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Abstract

In this paper, the effect of SiO, particle size on friction mechanisms was investigated. Five different size scales (10 um, 80 um,
180-700 pum, 700 pm-2.0 mm, and 3.0 mm) were selected to prepare non-commercial friction materials. Friction testing for
these materials was conducted on a pad-on-disc-type friction tester under certain conditions. In order to identify the friction
behaviour during the friction process, worn surfaces after test were observed using SEM. Results revealed that the friction
mechanisms changed with particle size. In addition, a simple physical model was developed to provide quantitative analysis
for the friction coefficient of materials containing large particles. Further, the predictability of this model was investigated

across a range of formulations and controlling factors.
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1 Introduction

Non-asbestos organic (NAO) friction materials have been
widely used for many years in the braking field. This could
be due to the fact that they comprise of diverse ingredi-
ents that can easily meet a wide range of requirements [1].
However, the application of NAO friction materials is seri-
ously restricted by a common fade phenomenon induced by
degradation of organic components at high temperatures [2,
3]. For the past few years, many efforts have been made to
solve this problem [4-9]. Among these attempts, ceramic-
enhanced NAO friction materials have attracted much atten-
tion owing to the suitable friction stability at high tempera-
tures [10-15]. For this type of friction material, ceramic
particles are usually designed as abrasives, and the tribology
performance is highly dependent on the size of particles.
Many publications have researched the size effect of par-
ticles on the tribology performance of friction materials. For
instance, Jang and his team investigated the size effect of
zircon particles (1-150 um) on friction stability, oscillation
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of friction force, and wear resistance of brake linings [16].
The publication [12] studied the size effect of silicon carbide
particles (3—40 um) on the fade resistance and the forma-
tion of friction layer. In addition, Bijwe et al. even carried
out a study on nano-abrasives [17]. Based on these studies,
some conclusions were drawn suggesting that fine particles
(smaller than 100 um) usually work through a three-body
abrasive mode, while coarse particles (larger than 150 um)
can develop into contact plateaus by themselves and usually
work through a two-body abrasive mode.

However, it must be noted that the size scales of particles
in these studies are not larger than 200 um. In one study
[11], though the size scale of particles reached 500 pum, these
particles were external (not included in friction materials).
Furthermore, most of these efforts were focused on the fade
resistance, as well as the wear of materials and discs. Nev-
ertheless, the size effect on friction mechanisms has been
seldom studied.

In the present work, the size effect of SiO, particles on
friction mechanisms was systematically investigated. Five
non-commercial specimens containing particles with differ-
ent size scales were prepared. Friction testing was conducted
under constant speed, load, and temperature. The friction
mechanisms as a function of particle size were studied by
observing the worn surfaces. In addition, a simple physi-
cal model was firstly developed to provide a quantitative
analysis for the friction coefficient of materials reinforced
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with large particles. The feasibility of the model across a
range of formulations and operating conditions was verified
through experiments.

2 Materials and Experiments
2.1 Preparation of Materials

Five different size scales of SiO, particles (10 um, 80 um,
180-700 pm, 700 um—2.0 mm, and 3.0 mm) were selected
to prepare non-commercial composite friction materials.
The Vickers hardness of these particles is 8.32 GPa, and the
density is 2.5 g/cm®. The composite friction materials con-
sist of two components including resin matrix and particles.
The volume fraction of particles is 36%. The composition
of the resin matrix is given in Table 1. All of these ingredi-
ents except ceramic particles were firstly well mixed. The
ceramic particles were then added into above mixture and
well blended. Finally, the as-received mixture was moulded
via hot-press according to a conventional process reported
elsewhere [18]. Five composite materials—P o, Py o3
Py.13—07> Po7-20, and P; ,—were prepared in the present
study. They were reinforced with particles of 10 pm, 80 um,
180-700 pm, 700 um—2.0 mm, and 3.0 mm, respectively.

Table 1 Composition of the resin matrix in the composite materials
(vol.%)

Category Ingredient Amount (%)
Binders Phenolic resin 31.5

Rubber 12.2
Reinforcement Carbon fibres 10.5
Functional filler Vermiculite 9.7
Space filler Barite 325
Lubricant Graphite 3.6

Stator

Fig. 1 Schematic diagrams of JF151 friction tester and the test procedure
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It should be noted that these composite materials inves-
tigated in this work were only designed for basic research.
Disc wear, noise, and vibration caused by particles have
attracted our attention, which will be discussed in other
papers.

