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Abstract

Disc pad physical properties are believed to be important in controlling brake friction, wear and
squeal. Thus these properties are carefully measured during and after manufacturing for quality
assurance. For a given formulation, disc pad porosity is reported to affect friction, wear and squeal.
This investigation was undertaken to find out how porosity changes affect pad natural frequencies,
dynamic modulus, hardness and compressibility for a low-copper formulation and a copper-free
formulation, both without underlayer, without scorching and without noise shims. Pad natural
frequencies, modulus and hardness all continuously decrease with increasing porosity. When pad
compressibility is measured by compressing several times as recommended and practiced, the pad
surface hardness is found to increase while pad natural frequencies and modulus remain essentially
unchanged. However, there is no consistent pattern in compressibility change with increasing
porosity, and thus a question arises on the validity of compressibility measurement as an intrinsic
physical property measurement. Also after 12-months of ageing at room temperature, all the proper-
ties are found to change significantly, but property change trends with increasing porosity remain
the same except for compressibility. A large number of samples were prepared and measured. The
results are presented and discussed.
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Introduction

. Sriwiboon et al. [1] reported that pad hardness and

natural frequencies continuously decreased with

increasing pad porosity, but pad compressibility
showed no consistent trends and no correlation to brake
squeal. In addition, the authors reported that friction coeffi-
cient, pad wear, disc wear and brake squeal were all influenced
by pad porosity [2,3]. As many engineers still believe there is
a close correlation between pad compressibility and brake
squeal, and many others dispute this belief, this investigation
was undertaken to generate additional data using a large
number of samples to help clarify the situation. In addition
to measuring pad natural frequencies, hardness and compress-
ibility, modulus measurements were added using the latest
ultrasonic technique in order to answer the question of
compressibility being an intrinsic material property or not.

Experimental

Disc Pads

2 production NAO formulas were selected for this investiga-
tion; low-copper and copper-free. The pads were suitable for
the twin-piston caliper of a 3,200 kg pickup truck.
Experimental pads were fabricated by traditional hot press
molding, oven curing and finish grinding. 3 porosity levels
were achieved by adjusting molding temperature, pressure
and time; 13 v%, 18 v% and 22 v% porosity for each formula.
These pads had no underlayer, no scorching and no noise
shims in order to minimize variables. The total thickness of
the pad assembly was 15.5 mm; the backing plate 5.5 mm. and
the friction material 10.0 mm.

Pad Physical Property
Measurements

Pad thickness, pad-backing plate assembly natural frequen-
cies, pad dynamic modulus, pad surface hardness and pad
compressibility were measured. The measurement locations
on the pad are shown in Figure 1.

Pad Dynamic Modulus
Measurement

The use of ultrasound to determine the mechanical properties
of materials is based on the fundamental relationship between
the ultrasonic velocity and the material elastic constants.
These methods have been described in a number of books and
review articles [4, 5, 6]. Equation 1 shows the relationship
between the measured ultrasonic velocity and the dynamic
modulus along the propagation path. Because the ultrasonic
wave is in the MHz frequency regime, the dynamic modulus
is measured using this technique.

E=kpVA2 Eq.l

Where p is the density; V is the ultrasonic propagation
velocity through the friction material, and the factor k is
dependent upon the velocity mode (shear or longitudinal) and
the Poisson's ratio. For shear modulus measurement, the value
of kis unity. For Young’s modulus measurements the value of
k is 1.21 based on the historical analysis of more than 100
friction material formulations using the complete SAE ]J2725
protocol for anisotropic friction materials.

The ultrasonic technique used in this study to measure
the dynamic modulus is a through-transmission technique.
As illustrated in Figure 1, a short burst of high frequency
sound, (~ 1 MHz) is generated from the transmitting trans-
ducer and propagates through the steel backing, then the
friction material and finally to the receiving transducer.
Precise measurements are made of the total time-offlight,
ToF,,4, from the transmitter to receiver. Ultrasonic velocity
is calculated by combining this ToF measurement with the
pad thickness. Using a signal digitization rate of 100 MHz,
the precision of the ToF measurement is ~10 nanoseconds.
Typical ToF for transmission through a brake pad is ~15
microseconds so the baseline precision of the method is on
the order of 0.6%.

It is desirable to measure the properties of the friction
material in an intact, as-manufactured brake pad. As described
above, the baseline ToF is comprised of the transit-time
through the steel backing, ToF,.; as well as the transit time
through the friction material, ToF,,, as shown in Equation 2.

XS eel
ToF,, =ToF,,, ——**

steel

Where X, is the steel thickness and V., is the steel
backing ultrasonic velocity.

Eq.2
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It is relatively straight forward to remove the influence of
the steel backing as both the steel thickness and its velocity
are known and well controlled. The velocity of the steel is
typically 3 to 4 times that of the friction material while the
thickness of the steel is about 2 times smaller than that of the
friction material. Thus the elimination of the steel contribu-
tion from the measured ToF is typically a 10% correction.
More importantly, because the modulus and density in the
steel backing is well controlled. Any variation in the ToF can
be attributed to the friction material.

The velocity in the friction material is given in

Equation 3 by:
X
V= f/
ToF,,

Where X, = Xj40 - Xsee is the thickness of the
friction material.

This velocity is used in Equation 1 to compute the
dynamic modulus.

