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ABSTRACT 

 

Hard particles effect on the frictional 

characteristics and particle embedment present 

during hard braking were investigated. Silica 

sands grit of the size between 180 to 355 µm 

were used during the experiments. The results 

were compared to the results obtained without 

the grit particles present in order to determine 

the change in friction coefficient, the fluctuation 

of frictional oscillation amplitude, and the 

percentage of particle embedment. Different 

sliding speeds were applied and presence of 

hard particle is found to significantly affect the 

friction coefficient and standard deviation of 

friction oscillation amplitude values. The 

friction coefficient and standard deviation 

values of friction oscillation amplitude increase 

with particle embedment due to the rapid 

changes of the effective contact area and the 

abrasion mode operating in the gap interface. 

 

Keywords: Hard braking, hard particles, 

frictional characteristics, silica sand, particle 

embedment 

 

1. INTRODUCTION 
 

The friction behavior during braking is not a 

fully understood problem. This is due to the 

nature of the brake contact surfaces which is 

hidden and buried during the braking operation. 

The requirement for the coefficient of friction 

(CoF) is that it should be relatively high and 

most importantly to be stable, i.e. it should 

remain stable irrespective of temperature, 

humidity, age of the pads, degree of wear and 

corrosion, the presence of dirt and water spray 

from the road (Eriksson et al., 2002). Thus, 

brake frictional materials are designed to 

provide stable frictional performance over a 

wide range of vehicle operating conditions and 

also to exhibit acceptable durability. The 

operation of automotive disc brake can be 

linked to the presence of hard particle derived 

from the environment (Polak and Grzybek, 

2005). The open design and position of the disc 

brake close to the road can influence the 

tribological characteristics of the friction 

interface due to operating factors. Factors such 

as humidity and the presence of hard particles in 

the air can influence the tribological processes 

and indirectly affect the braking effectiveness.  

 

     The abrasion at the friction interface is 

generally caused by the abrasive and hard 

particles that are included in the composition of 

the brake pad. These particles are used to 

control the level of friction force and to remove 

friction films forming at the sliding interface 

(Handa and Kato, 1996; Jang and Kim, 2000). 

When the brake is applied, the contact between 

cast iron disc and soft polymer matrix of brake 

pad produce wear particles. The wear particles 

move homogeneously through the contact zone 

until the abrasive particle adheres to the disc 

surface and get into the contact zone 

(Ostermeyer and Miller, 2006). However, 

particle from environment also may contribute 

to the abrasion process at the brake interface 

where both modes of abrasive wear, i.e. two and 

three body, can be present. The external hard 

particles tend to embed into the pad material 

while some particles together with other 

contaminants may form a lubricating film but 

eventually they are expelled from the contact. 

The issue of brake wear debris ejection to the 

environment has also received much attention 

by the brake companies and environmental 

research community (Kukutschova et al., 2009) 

  

     In this work, effect of silica sand grits sizes 

between 180-355 µm on the frictional 

characteristics and particle embedment were 

studied. The experiments were carried out on 

vertically oriented brake test rig at different 
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speeds and contact pressures in order to 

compare the changes in CoF, the fluctuation of 

frictional force and to evaluate the particle 

embedment. Analysis of the fluctuation 

amplitude of friction coefficient was carried out 

to find the relationship between particle 

embedment, sliding speed and applied load. 

 

2. METHODOLOGY 

 

2.1 Test Rig 

 

The schematic diagram of the test rig is shown 

in Figure 1. The test rig consists of a 1 h.p., 

three-phase, variable speed induction motor 

(from Baldor) driving a grey cast iron disc 

mounted vertically on the shaft. Vertical 

mounting of the disc allow for close simulation 

of the orientation of frictional contact 

encountered during the real brake operation 

compared to the horizontal pin-on-disc 

laboratory brake tribotesting. Delta Electronics 

high performance VF-D series AC motor drive 

is used to control the speed of the induction 

motor. For better deflection resistance and 

inertia effect, a flange and flywheel are mounted 

next to the disc brake. Thrust-washer is used to 

absorb any applied force to the motor. Brake 

pad is attached to a solid cylinder steel and 

applied to the rotating disc at the 3 o’clock 

position.  

