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ABSTRACT

Environmental and financial factors are leading developments in the automotive industry and friction materials are no exception.
Different organizations around the globe are increasing their attention on fine dust emissions. End users are more and more focused on
comfort and cost due to global economic conditions.

Two of these factors are directly related to each other: comfort and fine dust. They are the result of tribologic mechanisms resulting
from pad and disc wear. These mechanisms linked to friction performance are the consequence of the interaction between friction
material surface and disc surface. This interaction forms the third body layer and extensive studies have been carried out on this.

This paper describes a detailed characterization of a new group of developed fibres. This new family of fibres has been specially
engineered to offer an enhanced friction material surface reinforcement due to the specially designed aspect ratio. It has also been
designed to maintain the most stable third body layer development to keep boosting friction level. Disc wear can be reduced thanks to
its special chemical composition. The paper offers an explanation of the role of fibres in friction and it presents a proposal for a
functioning mechanism in friction materials. Friction efficiency, wear and noise have been tested in a NAO copper-free formulation.

The paper demonstrates how - by using these new fibres - it is possible to increase the friction level without affecting wear and it
explains the mechanism behind this This offers an alternative to enhance friction performance or to reduce wear and dust emissions.
This study shows how these fibres can improve wear (dust emissions) and noise as a cost effective alternative to current commercial
products. The paper addresses three industrial challenges: wear, comfort and cost.

CITATION: Santamaria Razo, D. and Persoon, F., "Bio-Soluble Chemical Composition for Complementary Mineral Fibres: an Enhanced
Tribologic Effect and Its Influence on Disc Wear," SAE Int. J. Mater. Manf. 10(1):2017, do0i:10.4271/2016-01-1909.

INTRODUCTION environment. Raw materials need to be chemically stable under

. . . different temperature conditions. The starting point to understand
In recent years there has been an increased interest in the L T ;
dust emission reduction is pad and disc wear.

In order to reduce the powder released into the environment, car

. . . . producers are focusing on requesting friction material manufacturers
main sources of dust emissions into the environment [reference]. o . A . )
. . . to develop friction materials with longer life cycles. The specific
Dust emission issues are related to the amount, size and chemical . o - ) o
. . . challenge is to develop friction materials with a friction level capable
composition of powder released from cars during braking.

of stopping vehicles in any condition and able to maintain the same

. .. . . friction stability for as long as possible without compromising disc
The chemical composition of brake debris depends partially on the Y . g . p . P &
S . . wear. At the same time the friction material needs to perform well
raw materials introduced in the formulation used to produce them. . . .
.. . . from the noise vibration and harshness (NVH) point of view. It has
Brake debris is the result of wear produced by friction. Friction . .
. . . . been proven that these conditions are not unconnected as an increase
coefficient is a relevant technical characteristic of brake pads. It is . o . .
. . . . in disc wear usually results in higher noise generation [35, 36, 37, 38,
important to know the chemical and physical properties of the raw

materials used in order to relate these properties to friction

performance. It is also important to use non-hazardous materials for . . . . .
. When trying to translate these technical needs into an industrial trend,
the formulation in order to guarantee the health and safety of workers .
. . . there seems to be a need to develop non-asbestos organic (NAO)
on the production site. The use of safe materials for the production of

brake pads reduces the risk of releasing dangerous fine dust into the mat.erlals with é friction level hlg}'ler than thD’Uﬁ Eflll‘fféﬂts
available materials, or low metallic/l¢ w steel materials with a better
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NVH performance than those commercially available. Whatever the
approach for such a development, the focus point is a stable friction
level and reduced disc wear (the former results in noise generation).

If dust production and noise generation are linked, the target for
developments should be to understand how to improve friction
stability and where this stability comes from. Literature studies have
demonstrated that friction performance depends on the interaction

interaction generated by these surfaces results in the generation of an
intermediate and continuously evolving layer between them. This
layer is responsible for the friction level and is generated by pad and
disc wear. Different studies have focused on the analysis and
characterization of this generated layer; third body layer, transfer film
or flow film are typical names for this.