For the dynamic modulus measurements a commer-
cially available iIETEK measurement instrument depicted in
Figure 2 is used.* For this system, the transmitting sensor is
attached to a stepper motor driven actuator to provide a
user-defined preload. The pre-load is measured using a load
cell mounted on the bottom surface of the receiving sensor.
Asillustrated in Figure 1, the ultrasonic sensors are mounted
in a co-linear configuration. The brake pad is inserted
between the sensors and the user defined preload applied
through the sensors. The “footprint” of the sensors is 15mm
in diameter. The region influencing the ultrasonic propaga-
tion is the cylindrical volume directly beneath the sensors.
As such, only a portion of the brake pad is measured for a
single position of the brake pad. In order to obtain an average
of the dynamic modulus in the pad, multiple positions are
measured in each pad.

The iETEK is capable of measuring the dynamic modulus
using a single user defined pre-load or continuously over pre-
loads from 100 N to 800 N on both the loading and unloading
portion of the pre-load cycle as illustrated in Figure 2b.

Eq.3

IETILIEN Measurement configuration for ultrasonic-based
dynamic modulus measurements.

t Load Applied

a)

—_—
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Friction
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Pad Property Measurement
Sequence

Pad thickness first, then the natural frequencies, surface
hardness and compressibility by compressing once were
measured. This sequence is designated as Cycle 1. Cycle 2
repeated the Cycle 1 on the same sample to detect any property
changes taking place as the compressibility measurement
technique requires 3 compressions. So the pad thickness,
natural frequencies, modulus and hardness during the first
cycle represent the pad properties before the first compression.
The properties measured after the first compression appear
in the second cycle, and so on.

Results and Discussion
UNIBRITE DF5B

Test results are summarized in Appendix 1-1 for 50 bars
compression testing and Appendix 1-2 for 100 bars compres-
sion testing. From Appendix 1-2 of 100 bars compression
series, the pad natural frequencies, modulus, pad surface
hardness and compressibility are graphically shown in Figure
4-1 for the low-copper samples and Figure 4-2 for the copper-
free samples. The pad thickness data are not shown here as
they showed no measurable variations. As can be seen, the
natural frequencies, modulus and hardness all decrease
continuously and measurably with increasing porosity while
the compressibility shows no general trends. When the
porosity increases from 13 to 18%, the compressibility stays
more or less the same or goes down slightly, not up, and then
at 22%, the compressibility goes up in the case of the low-
copper samples, but stays more or less the same in the case of
copper-free samples. After 5 compressions, the natural
frequencies and modulus show no significant changes, but the
compressibility decreases in all cases while the pad surface
hardness shows an increasing trend, which suggests the possi-
bility of pad surface being compacted during compression.
The results of 50 bars compression series follow similar trends.
As high-frequency squeals (disc squeals) are usually observed
under 5-30 bars of brake line pressure while low-frequency
squeals (caliper-knuckle assembly squeals) are observed under
5-60 bars, the pressure of 50 bars represents a reasonable
pressure for measurements rather than 100 or 160 bars.

A limited number of samples were aged at room tempera-
ture for 12 months and then the properties were measured in
order to see ageing effects if any. The results are summarized
in Appendix 2. As these samples came from a separate lot,
there is some degree of uncertainty, but directional trends
would be still valid. The data are presented graphically in
Figures 4-1 and 4-2 (red lines). With ageing, the natural
frequencies, modulus and hardness all increased, but the
compressibility increased rather than decreasing. In the case
of a high-copper formula as manufactured using a different
process and scorched (not reported here), the hardness was
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m a) iETEK instrument; b) Typical data showing % modulus variation as a function of pre-loading for both loading and
unloading of pad at a single position.
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m Copper-Free NAO pad physical properties; 13 v%, 18 v% and 22 v%; 5 test cycles; compression 100 bars.
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found to decrease, not increase, after 12 months. So one has
to be careful not to generalize in terms of ageing effects.

Based on all the data, one has to question the validity of
the compressibility measurement technique as measuring an
intrinsic pad property such as electrical conductivity or
thermal conductivity, etc., which is repeatable whether
measured once or several times. If an intrinsic property is not
being measured by the technique, then what is being measured?
In turn, one has to question the validity of trying to relate pad
compressibility to brake squeal generation.

As pad properties are found to age with time, one has to
find out when the aging process comes to completion (1 day,
1 week, 1 month or longer?) and decide on the length of time
to wait for complete aging /curing before testing. In other
words, one has to ensure brake testing is done with fully cure/
aged pads for consistent results.

Summary and Conclusions

1. Pad natural frequencies, modulus and hardness
continuously decrease with increasing pad porosity.

2. Pad compressibility shows no clear trends vs. pad

porosity. One has to question the validity of this
method for measuring intrinsic material properties.

Copper Free porasity (V); 3rd cycle
~+New Samples ~+-Oki Samies

Topper Free porosity (i), dth cyde Copper Free porasity (Vi); Stheycle

~+-NewSamples —+-Old Samles -+ New Samples  -+-Old Samles

3. As compressibility does not represent an intrinsic pad
property, compressibility must not be used to relate to
brake squeal.

4. Pad surface hardness increases with
successive compression.

5. Pad natural frequencies and modulus remain
essentially the same after increasing number of
compressions, indicating physical changes taking
place just on the surface of the pad after compression.

6. After 12-months of aging at room temperature, pad
natural frequencies, modulus and hardness all
increased, but compressibility showed no trends.

7. Fully cured/aged pads must be tested for
consistent results.

8. The ultrasonic technique is a convenient method for
detecting pad porosity and pad porosity variations,
and modulus.
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