2.2 Experiments

Friction performance of the prepared materials was
tested on JF 151 constant speed friction tester accord-
ing to a non-standard procedure [19, 20]. The schematic
diagrams of JF 151 friction tester and the non-standard
test procedure are illustrated in Fig. 1. A grey iron disc
with the nominal radius of 150 mm was employed as the
counterdisc and could be rotated at a constant speed of
480 rpm by a motor. Before each test, two of the same
specimens (Specimen 1 and Specimen 2, with a dimension
of 25 mm X 25 mm X 6 mm) and the counterdisc were all
scraped with 600# SiC paper. The test procedure involved
two stages: a running-in stage and a test stage. Each stage
was carried out for 5000 rotations. The running-in stage
was performed to ensure a conformable contact for fric-
tion pairs. The temperature corresponding to this stage
rose through friction heat and a heating device. The test
stage was conducted at the constant temperature of 80 °C,
constant rotating speed of 480 rpm, and constant load of
1225 N. The temperature was measured via a thermocou-
ple on the disc and controlled through a heating device
and an air blower.

Friction coefficient during the test stage was moni-
tored. Following the test, worn surfaces of materials were
observed through scanning electron microscopy (SEM,
Zeiss SUPRA 55) to study the friction mechanisms.
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3 Results and Discussion

The worn surfaces of different materials after test are
exhibited in Fig. 2. It can be observed that the character-
istic of worn surfaces changes with the particle size.

When the particles size is 10 um, the worn surfaces are
characterized by some contact plateaus (Fig. 2a). These
plateaus were formed by compacted debris from both
materials and discs under pressure and shear force [21].
Almost all of the friction behaviour happened on these
plateaus. Thus, a conclusion can be drawn that particles of
this size scale played an important role in the friction force
by participating in the formation of plateaus.

As shown in Fig. 2b, many free particles can be
observed on the very rough, worn surfaces of P . This
was attributed to the fact that the particles of 80 um were
easily released from the resin matrix and arrested at the
rubbing interface. As a result, some violent mechanical
interactions between these particles and the friction pair
could provide considerable resistance against the sliding.
This is also known as the three-body abrasive mode [22,
23].

In Fig. 2c¢, the worn surfaces are characterized by some
small pits and large contact plateaus. These pits were
induced by the release of finer particles from the resin
matrix, while these plateaus were formed by the larger
particles themselves. The released finer particles at the
rubbing interface could then contribute a lot to the friction

force with a three-body abrasive mode. The deformation
resistance of the disc could resist against the sliding when
the sharp edges or corners of the larger particles caused a
plowing to the disc, which is known as a two-body abra-
sive mode [21]. Additionally, adhesive friction force could
be generated on those plateaus. This is supported by the
publications [22, 23], which held that adhesive friction
always occurs at the clean rubbing interface through inter-
molecular force and develops an interfacial shear stress to
resist against the sliding of friction couple.

When the particles size is 3 mm (Fig. 2d), these oversized
particles are firmly embedded into the resin matrix and rise
over the lowland. Furthermore, few pits or free particles can
be observed on the surfaces. As compared to P 13_g 7, the
friction for this material P; , was dominated by the two-body
abrasive mode and the adhesive friction.

The average friction coefficient during the test stage, as a
function of particle size, is given in Fig. 3. It firstly increases
and then decreases with the increasing particle size. This was
determined by the roles of particles in the friction. Based on
the above discussion, the transformation of friction mecha-
nisms with particle size is illustrated in Fig. 3, and roughly
divided into four regions. The fine particles of 10 um worked
through participating in the formation of contact plateaus.
When the size was about 80 um, the particles contributed
a significant amount to the friction with a three-body abra-
sive mode. With the increase in particle size, a two-body
abrasive mode and an adhesive friction occurred. Finally,
when the size scale reached about 3.0 mm, the three-body

Fig.2 Worn surfaces of different materials after test: a P 515 b Py g5 € P 1307 d P3¢
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Fig.3 Size effect of particles on the average friction coefficient and
friction mechanisms

abrasive mode disappeared and was replaced by the adhe-
sive friction and the two-body abrasive mode dominating the
friction. Among these regions, the friction corresponding to
the materials containing large particles (P; ) attracted our
interest. Moreover, a simple model was established to give

a quantitative analysis for the friction corresponding to this
region in the following section.