In order to work properly, the third body layer needs chemical,
thermal and mechanical stability. Its formation and development are
linked to the friction material formulation and specific circumstances
during braking. Different mechanisms can lead to the formation of
such a layer and this paper focuses on the different ways mineral
fibres can contribute to some of them. With specific reference to the
new generation of NAO materials, the formation of the third body
layer is no longer guaranteed by copper. One reason for this is that
copper had an important role in NAO material friction stability due to
its low temperature ductile behavior that helped to form the third
body layer between the disc and pad surface. Copper free-materials
need different mechanisms to perform properly.

In this paper two different third body layer formation mechanisms are
proposed:

a. A mechanical effect due to the load-bearing property of fibres
acting as anchoring point as proposed in [62].

b.  Anaccumulation effect of long lasting third body layers in the
network produced by fibre nests in the friction material surface.

Three bio-soluble mineral fibre grades have been studied to prove the
effect of these two mechanisms. This paper shows the functioning
mechanism of these fibres and the result in friction efficiency and
noise. However, they also play a role in the sliding contact between
the friction material surface and the disc during braking. The
combination of third body layer formation and sliding contact results
in three different friction performances that offer the brakes industry
an alternative to current products. Each one of the developed fibres
enhances a different property and the selection of the right fibre to be
used depends upon the specific formulation. The use of these newly
developed fibres results in reduced disc wear and therefore improved
NVH performance.

MINERAL FIBRES DESCRIPTION

The newly developed products are certified bio-soluble mineral fibres
due to their specific chemical composition. They are produced using a
combination of sustainable volcanic rocks and man-made briquettes
with a certified chemical composition. The raw materials are melted
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in a furnace at a temperature of approximately 1500 °C. The
homogeneous melt flows down on a spinning wheel forming long
fibres and very small droplets called shot. The spun fibres are
collected and in a second production step the shot is removed and the
fibre length is adjusted under controlled circumstances, resulting in
three new different bio-soluble fibre grades. Bio-solubility is one of
the key characteristics for the unicity of these mineral fibres. Figure 1
shows an image of spun mineral fibres.

Figure 1. SEM image of mineral fibres before shot removal.

The bio-solubility of fibres makes this product suitable and safe for
use in friction materials. The bio-solubility is proven to be very high
and hence the bio-persistency is very low. The fibres were tested by
the independent institutes Fraunhofer and RCC. These independent
measurements confirmed that these mineral fibres are highly
bio-soluble and are exonerated from any hazardous classification.
Table 1 shows the measured chemical composition of the proposed
mineral fibres.

Table 1. Measured chemical composition of tested fibres

Component Chemical analysis wt %
SiO, 39.8
ALO; 19.0
TiO, 0.5
Fe;Os 0.8
CaO 328
MgO 5.2
Na,0 1.2
K;O 0.4
P>0s 0.2
MnO 0.1

As a result of the special chemical composition, these new fibres
show a reduced surface hardness. Apart from the effect of fibres in
the friction material, they also interact with the disc by adding a local
friction coefficient in the sliding contact area. This friction coefficient
is somehow related to the specific material hardness. In comparison
to other commercially available products, this newly developed fibre

family is found to be softer in the interactioﬁmwm ents
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Table 2 shows the results of hardness characterization by means of a
nanomechanical test system. It is a high-resolution nanomechanical
test instrument that performs nano-scale quasi-static indentation by
applying a force to an indenter tip while measuring tip displacement
into the specimen. During indentation, the applied load and tip
displacement are continuously controlled and/or measured, creating a
load-displacement curve for each indent. From the load-displacement
curve, nano-hardness and reduced elastic modulus values can be
determined by applying the Oliver and Pharr method and a pre-
calibrated indenter tip area function and a pre-determined machine
compliance value.

Table 2. Average Vickers and Mohs Hardness Converted from Nanohardness
for All Specimens

Sample H [GPa] HV [kgf/mm’] Mohs
Other bio-soluble fibres 7.25 685 5.5
New bio-soluble fibres 2.06 195 3.5

As a result of the reduced hardness, it has been proved that these new
fibres have a softer interaction with the metallic disc, resulting in
reduced disc wear [62]. The interesting characteristic of these fibres is
the special combination of low hardness due to their chemical
composition, and their physical properties due to the special
production process. Appendix 3 shows images of the hardness
nanoindentation results.