 

Force is applied to the pad specimen using a 

mechanical weight loading system. A lever arm 

is used to apply the required force to the pad via 

the solid cylinder steel. Full bridge strain gauges 

are fitted to the lever arm and inner side of the 

end shaft support to record the instantaneous 

normal force and friction force at the brake 

interface. A small hopper is fitted at the end 

shaft support to hold the hard particles. A hard 

particle feeder tube is attached to the hopper to 

direct the hard particles to the brake gap. 

 
 

Figure 1 Schematic diagram of the test rig. 

2.2 Material and Testing procedures 

A square-faced pad specimen (12.7×12.7 mm
2
) 

was used in all the experiments with a flat pad 

on a rotating disc contact geometry. Total 

thickness of the pad including the backing plate, 

is approximately 9 mm. The microstructure of 

the pad material being in the mixture of shiny 

metallic constituents of steel fiber and barium 

sulphate and non-metallic particles of silicon 

oxide within a polymeric binder of phenolic 

resin was analyzed using optical microscope. 

The grey cast iron disc material contains of 

graphite flakes which suggest a typical cast 

dendritic microstructure (Osterle et al., 2001).  

 

A series of hard braking tests conducted at four 

different sliding speeds of 4 m/s, 8 m/s, 10 m/s 

and 12 m/s at a constant pressure of 1.0 MPa. 

Analysis of the particle embedment was 

conducted using SEM and optical microscopy. 

The experimental data was collected using the 

Agilent U2300A Series USB multifunction data 

acquisition system. Parameters such as sliding 

speed, pad normal force, friction force, and 

instantaneous friction coefficient were recorded 

for each test. A data sampling rate of 120 Hz 

was used during all the experiments. Test data 

was then analyzed and displayed using 

MATLAB. The details of the test conducted are 

shown in Table 1. 

 

Table 1 Hard braking detail testing 

 

 

Hard braking 

(Without 

hard 

particles) 

Hard braking 

(With 180-355 

um hard 

particles) 

Pressure 

(MPa) 
1 1 

Speed 

(m/s) 
4, 8, 10, 12 4, 8, 10, 12 

Frequency 
3x with 10s 

gap 

3x with 10s 

gap 

 

 

3. RESULT AND DISCUSSION 

 

3.1 Effect of Hard Braking on Friction 

Coefficient (CoF) and its Oscillation 

Amplitude 

 

Hard braking test is applied to fully stop the disc 

while maintaining the same level of friction 

force. Fig. 2 shows the CoF and standard 

deviation (SD) values with and without the 

external hard particles during hard braking. CoF 

values tend to lower with the presence of hard 

particles especially at medium and high speeds. 

The formation, growth and disintegration in 
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effective contact area are the main factors 

affecting the changes in CoF values. Disc 

sliding speed is assumed to influence the rolling 

and mixing process between the grit particles 

and wear debris in the brake gap which 

determine how rapid the changes of effective 

contact area. SD value of friction oscillation 

amplitude is an indication of braking stability. 

This parameter is important to determine the 

stability of the brake operation as stability is 

associated with the braking performance. SD 

values of friction oscillation amplitude are more 

stable with hard particles present. Initially, high 

SD values were recorded for both cases at low 

speeds due to slow mixing of wear debris and 

more changes of effective contact area. 

 

 

 
 

Figure 2 The average CoF and SD values with 

and without external hard particles. 

 

Hard particles are assumed to reduce the 

effective contact area as they themselves 

become the main contact plateau when they 

enter the sliding contact as schematically 

illustrated in Figure 3. The CoF values change 

as the contact plateaus that form the effective 

contact area change. Increase in effective 

contact area results in a higher friction force and 

this also depends on the compositions of the 

brake pad and the sliding conditions (Osterle 

and Urban, 2004; Eriksson et al., 2001). The 

proposed mechanism of the effects of grit 

particles on braking is schematically illustrated 

in Figure 4. External grit particles result in an 

increase of hard materials present at the 

interface and modify the contact interaction by 

changing the effective contact area. Some of the 

particles embed into the pad surface and 

contribute to the two-body abrasion of the disc. 

The grit embedment also occurs at the areas 

where compacted wear debris are accumulated. 

The compacted wear debris provides relatively 

soft platform to assist the grit particles 

embedment. 

 

 

Figure 3 How presence of hard particles 

changes the effective contact areas. 

 

 
 
Figure 4 The brake frictional interaction model 

at the pad contact surfaces during braking. 

 

 

3.2 Correlation of Particle Embedment with 

CoF and SD values. 