4 Establishment of Physical Model

According to the worn surfaces of P;, (Fig. 2d), it can be
concluded that the resin matrix was easily removed because
of poor wear resistance and contributed little to the friction
directly [24]. Simultaneously, the particles developed into
the contact plateaus and carried most of the friction load.
This special contact state is beneficial for quantitative analy-
sis because many interference factors can be minimized or
eliminated, such as the complicated interactions between
the resin matrix and the disc, the complicated mechanical
properties of different ingredients, and the heterogeneity of
the resin matrix.

In order to establish the physical model of P, it is nec-
essary to study the dynamic evolution of friction behaviour
during the entire process. The morphology of particles
before the running-in stage was measured by a 3D optical
profiler characterized by many convex bodies, as shown in
Fig. 4a. When the friction process reached a steady state,
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Fig.4 a Morphology of particles before friction (scraped with 600# SiC paper); b the worn surfaces of particles corresponding to the steady

state; ¢ the schematic diagram of the entire friction process
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parts of the surfaces are covered with smooth friction film,
while the rest of the region is exposed (Fig. 4b). Therefore,
the dynamic evolution of the friction behaviour can be
deduced as follows. In the early stage, a mechanical plow-
ing between these hard convex bodies and the softer disc
dominated the friction process [23]. During this stage, the
friction coefficient increased with sliding distance (Fig. 4c).
As the friction process continued, the friction film formed
by the compaction of debris was created on the surfaces of
particles [21]. It should be noted that the destruction of fric-
tion film simultaneously happened owing to wear. When a
balance between the destruction and formation of friction
film was reached, a dynamic steady state was achieved, as
marked by the red circle in Fig. 4c.

As discussed above, the friction force corresponding to
the steady state was the contribution of two components,
the two-body abrasive mode induced by the penetration of
hard asperities into the softer disc, and the adhesive fric-
tion generated between the friction film and the disc through
intermolecular force [22, 23]. Accordingly, a simple physi-
cal model was developed, and the geometric schematic is
exhibited in Fig. 5. The model consists of three components
including S, S,, and S, as shown by the top view. Here S,
stands for the convex body located on the surface of parti-
cles, S, denotes the friction film created on the surface of
particles, and S5 refers to the resin matrix region. The speci-
mens tested in this experiment contain m physical models
in total. The sliding direction is marked with the blue arrow
(Top view).

The geometry shape of S, is assumed as a rectangular pyra-
mid, as shown by the front view in Fig. 5. The side length
of base is a, the insertion depth into the disc is /, and the
angle between two opposite faces is 8. When relative sliding
happens, the deformation resistance of the disc resists against

a
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Fig.5 Different views of the model: top view and front view

the mechanical plowing caused by S,. The resistance can be
expressed as:

F, = Lo, 1)

2

where o is the extrusion stress of the disc and can be replaced
with the yield strength of the disc. This was enlightened by
Kragel’Skii who proposed a spherical convex body inserted
into the disc to model the behaviour of mechanical friction
[25]. However, the model in the present paper is not plagia-
rized. This is owing to the fact that in the friction process,
parameters and theoretical analysis are entirely different in
the two cases.

With respect to S,, many adhesive junctions between the
friction film and the disc are established through intermo-
lecular force. During sliding process, these junctions can be
destroyed under shear force and then re-established [23]. The
resistance against the rupture of these junctions can be given
as:

Fy =87, (2)
where 7 is the shear strength of these adhesive junctions, and
S, is the area of the friction film in a model. For conveni-
ence, we define 7 as the shear strength of the friction film.

Since almost the entire friction load was carried by the par-
ticles, the friction force induced by S5 could be ignored.

The friction coefficient u is calculated according to the clas-
sical law [26], as shown below.

n=y 3)

The friction tester in the present work also used the law
to collect the friction coefficient. Here F stands for the fric-
tion force of the specimens, and N is the load working on the
specimens. F' can be expressed as

F = (F, +F,)m, )
where m is the quantity of models in the specimens. Submit-
ting Egs. (1), (2), and (4) to Eq. (3), we obtain:
<%ah0' + Szr)m
B N

&)

In addition, the rubbing interface area S, of the specimens
is given as:

So = (S, + 5, + S3)m, (6)

where S, §,, and §; are the area of §,, S,, and S5, respec-
tively. This is owing to the fact that S, and S, take up the
whole worn surfaces of particles in each model, w is intro-
duced to describe the content of particles in the specimens,
as shown.
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S +8,)m
o SiHS)m ™
So
S, is obtained as:
Spw
S, =— =38, (8)
m

Since the insertion depth of convex into disc is mainly
determined by the load N, working on S, and the yield
strength o of the disc, we can have:

N, =S0. ©))
As discussed above (in Sect. 4, second paragraph), the
convex bodies carried almost all of the load N before the

formation of friction film. Thus the following equations can
be obtained:

N
E=N1=S1°'a (10)
N =S,om. (11)

Submitting Eqgs. (8) and (11) into Eq. (5), p can be pre-
sented as:
%aham <S07w —Sl>rm

+ (12)
S,om N

/4:

According to the geometry feature of the model, & = Aa,
where 4 is the geometry factor, Eq. (12) is simplified as:
A Sqor ¢

H=7

2 N o (13)

where 1 and S, are assumed as constants in this model, and
friction coefficient y is determined by w, 7, N, and . The
predictability of the model for 7, @, and N will be discussed
in the following section. This model is only established to
provide a quantitative analysis for the friction of materials
reinforced with large particles.

5 Predictability of Model
5.1 pasaFunction of w

As described by Eq. (13), u is deeply influenced by the con-
tent of particles . In order to obtain the experimental data
concerning the effect of w on y, some specimens—S-1, S-2,
S-3, S-4, and S-5—containing different contents of particles
were prepared, as shown in Table 2. The resin matrix in
each specimen has the same composition, which is given
in Table 1.

@ Springer

Table 2 Content of particles in specimens

Specimens

S-1 S-2 S-3 S-4 S-5

Ceramic particles (vol.%) 28.8 30.25 32.1 36.0 50.0

Resin matrix (vol.%) 712 69.75 67.9 64.0 50.0
0.6 - Theory value
Experiment data
=
5 ot
= S, T )/N=0.5
2 (S, T )N=0
)
Q
S
g 04 | | i
2 |
2 o1 <
= (S T )/N=0.41 (S, T )N=02
03 F
1 1 1 1 1
30 35 40 45 50

Volume fraction (%)

Fig.6 Friction coefficient as a function of the content of particles
(the two blue lines and the region between them are theoretical val-
ues, while the black line is experimental data) (Color figure online)

The friction testing was performed according to Sect. 2.2.
The friction coefficient as a function of @ was collected and is
plotted in Fig. 6. An approximate linear relationship between
the friction coefficient y and the content of particles w is
exhibited, and y increases with the increase in @, as shown
by the black line in Fig. 6. The slope of the black line can be
calculated through processing the experimental data, which
is approximately 0.41. The intersection of the black line and
X-axis is about 0.27.

According to the literature [25, 27], 7 is in the rage of
0.2-0.5 MPa corresponding to different metal—polymer fric-
tion pairs. The yield strength o of disc used in the present work
is much larger than z, so i is assumed as zero. Sﬂn is 0.98 MPa,

which has been demonstrated in Sect. 2.2. % is set as 0.27 by
fitting the simulation result to the experimental data. Thus, the
theoretical value of u as a function of @ can be calculated
according to Eq. (13), as shown by the two blue lines and the
region between them. The slope of the theoretical line ranges
from 0.2 to0 0.5.

It can be seen that the model approximately meets the
experimental data. The theoretical value is exhibited in a form
of “range”, which is ascribed to an indetermination of the com-
position of friction film. Overall, a good predictability for the
model to the experimental results is confirmed to some extent.
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Table 3 Content of binders in the resin matrix of different specimens

Ingredient Amount (wt.%)

R-1 R-2 R-3 R-4
Phenolic resin (modi- 18.4 21.9 24.4 29.4

fied by rubber)
Carbon fibres 3.1 3.1 3.1 3.1
Vermiculite 3.1 3.1 3.1 3.1
Barite 49.1 45.6 43.1 38.1
Graphite 1.8 1.8 1.8 1.8
Wollastonite 24.5 24.5 24.5 24.5
0.50 |

045 | R-3

0.40 | R-4 f

Friction coefficient /
-
ZU \
B 3
7
(3]
/

035 b1 1 1 1 1 1 1
18 20 22 24 26 28 30

Wt. %

Fig.7 Friction coefficient as a function of the content of binders in
the resin matrix

5.2 pasaFunctionoft

As described by Eq. (13), friction coefficient y is highly
dependent on the shear strength of friction film 7. Friction
film is usually generated by the compaction of wear debris
from both materials and disc at the rubbing interface [21].
As such, the microstructure and properties of friction film
are determined by the materials formulation.

In the present section, we primarily planned to change
the shear strength of friction film 7z through changing the
content of binders in composite friction materials. This is
because binders are very important ingredients exerting a
significant impact on z. Some specimens—R-1, R-2, R-3,
and R-4—with different contents of binders were prepared
and are shown in Table 3. The mass fraction vacancy was
balanced by barite, which is always designed as space filler
[2]. The volume fraction of particles in every specimen
remained constant (36%).

