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Abstract The friction-induced vibration triggered at the

sliding interface between the gray iron disk and brake

friction material was studied by changing the size of the

zircon particles in the friction material. The friction tests

were performed using a reduced brake dynamometer and

the friction characteristics of the friction materials con-

taining zircon particles with sizes of 3, 50, and 100 lm

were analyzed. Our results show that the properties of the

sliding surface were strongly affected by the entrenchment

of the abrasive particles in the friction layers during slid-

ing. The friction effectiveness was inversely proportional

to the size of the abrasive, while friction instability was

pronounced when smaller zircon particles were used. The

smaller zircon particles produced larger plateaus on the

sliding surface with low contact stiffness. However, the

contact plateaus with the low contact stiffness showed

higher amplitudes of the friction oscillations, suggesting a

surface with low stiffness also can produce high propensity

of friction instability during sliding. Based on the friction

stability diagram and surface properties, such as contact

stiffness and surface roughness, it was suggested that the

static coefficient of friction, which was changed as a

function of dwell time, was crucial to understand the cause

of friction-induced force oscillations and propensity of

friction instability of brake friction materials.

Keywords Brake � Friction material � Stick–slip �
Abrasives � Zircon � Vibration

1 Introduction

Friction instability produced at the sliding interface has

been considered as an important trigger for brake-induced

noise and vibrations. Much effort has been directed toward

reducing friction-induced excitation during braking by

controlling the tribological properties of the friction

materials and to prevent the amplification of the friction

oscillation by avoiding resonance with other structural

components [1–3]. For several decades, the methodology to

decrease the brake noise and vibration has relied on

approaches based on two different perspectives. One

approach is to compensate the vibration by controlling the

shape and stiffness of the components or by modifying the

transfer function [4]. The second approach is to reduce

friction oscillation at the sliding interface by regulating the

interfacial properties of the sliding surfaces [5–7]. Since

the two approaches complement each other, both approa-

ches have been applied for the development of noiseless

brake systems. However, friction-induced noise and

vibrations have never disappeared and this can partially be

ascribed to the lack of a fundamental understanding of the

noise triggering mechanism, which is known to be closely

associated to the tribological characteristics of the friction

material.

In general, the control of the friction characteristics,

such as the friction effectiveness and wear resistance is

mainly carried out by changing the ingredients in the

friction materials, although the contribution from the gray

iron disks cannot be neglected [8, 9]. Recent commercial

brake friction materials have demonstrated excellent wear

resistance and fade resistance through the optimization of

the formulation [10]. On the other hand, the effect of the

ingredients on the friction-induced noise and vibration is

very limited. Among the various ingredients used in the
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friction material, abrasives are known to be closely related

to the friction-induced vibration, while they are normally

used to control the friction level through abrasive action

against a gray iron disk and to remove pyrolized friction

films on the disk surface during brake applications [10, 11].

Various inorganic hard particles, such as zircon, silicon

carbide, alumina, quartz, magnesia, and iron oxides have

been used as abrasives in commercial brake friction

materials and the selection of them has been determined by

their hardness, size, shape, fracture toughness, and

aggressiveness against brake disks [8, 10, 12]. The size of

the abrasive particle in particular, is known to affect the

friction level, wear resistance of both friction materials and

the counter disks, and the noise propensity of a brake

system. Therefore, the proper selection of the abrasives

sizes is crucial and the particle sizes ranging from few

microns to several hundred microns in diameter have been

used in commercial friction materials.

Various friction characteristics related to the type,

amount, and size of the abrasives have been studied [11–

16]. Jang and Kim [13] studied the effect of the relative

amount of zircon and a solid lubricant (Sb2S3) in the friction

material to investigate their synergistic effects. They found

that zircon particles increased the torque variation during

brake stops, while the friction oscillation was more sensi-

tive to the solid lubricant. The effects of the abrasive par-

ticles on the brake performance also have been reported by

Ma et al. [15] and Matejka et al. [16], while these studies

focused more on the friction effectiveness and wear resis-

tance of the friction materials rather than the friction-

induced vibrations. Cho et al. [11] investigated the effect of

the size of zircon on the friction instability and wear

resistance of the friction material. They found that the

coarse zircon particles reduced the oscillation amplitude of

the friction coefficient, while resulting in excessive disk

wear. On the other hand, the fine zircon particles produced

transient friction films, causing excessive friction material

wear and pronounced friction oscillation. Lee et al. [14]

