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ARTICLE INFO ABSTRACT

Friction and wear behavior of brake materials is often investigated using Pin-on-Disc (PoD) or dynamometer
tests. Dynamometer tests reproduce the real braking conditions since they are carried out on real parts. whereas
PoD tests are carried out using small pins, under constant sliding velocity and contact pressure. In the present
technical note, the friction and wear behavior of two commercial friction materials, a low-met and a non-
asbestos organic (NAO) material, dry sliding against a pearlitic cast iron counterface disc was investigated. The
PoD tests were carried out at room temperature and at 300 °C; the dynamometer tests were conducted simulating
urban braking conditions. The experimental data were compared and the main wear mechanisms were identi-
fied. The wear mechanisms observed with the PoD at room temperature turned out to be similar to those ob-
served with the dynamometer tests. On the other hand, the PoD tests carried out at 300 °C revealed particular
features in the friction layer that were not detected in the dynamometric tests. As far as the tribological data are
concerned, the average friction coefficients recorded during the dynamometric tests were similar to the values
recorded in the PoD tests, whereas the wear coefficients were one order of magnitude lower, most probably due
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to the limited area of contact of the pins.

1. Introduction

During braking, the kinetic energy of the vehicle is dissipated and
turned into heat by the friction forces between pads and the rotating
disc. Commercial discs are typically made of pearlitic cast iron, which
exhibits several advantages, including good sliding behavior against
different counterface materials, and high thermal conductivity that is
helpful for reducing the contact temperature. Friction materials for
automotive applications are composites containing even more than 30
ingredients and usually classified as: low-metallic (low-met) and Non
Asbestos Organic (NAO) materials. Actually, nowadays, all of them do
not contain asbestos. Low-met materials contain a total amount of Fe
and Cu, in the form of powder or fibers, in the range 10-50 wt% per-
cent, whereas NAO materials contain a lower amount of metallic in-
gredients, usually below 10 wt%. In addition, low-met materials typi-
cally display high values of the friction coefficient (usually in the range
0.4-0.6), whereas NAO materials display lower values of the friction
coefficient (around 0.3-0.4) [1,2].

During sliding, friction layers are formed on the contact surfaces.
These layers are made of primary and secondary plateaus. Primary
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plateaus feature hard constituents, such as metallic fibers or ceramic
particles, which protrude from the pad surfaces. Secondary plateaus are
made of wear debris trapped in between the pad-disc mating surfaces,
that pile-up and are compacted against the primary plateaus [4-8]. In
general, friction and wear behavior of braking systems are determined
by the characteristics and properties of the friction layers that are dy-
namically formed and disrupted during sliding. Friction and wear tests
on brake materials are conducted using full-scale dynamometers or
reduced-scale testing rigs. Dynamometer tests are accelerated bench
tests, carried out on real parts, reproducing the real braking conditions.
On the contrary, small-scale testing rigs, such as the friction assessment
screening test (FAST) [9], the Chase machine [10], the reduce-scale
dynamometers [11,12] or the Pin on Disc (PoD) tests, are simply used
as first screening tests or in the initial stage of the development of new
friction materials [11]. In particular, PoD tests, are rather simplified
tests since they are typically carried out in drag conditions, i.e., under
constant sliding velocity and contact pressure. However, PoD tests
feature several advantages, including shorter testing times, lower costs,
and the possibility to better relate the friction and wear behavior to the
test parameters, such as sliding velocity and contact pressure [13,14].
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Table 1

Concentration of the compounds present in the friction materials (measured by
XRD). The hardness values are only indicative and were taken from different
literature sources.