In order to emphasize and differentiate the two third body layer
formation mechanisms, the physical characteristics of the fibres have
been specially designed to be different in length (as a result in aspect
ratio). Table 3 shows the characteristics of samples A, B and C.

Table 3. Overview of measured fibre properties for samples A, B and C.

Fibre property A B C
Fibre length (avg.) [um] 127 303 505
Diameter (num. avg.) [um] 4.0 4.0 4.0
Aspect ratio [L/D] 31 76 125
Shot content > 125pm [Yowt] 0.11 | 0.10 0.12
Specific density [g/cm’] 271 | 271 | 271
Colour [visual] Off-white

Instruments and Test Procedures

Fibre length and fibre diameter measurements were performed
using a Carl Zeiss Axioskop 2 with an AxioCam digital camera for
image processing.

For shot measurements a Hosokawa Alpine 200LS-N air jet sieve was
used with sieves of 45, 63 and 125 pm.

The chemical composition of the mineral fibres was determined using
a XRF-Axios EP 264 spectrometer for X-ray fluorescence analysis.

Microscope images were taken in a Phenom Pro scanning electronic
microscope (SEM).

Full document details: SAE 2016-01-1909

The instrument that was used to perform the nanoindentation tests is
a Nanomechanical Test System manufactured by Hysitron, Inc. To
obtain the nanohardness and modulus values, 10 indents, sufficiently
spaced, were made on the apex of each of the fibres. Loads of 800
and 2000 puN were used. All indents were performed by in-situ
Scanning Probe Microscopy (SPM) imaging. Mohs Hardness was
determined using Mineral Hardness Conversion [63].

Efficiency and NVH performances were evaluated using a Horiba
dynamometer according to SAE J2522 and SAE J2521 procedures,
respectively. The pads were scorched, but did not contain an
anti-noise shim, slot or chamfer. The brake system used for tests was
the front brake of a VW Golf (WVA21974), using a ventilated disc
and inertia of 65 kg.m2.

A Krauss machine was used for wear testing as a function of
temperature. Temperature block tests were carried out at 150, 300 and
500 °C adapted from the SAE J2707 wear procedure.

Samples Preparation

A NAO/metal-free formulation was used to investigate the impact of
fibres on the third body layer formation and its influence on friction
and noise performance. All fibres were introduced in the same friction
material formulation at the same volumetric rate. A more precise
description of the formulation is given in table 4.

Mixing took place in two stages using a multiple blade, high-speed,
vertical MTI laboratory mixer (speed 2000 RPM). In the first stage,
the aramid fibres and mineral fibres were dispersed by mixing the
fibres with graphite and fillers for two minutes. In the second stage,
the remaining raw materials were added to the mixture for an
additional two minutes of mixing time.

Table 4. Metal free NAO formulation used for the investigation.

Component Volume %
Novolac resin 16
Aramid fibres 5
Solid lubricants 11
Friction dust/ rubber crumb 10.5
Potassium titanates flake form 17.5
Abrasives 11
LAPINUS® mineral fibres 8
PROMAXON®-D 55
Fillers 15.5
Total 100

The pads were processed in a positive mould for five minutes under a
pressure of 290 kg/cm?2 at 160 °C. After hot moulding, the pads were
cured for four hours at a constant temperature of 210 °C. All the
materials were ground in order to achieve a flat surface and
acclimatized for 24 hours at 23 °C and 50% relative humidity
afterwards. Three different friction materials were then produced under
the circumstances described above with fibre samples A, B and C.
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Table 5. Friction materials produced with different fibre lengths.

Fibre length/sample Friction material

Short, sample A FA

Medium, sample B FB

Long, sample C FC
TESTS RESULTS

The physical properties and friction performances of the 3 samples
were evaluated. Table 6 shows the results for density, porosity and
hardness. Hardness measurements were carried out at 10 different
points on the friction material surface. Fibre length shows no
influence on hardness and density.

Table 6. Friction materials physical macrometric properties.