studied the friction and wear of the friction materials con-

taining zircon or quartz. They found that the friction level

and wear resistance were strongly affected by the type and

size of the abrasives, although the friction instability was

not examined. Kim et al. [13] investigated the stick–slip at

low velocity affected by the type of the abrasives. They

found that the stick–slip amplitude was determined by the

hardness and fracture toughness of the abrasives. However,

the study to understand the cause for friction instability

induced by the abrasives has been very limited, although

understanding the mechanism of the triggering the periodic

friction oscillations is very important to eliminate friction-

induced noise and vibration during brake applications.

In this study, the friction characteristics of friction

materials containing zircon particles of three different sizes

were investigated to understand the cause of the occurrence

of friction oscillations at the sliding interface. We focused

on the surface properties of the friction material after the

friction tests, which directly engaged in the triggering of

the friction oscillations during braking.

2 Experiments

Industrial grade zircon particles, termed as ZR 3, ZR 50,

and ZR 100, with different particle sizes were used to

produce the friction material specimens used in this study.

The morphology of the zircon particles used in this study is

shown in the Fig. 1. The average size of zircon was

101.7 ± 25.8 lm for ZR 100, 49.2 ± 28.7 lm for ZR 50,

and 2.7 ± 1.1 lm for ZR 3. The size distribution of the

zircon particles was relatively broad, as shown in Fig. 2.

A simplified formulation containing five ingredients was

used to produce the friction material specimens. The amount

of zircon was set to 10 vol%, which was greater than the

normal abrasive content used in commercial brake friction

materials. Table 1 shows the composition of the friction

material specimens tested in this study. The friction material

specimens were manufactured by dry mixing, preforming,

hot pressing, and post-curing [8]. The mixing was carried out

for 5 min using a high speed mixer (Eirich, Germany). The

mix was preformed at room temperature under 20 MPa for

1 min and hot pressed at 180 �C under 35 MPa for 10 min

with intermittent gas releases. Post-curing was carried out for

6 h at 200 �C using a convection oven. The size of the fric-

tion material specimen to be tested in the reduced scale

dynamometer was 45 mm 9 18 mm 9 6 mm. The total

contact area of the friction materials with the gray iron disks

was 16.2 cm2.

A reduced scale brake dynamometer (MoinSys, Korea)

with a rigid caliper was used to study the friction charac-

teristics of the friction material. A schematic of the dyna-

mometer used in this study is shown in Fig. 3. A typical

gray cast iron disk with A-type graphite flakes was used as

the counter disk. The size of the gray iron disk was

160 mm in diameter and 8 mm in thickness. Before mea-

suring the coefficient of friction at low speeds, a burnishing

procedure was carried out to ensure the uniform contact of

the friction materials on the disk surface and to develop

steady friction films. The details of the test procedure used

in this study are listed in Table 2. The tests were carried

out in an environmental chamber maintained at approxi-

mately 5.5–7.3 g/m3 AH, which is equivalent to 32–40 %

RH. The surface topography of the friction materials and

the counter disks was examined after the sliding tests using

a laser confocal microscope (Keyence, Japan). The stiff-

ness of the friction material was measured using a universal

testing machine (Instron, USA).
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3 Results and Discussion

3.1 Surface Morphology and Friction Effectiveness

The friction effectiveness of a braking system is deter-

mined by the complicated interaction at the sliding inter-

face between the friction material and the gray iron disk.

The molecular level interactions change the properties of

the sliding interface, and hence, the surface after friction

tests provides important information about the friction

characteristics. In order to understand the effect of the

zircon size on the friction characteristics, the correlation of

the surface morphology and the friction level changed by

the zircon size was examined first before analyzing the

friction instability.