Phase (Wt%) M1 M6 General purpose of Moh's
the compound hardness
Zinc - Zn 14.31 5.08 Reinforcement 2.5-3
Graphite - C 39.28 31.98 Lubricant 1.5
Copper - Cu 11.16  9.00 Reinforcement 3
Silicates - (K,Na)(Mg;Fe) 6.93 9.42 Reinforcement 5-6
(AlSi3010)(OH),
Potassium Hexatitanate- 0.75 8.37 Reinforcement 5
K-TigO13
Barite - BaSO, 0.00 22.88 Filler 3-3.5
Baddeleyite - ZrO, 0.00 9.85 Abrasive 6.5
Fe-alfa - Fe 3.52 0.93 Reinforcement 4-4.5
Moissanite - SiC 1.80 0.00 Abrasive 9-9.5
Chromite - (Fe, Mg)Cr,0, 5.61 0.00 Abrasive 8
Zincite - ZnO 2.25 0.00 Abrasive 5.5
Berndtite - SnS, 2.46 1.13 Lubricant 1-2
Periclase - MgO 5.89 0.00 Abrasive 6
Sphalerite - (Zn,Fe)S 1.71 0.00 Lubricant 3.5-4
Corundum - Al,O3 4.33 1.36 Abrasive 9

In the present investigation, the dry sliding behavior of two com-
mercial friction materials, a low-met and a NAO, was investigated
comparatively, by means of PoD and dynamometric tests, operating in
mild conditions in both cases. Friction and wear data were then ob-
tained and the wear mechanisms were analyzed to help in the com-
parison of the results. The aim of the work was to emphasize some
advantages and disadvantages of the two methods in producing useful
friction and wear data.

2. Experimental set-up

Two commercial friction materials codenamed M1 and M6 were
investigated. In Table 1, the identified phases, quantified using an X-
Ray diffraction (XRD) approach are listed [15]. M1 is a low-met ma-
terial, that contains quite a large amount of abrasives, such as Al,O3
and chromite; whereas M6 is an NAO material that contains a low
amount of abrasives and contains a particularly high concentration of
barite. Common feature to both materials is a high concentration of
graphite and copper, this latter mainly present in the form of fibers.

Cylindrical pins with a diameter of 6.0 = 0.1 mm and a height of
10.0 = 0.1 mm were machined from the pads and used for the PoD
tests. Fig. 1 shows two optical micrographs at low magnification of the
test surfaces of both the pin and the pad in case of material M6. The
pictures show that the diameter of the pin appears large enough to
represent the microstructure of the composite friction material which
makes up the brake pad.

The tests were carried out with an average nominal contact pressure
of 1 MPa and a sliding velocity of 1.57 m/s, with a pv-value of 1.57 m/
sN/m? corresponding to mild sliding conditions [16]. The tests were
carried out at room temperature (25 °C) and at a disc temperature of
300 °C to explore the high-temperature behavior of the friction mate-
rials, affected by the thermal decomposition of the polymeric binder,
i.e., a phenolic resin [1-3]. For the high temperature tests, a close-loop
feedback system was used, in which the disc temperature was main-
tained constant through an infrared high temperature sensor, as de-
scribed in [17]. The disc was made of pearlitic-bainitic gray cast iron
with a hardness of 350 HB. Three test repetitions were carried out for
each material, and during each test the evolution of the friction coef-
ficient was continuously monitored. The wear of the pin was measured
by checking its weight before and after each test, using an analytical
balance with a sensitivity of 10™* g. Data were then converted into
wear volumes using the measured densities of the friction materials,
which were 2.27 g/cm?® for material M1 and 2.6 g/cm?® for material M6.
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Fig. 1. Optical micrographs of the pin (a) and pad (b) test surfaces of friction
material M6.

The disc wear volumes were determined by means of a profilometer.
The system specific wear coefficient, K,, was then calculated using the
following relationship:

\4

K, =
* 7 Fes

®

where V is the system wear volume (pin + disc), F is the applied load
and s is the sliding distance.

The tests with the inertia brake dynamometer were run following a
cycle based on the modified SAE J2707 Method B, shown in Table 2,
proposed to simulate mild urban braking conditions [18]. With re-
ference to the original SAE procedure, every brake section was reduced
by 10% in terms of stops number, apart for the burnish section that was
kept the same as the original procedure. Moreover, the two highway
blocks and the hill descent block were removed [19]. The same type of
commercial pads and cast iron discs adopted for producing the PoD pins
and discs were used for the dynamometer tests. During each test, the
contact pressure and the friction coefficient were continuously mon-
itored. In addition, the evolution of the disc temperature close to the
sliding contact was also recorded, using a thermocouple embedded in
the disc. Indeed the test was temperature driven, meaning that ac-
cording to the original SAE procedure the brake action took place only
when a defined temperature value was measured on the disc. The
system wear was measured by weighting the pads and discs before and
after each test, and then calculating the wear volumes, V, using the
relevant density values. The system specific wear coefficient, K,, was
then calculated using the following relationship:

_ Vv

K
a E,

(2)
where p is the average coefficient of friction, and Ey, is the theoretical
braking energy, given by % I N w? where I is the inertia of the main
spindle and flywheel, w is the initial (i.e., before braking) angular ve-
locity and N is the total number of brakes. Eq. (2) is a modification of
Eq. (1). It was obtained considering that F=F./u, where F, is the
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Table 2
Modified SAE J2707 cycle used in the dynomometric tests.

Wear 424-425 (2019) 40-47

Section Initial speed [km/h] Final speed [km/h] Initial rotor brake temperature [°C] Braking deceleration [g] Number of stop
1 Burnish 50 4 100 0.25 100
2 Town Block 1 (TB1) 50 4 150 0.25 20
4 Country Road Block 1 (CRB1) 80 4 200 0.35 20
5 Country Road Block 2 (CRB2) 100 4 125 0.4 20
7 Town Block 2 (TB2) 50 4 150 0.25 20
8 County Road Block 3 (CRB3) 100 4 125 0.4 20
tangential frictional force, and the product: F; s, is the actual braking Table 3
energy that was theoretically considered equal to Ey,. It is expected that Experimental results of the PoD tests.
Eq. (.2) slightly Elnderestlmates the .wear coFfﬁc1ent. In fact, the actLTal Material Room temperature 300°C
braking energy is lower than E,, since E, is also affected by the fric-
tional resistance due to cooling air [2]. u at steady state K, mm®/Nm  p at steady state  K,, mm>/Nm
The characterization of the worn surfaces was conducted in planar . )
d i 1 d . . lect . (SEM) M1 0.55 2.810 0.55 310
and cross sectional modes, using a scanning electron microscope M6 0.38 610~ 0.38 310-5

equipped with an energy dispersive X-ray spectroscope (EDXS). In the
EDXS analyses, carbon and oxygen were not quantified since this
technique is not sufficiently reliable for light elements.

3. Results and discussion
3.1. Pin on disc tests

Fig. 2 shows the evolution of the friction coefficient during the PoD
test at room temperature and at 300 °C in case of material M6. At room
temperature, the friction coefficient increases from 0.30 to an average
steady-state value of 0.38. At high temperature, the friction coefficient
is seen to decrease from an initial average value of 0.42 to a steady-state
value of 0.38. The M1 materials displays a similar behavior and all the
recorded average steady-state values of the coefficient of friction are
listed in Table 3. In this table the K,-coefficients for the pin-disc system
are also included. As expected, the low-met M1 material displays higher
coefficient of friction and wear rate with respect to the NAO M6 ma-
terial. At room temperature, wear is definitely mild in both cases,
whereas it becomes severe at 300 °C, because of the decomposition of
the polymeric binder [17].

As shown in Fig. 3a, the worn out pins of material M1, display the
typical friction layer comprising primary and secondary plateaus. In
this case, the primary plateaus are made by a Fe fiber (see arrow 1),
whereas the gray areas constitute the secondary plateaus (see arrow 2).
Similar features are displayed at room temperature and at 300 °C. Since
the friction and wear properties of the materials under study are mainly
influenced by the characteristics of the secondary plateaus, their ele-
mental composition was measured from EDXS data to obtain additional
information. Table 4 contains the average values of such measurements

1.0
0.9+
0.8 1
0.7 1
0.6 +
0.5+
0.4+
0.3

0.2
0.1+
0.0

Friction Coefficient

1500 2000 2500 3000
Time [s]

0 500 1000

(a)

for material M1. It can be noted that secondary plateaus contain quite a
large amount of Fe, confirming that they are mainly made by the
compaction of Fe-oxides most of them originating from the wear of the
cast iron counterface disc [20,21].