Friction material Density [g/cm’] Porosity [%] Hardness
[HRSI

FA 2.23 16.1 74 stdev 3

FB 2.22 17.8 72 stdev 6

FC 2.19 20.3 76 stdev 5

Figure 2 shows the relation between porosity and fibre length. As the
three proposed fibres have the same diameter, the change in aspect
ratio is directly related to the fibre length. The graph also shows the
relation between aspect ratio and porosity
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Figure 2. Relation between porosity of the friction material and fibre length/
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fibre aspect ratio. Left “y” axel is fibre length and right “y” axel is aspect ratio.

An efficiency test was carried out with the three friction materials
produced. Figure 3 shows a comparison between the summary of the
AK-Master test results for samples FA, FB and FC.

Appendix 1 shows the three complete AK-Master results.
Despite the fact that the three efficiency results have the same profile,
the friction level showed by each of the three friction materials is

different. For these formulations the tendency shows an increase in
friction level with the decrease in fibre length. At the same time, the
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stability of the friction level is much higher with the increase in fibre
length (aspect ratio). It is interesting to mention here the difference
between the results and not the specific results. As an attempt to
demonstrate stability, table 7 shows the values of minimum, average
and maximum friction level of the three AK-Master tests.
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Figure 3. AK-Master efficiency summary comparison.

Table 7. AK-Master minimum, average and maximum friction levels.

rl:]r;:;ir?; Nominal p | Minimum p Maximum p | Maximum Ap
FA 0.47 0.37 0.54 0.17
FB 0.45 0.37 0.51 0.14
FC 0.43 0.37 0.49 0.12

It is shown that due to fibre length there is an effect on friction
material porosity. The combination of different porosities and
different fibre length influences the friction level with a specific
tendency. At the same time, disc wear shows an interesting and clear
tendency.

There seems to be a relation between friction stability and disc wear.
Table 8 shows the disc wear values after the AK-master test.

Table 8. Disc wear results

Friction material Disc wear [g] Fibre length [pm] Aspect
ratio
FA 5.6 127 31
FB 5.3 303 76
FC 49 505 125

Disc wear and porosity are both related to fibre length, also friction
stability and friction level. There is a clear different mechanism of
functioning between short and long fibres.

As already mentioned in the introduction, several papers have
demonstrated the relation between disc wear and noise.
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An NVH test was carried out with two of the three friction materials
produced. In order to emphasize the differences due to length, only
the short and long fibre samples (FA and FC) were tested. Figures 4
and 5 show the noise results for the two friction materials with no
shim, no chamfers and no slots.
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Figure 4. Noise events measured during NVH test for sample FA.

Although the number of noisy occurrences is high, as in the case of
efficiency tests, the relevance of these data is not the result itself, but
the difference in results between the two friction materials.

The sole variation between them is the length of the fibre (and as a
consequence porosity) so improvements from one result to the other

can be attributed to an effect due to the fibre length.

Table 9 shows the relative difference between the number of noisy
occurrences between samples FA and FC.

Table 9. Relative difference of noisy stops.

Friction material

Relative percentage of noisy stops

Fibre length

[Sample result/FA noisy stops *100] [um]
FA 100 127
FC 57 505

The longer fibre shows overall a better friction and noise
performance. The friction level is lower, but more stable and stability
seem to be related to a reduction in vibration generation. The relation
between vibration generation and friction stability can be linked to
wear, in particular disc wear.

Under completely different braking circumstances wear was evaluated
at different temperature blocks. The intention is to verify if reduced pad
and/or disc wear is actually linked to the length of the fibre.

Table 10 shows the pad and disc wear results for each friction material
at three different temperature blocks. Roughness was also evaluated as
vibrations are generated in the interface between disc and friction
material. In general damaged surfaces generate more vibrations.

Once wear variations have been verified, it is important to focus on
the cascade of consequences.

. Fibre length increase => Friction material porosity increase
. Fibre length increase = friction level decrease

«  Fibre length increase = friction level stability increase

. Friction level stability increase =» Disc wear decrease

*  Disc wear decrease => Vibrations generation decrease

The correlation of results indicates that there is actually a very direct
relation between friction stability, wear and noise. If the analysis is
taken back to the mechanism of friction generation and correlated to
the third body layer, it is very clear that the different fibres generate
different conditions for the third body layer formation and it is only
due to the fibre length.