Figure 4 shows the average coefficient of friction of the

friction material specimens with different zircon sizes. The

average friction coefficient after the burnish procedure was

higher when the fine zircon particles were used. Assuming

that the zircon particles contribute to the formation of

contact plateaus, the friction level appears to be determined

by the total size of the contact area constructed by the

zircon particles and the wear debris contacts accumulated

around the hard particles [5]. A simple geometrical con-

sideration supports the lower friction effectiveness result-

ing from large particles because the contact area occupied

by the zircon particles decreases when the size of the zircon

particles increases. This is consistent with the results

reported by Lee et al. [14] in which high coefficient of

friction and high wear rate were found in the case of using

smaller zircon particles.

The change in the friction coefficient during the course

of the burnish process was also examined since it is related

to the formation of the friction film on the friction material

surface during brake applications. The inset of Fig. 4

shows the traces of the friction coefficient up to the 100th

stop during the burnish procedure, indicating steady state

after more than 100 stops. This indicates that the friction

material with fine zircon (ZR 3) reaches the steady friction

level earlier than those with coarse zircon particles (ZR 50

and ZR 100).

The higher friction level and faster stabilization of the

friction level with fine zircon particles are attributed to the

large contact area produced by the smaller zircon particles

and the fast formation of friction layer by compaction of

wear debris around zircon particles. The faster saturation of

the friction effectiveness with the fine zircon particles

appears to provide a fast ramping rate of the brake torque

during a stop. This is because the reconditioning of the

friction material surface, including the redistribution of the

Fig. 1 Scanning electron microscopy (SEM) micrographs of the three different zircon particles used in this study. Average sizes of the particles

were a 101.7 ± 25.8 lm for ZR 100, b 49.2 ± 28.7 lm for ZR 50, and c 2.7 ± 1.1 lm for ZR 3

Fig. 2 Size distribution of the zircon particles used in this study.

Commercially available zircon particles showed a broad size

distribution

Table 1 Composition of the friction material investigated in this

study

Classification Ingredient Vol%

Binder Phenolic resin 15

Reinforcing fiber Aramid fiber 10

Filler Barite 55

Solid lubricant Graphite 10

Abrasive Zircon 10

Tribol Lett (2014) 55:371–379 373

123



ingredients and formation of a new friction film, occurs

faster at the sliding interface with fine zircon particles [11].

The average wear rate of the friction materials, 0.41 9

10-3 mm3/Nm, 0.96 9 10-3 mm3/Nm, and 1.41 9

10-3 mm3/Nm with ZR 100, ZR 50, and ZR 3, respec-

tively, also support the easier formation of secondary pla-

teaus when the smaller zircon particles are used. This is

consistent with the results obtained in the case of other

abrasive particles [13, 14].

The surface morphology of the burnished friction

materials was examined after burnish to find the correlation

with friction characteristics and shown in Fig. 5. The figure

shows larger contact plateaus in the case of fine zircon

(ZR3), while the surfaces with coarse zircon particles (ZR

100 and ZR 50) showed a few primary plateaus mainly by

zircon particles. The worn surfaces indicate that the

ingredients other than zircon are crushed or ground and do

not play as a primary plateau. The surface roughness

measured after the tests supports the larger contact area in

the case of the fine zircon specimen (Table 3). The surface

roughness parameters in the table support the micrographs

in Fig. 5 showing that the coarse zircon particles (ZR 50

and ZR 100) were attached well to the matrix of the friction

material, while the fine particles (ZR 3) were entrenched by

the wear debris compacts and produced relatively uniform

surface. The surface roughness of the gray iron disks after

the tests were also examined, and the results are shown in

Fig. 6 and Table 3. We examined the gray iron disk sur-

faces because they also affect the friction characteristics of

the sliding interface [8, 9]. The results indicate that the disk

surface tested with the friction material with fine zircon

particles is more uniform compared to the disk surfaces

rubbed with friction materials with coarse zircon. This is

similar to the results obtained from a previous study by Lee

et al. [14], indicating severe disk damage after testing with

friction materials containing coarse zircon particles.