 

Study of the relationship between particle 

embedment (PE) and coefficient of friction 

(CoF) for hard braking case was conducted. 

Hard braking test is different from drag tests 

because the disc rotor speed is continuously 

decreased until full stop [4]. Figure 5 shows the 

PE, CoF, and SD values for hard braking case as 

a function of speed. With contact pressure of 1.0 

MPa, as the speed increases, particle 

embedment also increases. The high applied 

pressure is assumed to cause fragmentation and 

embedment of some hard particle grits 

especially at higher speed. Fragmented particles 

are not only smaller but also their shape is more 

angular. Angular shape particle tend to get 

embedded more easily. It was found that 

particle shape might be a key factor determining 

the level of grit embedment into a surface 

(Stachowiak and Stachowiak, 2001).  

 

    Disc 

    Pad specimen 
    Hard particles 
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Figure 5 PE, CoF, and SD values for hard 

braking case as a function of speed. 

 

At higher speeds rolling and mixing of grits 

with wear particles proceeded at a faster rate. 

This was in turn affecting the grit embedment. 

Fully embedded grit particles of the size of 50 –

150 um were observed with for all the cases. 

Figure 6 shows the fully embedded particle 

observed during the test using SEM in 

secondary electron mode at 15kV.  Increase in 

PE results in small increase in CoF. 

Fragmentation of grit particles increases the 

numbers of particles that can role and mix in the 

contact gap and thus changing the effective 

contact area in the sliding contact. Higher PE 

also results in more hard to hard material 

contact and this resulted in the small increase of 

average CoF. 

  

 
 

Figure 6 Full embedded particles observed with 

SE mode for stop test of 1MPa and 8 m/s. 

 

The relationship of particle embedment (PE) 

and Standard Deviation (SD) of friction 

oscillation amplitude was investigated. It was 

found that the SD values are low at small 

percentage of PE and as the particle embedment 

increases with speed, the SD values also tend to 

increase. However, at the same percentage of 

1.5% PE, a small SD value of 0.02 was recorded 

at 8 m/s while a higher SD value of 0.041 at 10 

m/s. This result suggests that the difference in 

sliding speed may influence the SD value more 

than the PE value. Although, there might be 

some correlation between the PE and SD of 

friction amplitude fluctuation but factors such as 

compaction of wear debris, generation of 

friction film and speed might exert their own 

influences. The SD values changes with PE 

might also occur due to the changing of the 

frequency of the wear debris and fragmented 

particles interaction with embedded particles in 

the gap. More embedded particles do not 

necessary mean high SD values of friction 

amplitude since fully embedded particles may 

result in more stable contact for better braking 

stability.  

 

 

4. CONCLUSIONS 

 

The hard particles effect on frictional 

characteristics and particle embedment of 

braking system was investigated using a 

specially developed brake test rig with silica 

sand grits of 180 to 355 µm. The change of 

friction coefficient, the fluctuation of frictional 

force and the particle embedment were analyzed 

during the hard braking application. From the 

experiments conducted the following 

conclusions can be made:  

 

· The CoF values were highly dependent on 

the presence of hard particles. The values of 

CoF decrease due to the active role of hard 

particle in reducing the effective contact 

area.  

· High initial SD values of friction oscillation 

are associated with low sliding speed as the 

hard particles enter the sliding interfaces 

and cause abrupt changes of the contact 

plateau, i.e. effective contact area. The hard 

particles act as the primary contact plateau 

and carry most of the load and also they roll 

and abrade both surfaces i.e. the pad and 

the disc.  

· Reduced SD values of fiction oscillation at 

higher speeds are related to contact plateau 

and effective contact area that started to 

stabilize as more wear debris were 

generated with some remaining in the gap 

to form secondary contact plateau. The 

secondary contact plateau formed the 

friction film to lessen the fluctuation of the 

frictional force and thus reduced and 

stabilized SD values. 

· Small increase in CoF values with increase 

of PE is due to increase in effective contact 

area as more hard to hard material (grit and 

disc) contact is taking place. 

      100 μm 
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Fragmentations of hard particles increase 

the numbers of hard particles that role and 

mix with wear debris between the pad and 

disc and thus the effective contact area of 

the sliding contact.  

· SD values increase with increase of PE due 

to the changes of contact frequency of the 

hard particle and wear debris with 

embedded particles in the gap interface.  
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