The friction coefficient of these specimens was also tested
according to the procedure described in Sect. 2.2, and the
results are given in Fig. 7. It can be seen that the friction
coefficient increases firstly and then decreases with the

increase in binders. Subsequently, in order to build the cor-
relation between y and z, the morphology of friction film
created on particles was observed through SEM, and the
photographs are exhibited in Fig. 8.

As shown in Fig. 8al and a2, the friction film generated
on particles in specimen R-1 is characterized by a loose and
discontinuous structure. This may be explained by the lesser
amount of binders, which resulted in a poorer compaction
of wear debris. This is in agreement with the publication
[21], which held that binders, temperature, and pressure
are important for the formation of friction film. As a con-
sequence, the loose friction film could be easily destroyed
without enough shear strength during a friction process.
The friction film corresponding to R-3 is more compact, as
shown in Fig. 8bl and b2. Further, the failure mechanism of
this film was dominated by peeling off of sheet film. There-
fore, the conclusion can be drawn that the shear strength of
the film corresponding to R-3 is higher when compared to
R-1. With respect to the friction film of R-4 (Fig. 8cl, c2),
the film is very compact and uniform, but characterized by
obvious plastic deformation. The great plasticity induced by
increasing binders was responsible for poorer shear strength
of film. Thus, it can be concluded that the shear strength
of friction film corresponding to R-3 is higher than that of
both R-1 and R-4. This conclusion is consistent with the
experimental results in Fig. 7. Accordingly, a suitable pre-
dictability for the model to the experimental results is indi-
rectly verified.

5.3 pasaFunctionof N

The effect of load N on friction coefficient has been reported
by many publications. As reported by the literature [22, 28],
friction coefficient decreases with the rise of load. Because
of the uniqueness of this type of composite friction material
investigated in our present work, it is necessary to verify the
predictability for the model to the effect of load on u through
experiments.

Specimen S-4 described in Table 2 was employed in the
present section. Friction coefficient as a function of load was
tested. Four loads (1225 N, 1102.5 N, 857.5 N, and 612.5 N)
were used in the present section, while other conditions
remained the same as Sect. 2.2. The experimental results are
plotted with a black curve in Fig. 9. It can be observed that
the friction coefficient decreases with the increase in load.

For the model, w corresponding to specimen S-4 is 36%,
which is described in Table 2. To fit the simulation results to
the experimental data, 7 and 2 are assumed as 0.41 MPa and
0.27, respectively, which has been obtained in Sect. 5.1. S
is 1250 mm?, which is calculated according to the dimension
of the specimens. Submitting these parameters to Eq. (13),
the value of Sywr is obtained as 184.5 N, and the theoretical
u as a function of N can be obtained (blue line in Fig. 9).

@ Springer
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Fig. 8 Morphology of friction
film created on particles in R-1:
al x500, a2 x2000; morphol-
ogy of friction film created on
particles in R-3: b1 X500, b2
%2000; morphology of friction
film created on particles in R-4:
¢l %500, ¢2 x2000

The value of Syt for the black line is about 196 N, which
is calculated by processing the experimental results.

It can be understood that the experimental results are
highly consistent with the theoretical curve. Consequently,
a good predictability for the model to the effect of N on y
is confirmed. The various loads that can have an effect on
7 in practice may explain the deviation.

@ Springer

6 Conclusion

In the present paper, five different size scales of particles
were employed to enhance one non-commercial friction
material. The friction mechanisms under moderate testing
conditions were researched. The results indicated that par-
ticle size has a significant influence on the transformation
of friction mechanisms.

1. When the size was smaller than 10 um, particles con-
tributed a lot to the friction force by participating in the
formation of contact plateaus.
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Fig.9 Friction coefficient as a function of load

2. When the size reached about 80 um, particles worked
with a three-body abrasive mode.

3. When the size was in the range of 180 um-2 mm, par-
ticles contributed a lot to the friction force with three
modes: the two-body abrasive mode, the three-body
abrasive mode, and the adhesive friction.

4. When the size reached about 3.0 mm, particles carried
almost the entire friction load with the two-body abra-
sive mode and the adhesive friction.

In addition, a simple physical model was developed to
provide a quantitative analysis for the friction of material
reinforced with large particles. As described by the model,
the friction coefficient is dependent on the content of par-
ticles, the shear strength of friction film, and load. The fea-
sibility of the model was confirmed through experiments.
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