3.2 Friction-induced Force Oscillation

The brake-induced friction oscillation produced at the

sliding interface has been considered to trigger brake noise

and vibrations in a wide range of frequencies. In order to

investigate the noise triggering mechanism and its rela-

tionship with the friction instability at the sliding interface,

the shape of the torque oscillation was investigated in

detail. Figure 7 shows the torque oscillation when the

friction materials with ZR 3, ZR 50, and ZR 100 were slid

at different sliding velocities at 4 MPa. The figure indicates

that the torque amplitude and its frequency change from

stick–slip to harmonic oscillation and is followed by

smooth sliding with increase in the sliding velocity. The

dependence of the stick–slip amplitude on the velocity was

first proposed by Rabinowicz [17] and later by Gao et al.

[18]. It was suggested that the amplitude of the stick–slip

Fig. 4 The average friction coefficient of the friction materials with

ZR3, ZR50, and ZR100 obtained after 200 burnish stops. The inset

indicates the change in the friction coefficient during the burnish

procedure up to the 100th burnish stop
Table 2 Dynamometer test procedure carried out during the low

speed test

Mode Test condition

Burnish Speed = 70 km/h, Pressure = 3 MPa

Initial brake temperature = 120 �C

Repeated 200 times in a constant pressure mode

Low speed

drag

Drag velocity = 0.12–15.0 mm/s

Line pressure = 1, 2, 4 MPa

Initial brake temperature = 20–25 �C,

Humidity = 5.5–7.3 g/m3 AH (32–40 % RH)

Fig. 3 The schematic of the reduced scale brake dynamometer
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was proportional to L/kv, where k is the stiffness of the

sliding system, v is the velocity, and L is the applied load,

as the small torque amplitude seen at high sliding velocity

in Fig. 7. The figure shows that the transition from stick–

slip to smooth sliding is rather continuous and no abrupt

transition was observed. The continuous decrease of the

amplitude of friction oscillation is comparable to the case

of sliding with lubricants with strong adsorbate–substrate

interactions [19]. This is contrary to the results obtained by

Fuadi et al. [20] who demonstrated a sharp transition from

stick–slip to smooth sliding at the critical velocity.

Another salient feature of Fig. 7 is the fact that the

friction characteristics, including the shape, amplitude, and

frequency of torque oscillation, are also affected by the size

of the zircon particles in the friction materials. At the same

sliding velocity, the torque amplitude and the time of stick

Fig. 5 Worn surfaces of the friction materials with a ZR 100, b ZR 50, and c ZR 3 after the burnish test. The zircon particles entrenched by wear

debris compacts in the friction layers are indicated by arrows

Fig. 6 Optical microscopy (OM) images and the surface profiles obtained from the worn surfaces of the counter disks tested with friction

materials containing a ZR 100, b ZR 50, and c ZR 3

Table 3 The surface roughness parameters obtained from an area of 30 mm 9 10 mm using a laser confocal microscope

Ra (lm) Rp (lm) Sm (lm) r (lm)

ZR 100 Friction material 4.18 ± 0.36 23.25 ± 5.4 254 ± 8.7 5.11

Disk 1.56 ± 0.03 8.17 ± 0.39 227 ± 32.7 1.25

ZR 50 Friction material 3.78 ± 0.73 16.65 ± 3.8 296 ± 42.4 4.57

Disk 1.38 ± 0.04 4.60 ± 0.41 123 ± 11.2 1.13

ZR 3 Friction material 2.15 ± 0.18 10.28 ± 2.1 263 ± 33.9 2.68

Disk 0.87 ± 0.02 3.27 ± 0.15 51.47 ± 2.06 0.93

Ra: roughness average, Rp: maximum peak height, Sm: mean spacing of peaks, and r: standard deviation of the asperity height distribution
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period increased with decrease in the size of the zircon

