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ABSTRACT 

 

Friction and wear characteristics of material in 

an automotive brake system play important role 

for efficient and safe brake performance. 

Commercial brake friction materials normally 

contain mainly alumina (Al2O3) and other 

ingredients. In this investigation, five groups of 

locally developed semi-metallic composite 

friction materials were studied for friction and 

wear. Abrasive material named aluminium 

oxide which existed in ZMF formulation was 

taken out. It was replaced by consistent different 

weight percentages of boron, i.e., 0.6%, 1.0%, 

1.5% and 2.0% and then mixed into the ZMF 

formulation. The friction tests were performed 

using the friction material test machine called 

CHASE machine. The results demonstrated that 

the formulation using boron mixed brake pads 

produced higher normal and hot friction 

coefficient at GG class value than those of the 

commercial brake pad samples. All friction 

coefficients of boron samples increased at the 

beginning of braking stages until 20 braking 

applications. It appeared that an overall friction 

coefficient value declined with the increase in 

drum temperature. However, the reduction of 

friction coefficient for all boron mixed brake 

pads was much more constant and stable as 

compared to the commercial brake pad. 
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1. INTRODUCTION 
 

The friction material in an automotive brake 

system plays an important role for effective and 

safe brake performance. A single material has 

never been sufficient to solve performance 

related issues such as friction force and wear 

resistance. Researchers attempted to investigate 

various materials in the brake systems to 

continuously improve its performance therefore 

increase its safety.  

(Ipek, 2005) in his study compared the wear 

behaviors of Aluminum-Boron-Carbide (10 

wt% B4C, 15 wt% B4C and 20 wt% B4C) 

particles with Aluminum-Silicon-Carbide (20 

wt% SiC) metal matrix composites and 

concluded that Silicon Carbide particle has 

more effect on wear resistance for Aluminum 

alloy than Boron Carbide due to its good 

adherence to the Aluminum alloy matrix.  

(Shorowordi et al., 2006) expanded Ipek’s work 

by investigating the tribo-surface characteristics 

of two Aluminum Metal Matrix Composites 

(Al-MMC) of compositions Al-13 vol% Boron 

Carbide and Al-13 vol% Silicone Carbide 

sliding against commercial Phenolic brake pad 

under dry conditions. They found that the wear 

rate of both composites increased with the 

increase of contact pressure which then was 

accompanied by the increase of Aluminum 

metal matrix composites tribo-surfaces.  

 

Other investigations on the effect of 

the inclusion of various materials to improve 

several performance measures such as friction 

force and wear resistance include the works of 

(Yi and Yan, 2006) on the effect of Calcined 

Petroleum Coke (CPC) and Hexagonal Boron 

Nitride (h-BN) as the friction modifiers to 

improve the friction and wear properties of 

Phenolic resin based friction composites, 

(Sarikaya et al., 2007) on the wear behavior of 

Aluminum-Silicone-Boron Carbide composite 

coatings with 0-25 wt% Boron Carbide particles 

for diesel engine motors, (Lu et al., 2007) on the 

effect of Boron content and wear parameters on 

dry sliding of nano-composite Titanium-Boron-

Nitrogen thin films and (Tang et al., 2008) on 

the performance of Aluminum matrix reinforced 

with 5wt% and 10wt% Boron Carbide particles. 

(Talib et al., 2003) conducted a series of friction 

tests on semi-metallic friction materials to 

examine the morphological changes of the wear 

surface and subsurface using scanning electron 

microscopy.  
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Commercial brake friction materials 

contain mainly Alumina (Al2O3) and other 

ingredients. The ingredients contained binders, 

reinforcing fibers, solid lubricants, abrasives, 

fillers, additives and metal powders. The current 

research attempts to examine the mechanical 

and thermal properties of Boron mixed brake 

pads by comparing them with the commercial 

brake pads. Finally, the best formulation among 

all can be determined based on the characteristic 

performance of the candidate formulations. 

 

2. METHODOLOGY 

 

Five groups of locally developed semi-metallic 

composite friction materials were studied for 

friction, wear, surface roughness, hardness, 

porosity and specific gravity. A semi-metallic 

commercial brake pad (named ZMF) was used 

as a benchmark. The commercial formulations 

developed locally were represented by ZMF 

series. Abrasive material named Aluminum 

Oxide which existed in ZMF formulation was 

taken out. It was replaced by consistent different 

weight percentage of Boron, i.e. 0.6 %, 1.0 %, 

1.5 % and 2.0 % and then mixed into the ZMF 

formulation.  

 

In addition, other ingredients measured 

in their weight percentage were added 

proportionally. Grouping was made based on 

these variations. The five groups were referred 

to as ZMF, ZMF+B0.6%, ZMF+B1.0%, 

ZMF+B1.5% and ZMF+B2.0%. The 

formulations were disclosed in the weight 

percentage and not in actual weight value to 

protect the confidentiality of the formulations. 

These compositions were divided into several 

subcomponents named as abrasives, additives, 

metal powder, reinforcing fiber, lubricants, 

fillers and binders. 

 

Brake pad samples were cut using 

grinder machine to the sizes of 26 mm x 26 mm 

x 7 mm. Sand paper with the size of 120, 180 

and 320 grit were employed to clean the friction 

material test machine drum heater. The dust was 

removed from the drum heater using the acetone 

with a clean paper. The weight and thickness of 

brake pad samples were taken before and after 

the friction test. In order to obtain average 

thickness value, three measurements were taken 

at different locations on the brake pad samples. 

The variations of the thickness were minimized 

by two ways. First the surface of brake pad 

samples were ground with a sand paper size 320 

grit after the cutting process and secondly the 

brake pad samples were run in conditioning 

sequence for 20 minutes during the friction 

testing. 