A quite different friction layer was observed on the pin worn surface
of material M6, as shown in Fig. 3b. The secondary plateaus are smaller
in size, and the whole worn surface appears very flat. This is confirmed
by the roughness profiles displayed in Fig. 4, and taken with a stylus
profilometer on the worn out surfaces of the pins at the end of the tests
at room temperature. The measured R,-values, representative of the
average roughness, were 7.2 um for material M1, and 1.9 um for ma-
terial M6. Similar observations were obtained for the tests at 300 °C. In
Table 5 the results of the EDXS analyses on the secondary plateaus are
listed. It can be noticed that the secondary plateaus mainly contain Ba
and Zr and therefore they are mainly made by the compaction of barite
(BaSO,) and zirconia (ZrO,) wear particles. On the contrary, the Fe
content is relatively low: an indication that the content of Fe oxides is
also low. This result can be explained by considering the low content of
abrasives in the M6 material. The abrasives are necessary to abrade and
remove Fe particles from the cast iron counterfaces, which is the im-
portant initial stage for the tribo-oxidative wear and the consequent
formation of Fe oxides [22,23]. On the basis of these observations, we
can thus explain the particular friction and wear behavior displayed by
the two materials. The intense action of the abrasives in M1 induces a
relatively high wear rate of the disc and also of the pin, since the sec-
ondary plateaus are dynamically formed and disrupted by the local
shear stresses due to friction. At the same time, the high content of Fe
oxides in the secondary plateaus induces an increase in the contact
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Fig. 2. Evolution of the friction coefficient with time for material M6 tested at room temperature (a) and 300 °C (b).
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Fig. 3. SEM micrograph showing the friction layer on the M1 (a) and M6 (b) pins at the end of sliding at room temperature.

Table 4
Elemental compositions of secondary plateaus on the pin surfaces of material
M1 as measured from EDXS analysis. Carbon and oxygen are not quantified.

Table 5
Elemental compositions of secondary plateaus on the pin surfaces of material
M6 as measured from EDXS analysis. Carbon and oxygen are not quantified.

Element [wt%] Room temperature 300°C Element [wt%] Room temperature 300°C
Fe 58 49.5 Fe 7.35 4
Cu 9.50 15.2 Cu 3.35 1.8
Zn 5.1 10.8 Ba 24.8 27.6
Mg 15.3 7.9 Zr 21.7 24
Al 4.1 2.9 Ti 17.2 14
Si 4.4 4.2 S 9.43 12.6
S 2 1.5 K 4.45 4.1
Ca 0.5 0.5 Si 3.87 4.5
Sn 1.1 7.5 Ca 3.8 3.3
Sn 1.4 -
Mg 1.3 2.3
Al 0.8 2

adhesion forces and, thereby, of the friction coefficient. In fact, an in-
crease in Fe oxides in the secondary plateaus induces an increase in the
work of adhesion due to the rise in the tribological compatibility of the
mating surfaces, considering that the counterface is made of cast iron
[13]. In case of material M6, such abrasive interaction is lacking or very
much reduced. Therefore, wear is low (both on the disc as well as on the
pin since wear is mainly given by the formation and disruption of the
friction layers), and consequently the friction coefficient is low because
of the low content of Fe oxides on the pin worn surfaces.

The analysis of the cross sections of the M6 worn pins, in corre-
spondence of the friction layers, revealed a particular characteristic.
The SEM micrograph in Fig. 5a shows that the friction layer, wherever
present, is several hundreds micrometer thick and has a concave mor-
phology. The EDXS maps shown in Fig. 5b-f reveal that it is formed by
the intermixing and compaction of different small particles: Fe oxides
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(and possibly, metallic Fe), copper, zirconia and barite. In addition, the
friction layer is surrounded by phases rich in carbon, identified as:
graphite, phenolic resin and rubber. A scheme for the mechanism of
formation of this kind of friction layer is reported in [24]. At the be-
ginning, the situation is as usual: Fe oxide particles (a low amount,
though) form and are compacted against a surface obstacle together
with other debris from the friction material, such as small barite and
zirconia particles. Since the friction layer is formed by very small par-
ticles, the local shear action due to friction promotes the onset of tur-
bulent flow which promotes also mechanical mixing. Then, the friction
layer becomes thicker for the collapse and thinning of the underlying
carbonaceous components. Quite interestingly, the formation of this
kind of friction layer was not observed in pins tested at 300 °C. This can
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Fig. 4. Roughness profiles taken with a stylus profilometer on the worn of the pins at the end of the tests. (a) material M1; (b) material M6.
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Fig. 5. (a) SEM image of the thick secondary plateau observed in material M6 (cross sectional view). (b) to (f): EDXS maps of the main recorded elements.

