure. The figure shows
that the hardness increases rapidly by increasing the
pressure and temperature slightly increases the hard-
ness, suggesting that applied pressure is more sensi-
tive than the temperature to control the hardness of the
friction material.

On the other hand, the porosity did not show signif-
icant changes with molding temperature and pressure.
This indicates that binding capability of resin is
enhanced more effectively by increasing pressure
since real contact areas between binder resin and other
ingredients are increased at high pressure molding
condition.
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Fig. 3. (a) Hardness and (b) porosity of friction materials with specimen numbers.
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Fig. 4. Correlation of the friction coefficient with (a) hardness and (b) porosity.

The effects of hardness and porosity on the coeffi-
cient of friction were also examined (Fig. 4). The fig-
ure shows that the friction coefficient tends to increase
with hardness but the coefficient of friction is indepen-
dent with porosity. The slight influence of hardness on
the coefficient of friction seems related to the binding
force of the abrasives with binder resin.

3-1. Fade resistance

Fade resistance of the friction materials were mea-
sured by calculating the difference between maximum
and minimum coefficients of friction obtained during
the constant interval tests (CIT) as described in Table
3. The friction materials produced by the constrained
mixture design were tested in 3 groups. The group 1
was consisted of nine friction material specimens with
different compositions as functions of the three
organic ingredients. The specimens in the group 2
were composed of nine specimens containing different
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relative amounts of solid lubricants and by the differ-
ent relative amounts of other three friction modifiers
group 3 was designed.

3-1-1. Group 1 (Organics)

According to the constrained mixture design, the
composition of phenolic resin, cashew, and aramid
pulp were changed by +50% and produced nine dif-
ferent specimens by fixing other ingredients. After a
seriecs of CIT examination, the amounts of fade
(A= lUmax— Umin) Obtained from the nine specimens
were plotted in the Fig. 5 after polynomial regression
(coefficient of determination: R*=0.91). The figure
shows that aramid pulp is more resistant to heat during
high temperature drag test than binder resin and
cashew particles used in the brake friction material.

3-2-2. Group 2 (solid lubricants)
The same type of a mixture design was repeated
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using solid lubricants; graphite, Sb,S;, and MoS,. Fig.
6 shows the results from constant interval tests after
polynomial regression (coefficient of determination:
R*=0.95). The figure suggests that graphite is more
resistant to fade than two others and molybdenum dis-
ulfide has better heat resistance than antimony sulfide

3-2-3. Group 3

Fade resistance of potassium titanate, ZrSiO,, and
Cu fiber were also examined by changing their com-
positions by +50%. Fig. 7 shows the result of the
polynomial regression and the coefficient of determi-
nation (R*=0.89). It indicates that Cu fiber in the fric-
tion material improves fade resistance than other two
inorganic ingredients.

3-3. Wear test

Wear test was performed to measure wear amount
as a function of the composition. The specific wear
rate was obtained by normalizing the wear amount by
energy (friction forcexsliding distance) associated
during the wear test. The specific wear rates of all the
specimens were shown in Fig. 8.

The figure suggests that the specimens G12, G15,
and G17 in the group 1, which contain larger amounts
of cashew than the others show bigger wear rate. In
the group 2, G21, G25, and G28 that contain more
graphite exhibite lower wear rates. In the group 3,
(32, G34, and G36 with higher contents of ZrSiO, are
observed to have bigger wear rate.

4. Discussion

The drag tests in constant interval mode and the
wear test mode were performed to examine the influ-
ence of the ingredients at high temperature fade mode.
The result shows that aramid pulps help to improve
the fade resistance more than other organic ingredient.
This suggests that the fibril aramid pulp increases the
reinforcement of the other ingredients and slow down
thermal disintegration of the friction materials. A sim-
ilar effect from aramid pulp in the brake friction mate-
rial was reported in the previous publication [3]. It also

Vol. 25, No. 1, 2009
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Fig. 8. Specific wear rates of friction materials normalized by friction energy.

showed the improvement of fade resistance by in-
creasing the aramid pulp and synergistic effects with
whisker fibers.

The fade resistance of the friction material was
worsened by increasing the amount of cashew parti-
cles. The deterioration of heat resistance by cashew is
attributed to its low thermal decomposition tempera-
ture. Although the cashew particles are added to the
friction material to improve the friction effectiveness
at low temperatures and to improve the damping
capacity, this result indicates too much content can
diminish the fade resistance of the friction materials at
severe braking conditions. To investigate thermal
decomposition of cashew, thermogravimetry analysis
(TGA) was carried out (Fig. 9). It shows that weight
loss begins near 200°C and followed by dramatic ther-
mal decomposition beyond 400°C. Cashew is pro-
duced from cashew nut shell liquid (CNSL) which is a
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Fig. 9. Weight loss and derivative weight loss curves
of cashew.
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natural product from cashew nut trees. CNSL is com-
posed with 90% of anacardic acid and 10% of cardol
and a very small amount of cardanol and methyl car-
dol (Fig. 10). The low temperature decomposition of
cashew is attributed to the easy decay of these anac-
ardic acid and cardol molecules.

The better fade resistance of graphite than other
solid lubricant is because of its higher decomposition
temperature. Fig. 11 shows the results from TGA,

OH OH

COOH

CisHar HO CasHar

(a) {b)
Fig. 10. Chemical structure of (2) anacardic acid and
(b) cardol
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indicating that the thermal decomposition begins near
700°C. On the other hand, the poor fade resistance of
the MoS, and Sb,S; is attributed to the oxides pro-
duced by oxidation at elevated temperatures and
aggravation at the sliding interface [8,9]. The oxides
present at the sliding interface after oxidation of the
two chalcogenide compounds also worsened the wear
rate since they played as abrasive particles.
Improvement of fade resistance by Cu fibers is
atributed to its high thermal conductivity. Enhanced
thermal diffusivity at the sliding surface appears to
prevent the local heating of the contact plateaus and
reduce the thermal distortion of the counter disks.
However, Cu fibers do not reduce the wear rate since
that are oxidized at high temperatures and can provide
oxide particles, which are detrimental to wear resis-
tance. However, the bad oxide effect appears to be
compensated with another role of Cu since Cu helps to
produce the transfer film on the gray iron brake disks.

5. Conclusions

Using the constrained mixture design, the relation
between the high temperature fade resistance and the
relative amounts of ingredients was investigated. Con-
stant interval tests and wear tests were performed to
find ingredients that strongly affect the fade amount
(A= Pma— Hmin) and wear rate. The results were as
follow:

1. Hardness of the friction material was more sensi-
tive to the applied pressure than temperature during
molding. On the other hand, porosity was sensitive to
the molding temperature and pressure. The coefficient
of friction was slightly increased with hardness but
porosity did not change the friction coefficient.

2. Among organic ingredients, cashew aggravated
the high temperature fade behavior while aramid
improves the fade resistance reduced.

3. Graphite, a solid lubricant, acted as an anti-fade
material with good wear resistance and high thermal
stability.
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4. Cu fiber with high thermal conductivity showed
good anti-fade property with the tendency of forming
the transfer film.
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