particles. The velocity dependent friction oscillation

affected by the size of the zircon particles is represented as

a function of the sliding velocity in Fig. 8. This plot shows

that the amplitude of the torque oscillation decreases as a

function of the sliding velocity and it decreases more

rapidly when the size of zircon particles was larger, indi-

cating that the torque oscillation is minimized at a lower

critical velocity when coarse zircon particles are used in

the friction material. Therefore, the disappearance of tor-

que oscillation at a low critical velocity while using coarse

zircon particles (ZR 100) indicates the low propensity of

brake-induced friction instability. In order to find the

domains of friction instability, the type of the torque

oscillation was presented as a function of the pressure and

velocity in a friction stability diagram (Fig. 9). The dia-

grams show that the friction oscillation appears up to

higher critical velocity when the friction material contains

fine zircon and the friction oscillation is pronounced at high

pressure levels. The diagrams also show high-frequency

Fig. 7 Torque oscillations

observed during sliding when

friction material specimens with

ZR 100, ZR 50, and ZR 3 were

tested. The oscillation

amplitude and critical velocity

for smooth friction were

affected by the size of zircon

included in the friction material

Fig. 8 Amplitude of the brake torque variation measured during

sliding at 4 MPa as a function of the sliding velocity
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transient states, such as harmonic oscillations with nearly

periodic features, between stick–slip and smooth sliding.

Similar results of ingredient effects have been observed

in other studies on brake friction materials [21, 22]. It has

been observed that the critical velocity for the transition

from stick–slip to smooth sliding is closely related to the

property of the friction material surfaces, such as roughness

and contact stiffness of the friction material surface. Fur-

ther, the high surface stiffness has been found to increase

the critical velocity for smooth sliding, suggesting the

higher propensity of friction instability in a wider range of

sliding velocities. Smooth friction material surfaces with

glazed patches have been also observed to produce friction

oscillations with larger amplitudes, which is consistent

with the results shown by Eriksson et al. [5]. High pro-

pensity of squeal noise from the friction materials with

smooth surfaces was also reported by Sherif [6]. He pro-

posed a squeal index (c ¼
ffiffiffiffiffiffiffiffi

r=b
p

) using two topographic

parameters from sliding surfaces; the mean radius of

asperities (b) and the standard deviation of the height

distribution (r), to derive a quantitative expression for

noise propensity. He suggested that the high squeal index

could reduce the propensity of squeal noise and the contact

stiffness of the squealing pad/disk assembly was higher

than that of a silent pad/disk assembly. The squeal index

suggested by Sherif [6] was calculated using the topo-

graphic information from the friction material and disk

surfaces listed in Table 3. The calculated squeal indices,

which represent a high propensity of noise occurrence for

lower values, were 0.23 (ZR 100), 0.16 (ZR 50), and 0.11

(ZR 3), indicating high noise occurrence when fine zircon

is used.

In order to find the correlation between the friction

instability observed in Figs. 7, 8, 9 and the surface prop-

erties, the surface topography and contact stiffness of the

friction material specimens, which were altered by the size

of the zircon particles, were compared. Figure 10 shows

the surface height distribution of the friction materials

containing ZR 3, ZR 50, and ZR 100 after burnishing. The

plot shows broader height distributions when coarser zircon

particles were used, indicating that the entrenchment of the

zircon particles into the friction layer differs because of

differences in the sizes of the zircon particles, as shown in

the micrographs in Fig. 5. The standard deviation of the

surface height distribution in Table 3 supports the forma-

tion of a uniform surface in the case of the friction material

containing fine zircon.

The contact stiffness of the friction material was also

measured to find its effects on the friction instability during

braking. Figure 11 shows the contact stiffness of the

Fig. 9 Pressure–velocity diagrams showing the domains corresponding to stick slip, harmonic oscillation, and smooth sliding when friction tests

were carried out using the friction materials with a ZR 100, b ZR 50, and c ZR 3

Fig. 10 The surface height distribution of the burnished surfaces

measured using a laser confocal microscope. The width of the height

distribution was smaller when smaller zircon particles were used in

the friction material, indicating a smooth surface
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friction material measured as a function of the applied

pressure, which was obtained from the slope of the load–

displacement plots. The contact stiffness (kn) in the figure

is composed of the surface stiffness (ks) and the matrix

stiffness (km), which are related by kn = (ks �km)/(ks ? km)