be explained by considering the dramatic increase in the system wear
rate (see Table 3) due to the degradation of the organic components,
above all, of the phenolic binder [3,17]. It can be then assumed that at
300 °C the plateaus are quickly disrupted with the production of wear
debris, with no possibility for agglomeration and formation of a thick
friction layer.

3.2. Dynamometric tests

During each stop of a dynamometric test and between one stop and
the subsequent one, the operating parameters, such as: applied pres-
sure, sliding velocity, friction coefficient and contact temperature, all
change in an interrelated way. In case of the tests with material M1, the
recorded average contact pressure during burnishing was 0.6 MPa, and
maximum pressure was attained during CRB2 and CRB3 blocks, and
was approximately 1.3 MPa. In case of material M6, the recorded con-
tact pressures were higher: the average pressure was 1 MPa during
burnishing, and the maximum pressure, attained during CRB2 and

44

CRB3 blocks, was 1.6 MPa. This result can be explained considering the
different frictional performances of the two materials. The measured
values of the coefficients of friction are shown by Fig. 6. From these
experimental data, the average friction coefficients were calculated,
and they turned out to be 0.42 for material M1, and 0.34 for material
M6, slightly lower but not much different from the steady-state values
obtained in the PoD tests. This means that for material M6 an increased
pressure must be applied to obtain the same braking performances at
the inertia brake dynamometer.

In Fig. 7, the recorded maximum and minimum values of the disc
temperatures are shown. This temperature is proportional to the con-
tact temperature [2,13]. It can be firstly observed that the maximum
temperature, attained during block CRB1, is always below 300 °C. This
supports the view that the dynamometric tests were carried out in mild
wear conditions, i.e., below the transition temperature for the friction
materials at which the decomposition of the polymeric binder starts. It
can be also noted that during each test block, the measured tempera-
tures are lower when using material M1 with respect to material M6.
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measured from dyno tests, for M1 (a) and M6 (b) friction materials.
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Table 6
Experimental results of the dyno tests.

Material Average COF Disc mass loss, g Pad mass loss, g K., mm®/Nm
M1 0.42 8.2 1 5.4107°
M6 0.34 6.7 4 1.41077

Temperature rise is due to frictional heating, and therefore it directly
depends on contact pressure, sliding velocity, friction coefficient, and
also depends on the thermal properties of the mating materials
[2,25,26]. From the compositional data in Table 1, it can be inferred
that the thermal conductivity of M1 friction material is most likely
higher than that of M6, owing to a significantly higher concentration of
metallic components, i.e., copper, zinc and iron, not to mention gra-
phite. The relative better capacity of M1 to dissipate frictional heating
towards the cast iron rotor disc would be coherent with the lower
temperature reached during dynamometric tests (Fig. 7). Moreover, an
overwhelming role can be ascribed to friction coefficient. When using
material M6, the friction coefficient is lower but an increased pressure
must be applied, as already seen, to get the same braking performances.
As a consequence, the product: friction X pressure, is always higher
when using material M6. For example, during burnishing, such a pro-
duct is approximately 0.24 MPa for M1, and 0.30 MPa for M6.