Table 10. Wear test results at three temperatures 150 °C, 300 °C and 500 °C
for samples FA, FB and FC.

Appendix 2 also shows the cumulative percentage of noise events, the
percentage of noise events as a function of frequency and as a function
of intensity. These clearly show that not only the number of noisy stops
changes, but also the frequencies and intensities of the occurrences.
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150 °C
Friction material | Pad wear [g] | Disc Wear [g] | Disc roughness
FA 4 3.9 1.45
FB 3.8 3.6 1.08
FC 3.8 3.1 1.06
300 °C
Friction material | Pad wear [g] | Disc Wear [g] | Disc roughness
FA 3.8 2.1 1.94
FB 3.6 2.0 1.83
FC 2.9 1.8 1.81
500 °C
Friction material | Pad wear [g] | Disc Wear [g] | Disc roughness
FA 11.7 7.8 3.95
FB 11.3 7.4 4
FC 11 6.7 3.55

Table 11 shows clearly that fibre length also influences pad and disc

wear. The longer the fibre length, the lower Bmu m ents
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Figure 5. Noise events measured during NVH test for sample FC.
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Table 11. Total pad and disc wear.

Friction material

Total pad wear [g]

Total disc wear [g]

FA 19.5 13.8
FB 18.7 13.0
FC 17.7 11.6

It is very interesting to note the significant difference in disc
roughness associated with fibre length. Long fibres affect the disc
surface roughness less than short fibres. This observation, in
combination with the results of efficiency, noise and wear, suggest
that the proposed different mechanisms of third body layer formation
mentioned on page two could be involved:

a. A mechanical effect due to load bearing property of fibres acting
as an anchoring point for short fibres.

b.  Anaccumulation effect of long lasting third body layers in a
network produced by fibre nests in the friction material surface
for long fibres.

c. A combination of a and b for medium fibres.

DISCUSSION

Mineral fibres have already been discussed previously and the
mechanism of formation of third body layer has been explained.
Nevertheless the explanation was based only on one of the two
formation mechanisms this paper suggests.

The mechanism is shown in figure 6 and it is aligned with the
well-known theory of third body layer formation starting from
anchoring points. Fibres function as primary plateaus due to their
anchoring effect and they allow other raw materials to form
secondary plateaus.

Mineral fibre Weardebris Secondary plateau
(Primary plateau)

Figure 6. Mechanism a) Third body layer formation mechanism suggestion, fibres
act as anchoring point. Blue arrow indicates the direction of rotation of disc.

The alternative formation of third body layer suggested in this paper
is related to the accumulation of wear debris in superficial porosity.
Long fibres create porosity spots. These spots are not normal porosity
spots like the common porosity created by the gases generated during
the phenolic resin crosslinking. Fibre spots are actually nests and
these nests are anchored to the friction material. Figure 7 shows an
image of a new friction material surface showing some localized
porosity. Note the difference between superficial porosity generated
by short (FA) and long (FC) fibres.
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FC surface

FA surface

Figure 7. Friction materials FA and FC surfaces. FC surface shows superficial
porosities generated by long mineral fibres. Surface is new and before
porosity is filled with wear debris.

When taking a closer look at these porosities it is clear that they are
formed due to fibres folding in on themselves. Folding fibres are
achieved only with medium and long fibres; the longer the fibre, the
easier it is to produce this effect. Figure 8 shows a SEM image of
these pores after the friction material was produced, porosity is still
empty as no wear debris has been generated yet.

The formation of porosity due to fibres folding suggests that the fibre
“agglomeration” actually generates empty space or pores. This empty
space is then filled with fine debris produced during the interaction of
friction material and disc surface. Just as in the case of the secondary
plateaus formation, raw materials such as potassium titanate, calcium
silicate or graphite are milled down by the sliding forces.

Figure 8 is a schematic representation of the suggested mechanism.
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Figure 8. SEM image of empty porosity formed by long fibres (FC)
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