[23]. The figure indicates that both the surface stiffness and

the matrix stiffness are higher when coarse zircon particles

are used. The high stiffness of the rough surface with better

friction instability found in this study is contrary to the

results shown by Lee et al. [24]. They measured the surface

stiffness of the same friction material with different surface

roughness levels and observed a higher stiffness in the case

of smooth friction material surfaces and suggested a pos-

sible correlation between the friction instability and the

surface roughness. High propensity of squeal noise from

the friction material with smooth high stiffness surfaces

was also reported by Sherif [6]. However, our results

indicate that both contact stiffness and surface roughness

has to be considered to find the correlation of the surface

property and the friction instability.

The schematic in Fig. 12 explains the contribution from

surface stiffness and roughness on the amplitude of friction

oscillation during sliding. The figure shows the stick–slip

amplitude determined by the level of the static coefficient

of friction (ls), which is known to increase as a function of

the dwell time [17]. This is based on the fact that ls(t) can

be changed by surface roughness [17]. The figure indicates

that ls(t) obtained from the smooth surface with ZR 3 is

higher than the rough surface with ZR 100. The higher

friction level of the friction material with ZR 3 in Fig. 3

and its smooth surface support the faster increase of ls as a

function of dwell time.

The diagram also indicated that the stick–slip amplitude

(height of the vertical arrows) can be decreased when the

surface stiffness is higher. It shows that the amplitude from

ZR 3 is greater than ZR 100 although the contact stiffness

(k2) from ZR 100 is greater than the contact stiffness (k1)

from ZR 3 due to the higher ls(t) level from the friction

material with ZR 3. The larger amplitude of friction

material with ZR3 observed in Fig. 7 at the same sliding

velocity is, therefore, mainly attributed to the high ls(t)

level. The lower critical velocity for smooth sliding in the

case of the friction material with ZR 100 in Fig. 9 also can

be explained from the schematic. This is because the crit-

ical velocity vc(1) for the friction material with ZR 3 is

higher than vc(2) for the friction material with ZR 100 since

k1 is smaller than k2 as shown in Fig. 12, and the slope of

the initial tangent drawn to the ls(t) curve is equivalent to

kivc/L.

The interpretation based on the schematic in Fig. 12

suggests that the stick–slip amplitude and friction instability

of a sliding couple can be affected by contact stiffness and

roughness of the sliding surfaces. In particular, the change

of the ls(t) level as a function of dwell time is found to be

important to determine the friction instability along with

contact stiffness. However, the precise determination of

ls(t) as a function of the dwell time and the root causes for

the change of ls(t) have not been confirmed using the

friction material specimens in this study. However, this

information appears to be very important to understand the

triggering mechanism of the friction instability during

sliding and the precise measurement of ls(t) is in progress

considering the properties of microscopic asperity contacts

on the sliding surface and environmental effects [25].

4 Conclusions

To understand the causes of brake noise and vibration, the

friction oscillation of brake friction materials containing

Fig. 11 Contact stiffness as a function of applied pressure

Fig. 12 A schematic illustrating the increase in the stick–slip

amplitudes produced by the static coefficient of friction as a function

of dwell time. k1 and k2 indicate the surface stiffness of the friction

materials with fine (ZR 3) and coarse (ZR 100) zircon particles,

respectively
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zircon particles of three different sizes was studied using a

reduced scale dynamometer. The size of the zircon parti-

cles strongly affected the friction level, roughness of the

sliding surfaces, and the amplitude of the friction oscilla-

tion. The friction material specimen with fine zircon par-

ticles exhibited higher friction level and low contact

stiffness with excessive friction material wear. The friction

instability was also pronounced with the fine zircon

becoming entrenched into the uniform surface. The critical

velocity for smooth sliding increased when the zircon size

is small, indicating a wider velocity span showing a high

propensity of friction instability. The strong influence of

the abrasive size on the friction instability indicates that the

particle size strongly affects stiffness and roughness of the

sliding surface and the possibility to control friction-

induced noise and vibration by selecting abrasives with

appropriate particle sizes.
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