In Table 6, the average values of the coefficient of friction are listed,
together with the results of the wear measurements. The K,-values are
quite low, and for sure typical of mild wear. This is in agreement with
the fact that the adopted dynamometric cycle simulates urban condi-
tions, avoiding harsh braking events that could induce a pronounced
temperature rise in the contact regions, with consequent possible
transition to severe wear. Interestingly, the K, value for material M6 is
roughly one order of magnitude lower than for material M1, in agree-
ment with the findings of PoD tests (see Table 3). On the other hand, the
K,-values obtained from the dynamometric tests are approximately one
order of magnitude lower than the values obtained with the PoD test.
Most probably the reason for this result is related to the limited area of
contact of the pins. Therefore, they entail a faster formation-disruption
dynamics of the secondary plateaus, which in turn leads to a higher
wear rate.

Fig. 8 shows the worn surfaces of the pads at the end of the dyno
tests. The morphology of the friction layers is similar to that observed in
the PoD tests. In case of material M1, the presence of primary and
particularly widespread secondary plateaus. In case of material M6, the
worn surface is rather flat and the secondary plateaus appear definitely
smaller than in M1.

In Table 7, the results of the EDXS analysis conducted on the sec-
ondary plateaus of the two pads confirm the trend observed for the pins
(Tables 4, 5). In particular, in case of material M1, the Fe content is
really high, confirming that the secondary plateaus are mainly made by
Fe oxides. In case of material M6, the Fe content is lower, whereas Ba,
Zr and Ti are also present, although to a minor extent. The cross sec-
tional observations of the pads reveal similar features as those observed
in PoD tested samples, including the peculiar friction layer observed in
M6 material, both PoD (Fig. 5) and dynamometer-tested pads (Fig. 9).

4. Conclusions and final remarks

In the present technical note, the friction and wear behavior of a
semi-met and a NAO friction material dry sliding against a pearlitic cast
iron counterface has been investigated through PoD and dynamometric
tests carried out in mild wear conditions. The current results and con-
clusions were based on a limited set of materials under two defined test
conditions, and the reported correlations may not apply to other ma-
terials and tribosystems. However, considering these limitations, it was
found that:
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Fig. 8. SEM images of the morphological characteristics of the friction layers in the samples tested in the dynamometer. (a) material M1; (b) material M6. (c) shows

the friction layer of material M6 at a higher magnification.

Table 7

Elemental compositions of secondary plateaus on the pad surfaces of materials
M1 and M6 (dynamometer tests) as measured from EDXS analysis. Carbon and

oxygen are not quantified.

Element [wt%] M1 M6
Fe 76.5 17.5
Cu 7.7 10.0
Ba 25.5
Zr 18.0
Ti 10.9
S 1.5 8.0
Cr 0.6

Si 1.9 3.7
Ca 1.4 3.2
Sn 1.2

Mg 1.2 0.5
Al 1.8 0.3
Zn 4.4

K 2.7

1) The PoD tests at room temperature show that wear was mild for
both materials. The steady-state friction coefficient and the system
specific wear coefficient for the NAO material are lower than for the
low-met material. This behavior was explained considering the
characteristics of the friction layers, and in particular their content
of Fe-oxides. The friction layer of material M6 is quite thick and
displays a particular vortex-like morphology, depending on turbu-
lent motions of the finer fraction of the wear debris.

2) The PoD tests at 300 °C show that wear was severe for both mate-
rials. For material M6, the particular morphology of the friction
layer detected at room temperature was not observed.

3) The applied average contact pressure during the dyno tests was
higher when using material M6 than material M1, and this was at-
tributed to its lower friction coefficient, in agreement with the PoD
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Fig. 9. SEM micrograph showing the thick friction layer forming on the pad
made by friction material M6 (cross sectional view).

4)

5)

6)

tests.

The system K,-values obtained from the dynamometer tests are
proportional to the corresponding values obtained with the PoD at
room temperature. This is in agreement with the similarity in the
friction layers observed at the end of the PoD tests at room tem-
perature and dynamometer tests. In case of material M6, the parti-
cular thick layers with concave morphology were also observed.
However, the system K,-values obtained from the dynamometer
tests are one order of magnitude lower than the corresponding va-
lues obtained with the PoD at room temperature, and this was ex-
plained considering the limited extent of the pin contact area that
accelerated the formation/disruption processes of the secondary
plateaus.

Additional tests and a specific modelling are required to better
elucidate the limits of using reduced-scale testing in characterizing
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the tribological behavior of brake materials.
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