 

Five groups of brake pad samples 

named ZMF, ZMF+B0.6%, ZMF+B1.0%, 

ZMF+B1.5 % and ZMF+B2.0% were prepared. 

The preparation process includes formulation 

mixing, cold press, hot press, heat treatment, 

spray paint, grinder and inspection. All the 

process specifications were thoroughly 

controlled during the sample preparation to 

ensure the consistency of samples. A typical 

sample is shown in Figure 1.  

 

The samples were cut for each 

formulation group and reshaped as square using 

grinding machine. The samples were prepared 

according to the size required for porosity, 

hardness, specific gravity, friction, wear and 

surface roughness test. A total of 25 pieces 

brake pad samples were prepared individually to 

study their porosity, hardness and specific 

gravity. Meanwhile a total of 20 pieces locally 

brake pad samples were used to examine their 

friction and wear behavior. Finally a total of 15 

pieces brake pad samples were used to 

investigate their surface roughness condition. 

 

 
Figure 1: A typical sample used throughout the 

experiments. 

 

The researchers undertook physical 

tests (porosity, hardness and specific gravity) 

prior to friction and wear test to control the 

consistency of samples and thus providing the 

desired results. The friction and wear tests were 

performed using the Friction Material Test 

machine (called CHASE). CHASE employed a 

pearlitic gray cast iron disc (diameter of 180 

mm, thickness 38 mm) and a brake lining test 

sample with dimensions of 26 mm x 26 mm x 7 

mm. The test samples were mounted on the load 

arm and 150 psi pressure was pressed against 

the flat surface of the rotating disc. The rotating 

cast iron disc moved with a constant sliding 

speed of 417 rpm. 
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3. RESULTS AND DISCUSSION 

 

3.1 Overview of the Comparison Test Results 

 

Shown in Table 1 are the comparison test results 

of Boron mixed and commercial brake pads. 

The normal/hot friction coefficient and 

thickness loss test results were summarized 

from average four samples of Boron and 

commercial brake pad formulation individually. 

Similar samples were used to measure surface 

roughness value. Meanwhile, the hardness, 

porosity and specific gravity test results were 

summarized as the average value for each five 

samples of Boron and commercial brake pad 

formulations respectively.  

 

Table 1: Summary of Overall Test Results 

 

PARAMETERS 

(AVERAGED) 

ZMF 

REG. 

ZMF + 

B0.6 % 

ZMF + 

B1.0 % 

ZMF + 

B1.5 % 

ZMF + 

B2.0% 

NORMAL/ HOT 

FRICTION 

COEFFICIENT, µ 

0.43/ 
0.41 

FF 

0.48/ 
0.50 

GG 

0.51/ 
0.53 

GG 

0.49/ 
0.50 

GG 

0.50/ 
0.52 

GG 

THICKNESS 

LOSS, % 
5.65 5.84 4.80 4.41 5.17 

HARDNESS, 

HRS 
41.77 45.34 50.21 50.45 59.83 

POROSITY, % 15 16 17 16 18 

SPECIFIC 

GRAVITY, SG 
2.03 1.97 1.99 2.06 2.05 

SURFACE 

ROUGHNESS, RA 
3.03 2.04 2.70 2.87 2.97 

 

 

The results shown that the formulations 

using Boron mixed brake pads produced higher 

normal and hot friction coefficient at GG class, 

higher hardness and porosity values than those 

of the commercial brake pad samples. The 

thickness loss for 1.0%, 1.5% and 2.0% Boron 

mixed formulations were smaller than the 

commercial brake pad formulations with an 

exception of the thickness loss for 0.6% Boron 

mixed. However, in terms of the specific 

gravity, there was no significant difference 

between Boron and commercial brake pad 

samples. Finally, average surface roughness for 

Boron samples were lower than the commercial 

brake pad samples but increased with the 

increase in Boron contents.  

 

3.2 Initial Baseline Condition 

 

Shown in Figure 2 are the samples run for first 

baseline condition. The load was applied to the 

drum for 10 seconds and released for 20 

seconds for 20 applications with friction 

readings taken at every fifth application. The 

temperatures range from 82
o
C-101

o
C during the 

testing procedure. All the friction coefficients of 

Boron samples increased at the beginning of 

braking stages until 20 braking applications, 

where there were direct contacts of the brake 

pads and rotor surfaces without tribo-films. It 

was also associated with the increase of the real 

area of contact during sliding stage. Among the 

Boron mixed brake pads sample ZMF+B2.0% 

showed the highest trend while ZMF+B0.6% 

was the lowest.  
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Figure 2: Plots of Friction Coefficients (initial 

baseline) against Application for commercial 

and Boron mixed brake pads 

 

It can be observed that the friction 

coefficient of commercial (ZMF) sample 

became low after the fifth application and 

eventually constant after 15 applications. Heat 

generated during braking caused the surface 

temperature to increase with braking time which 

resulting the creating of tribo-films. For the 

commercial brake pad, tribo-films which were 

in the forms of Carbon started to form at the 

fifth application. The increase of tribo-films was 

accompanied by a decrease in friction 

coefficient at the fifth application onwards. The 

similar finding was reported by (Shorowordi et 

al., 2006) in their studies on the tribo-surface 

characteristics of Aluminum metal matrix 

composites (Al-MMC). They have suggested 

that since Carbon in the transfer layer of Al-

MMC was in the form of Graphite, the increase 

in the Carbon content of the transfer layer 

resulted in a decrease in the coefficient of 

friction of Aluminum metal matrix composites 

(Al-MMC). 

 

3.3 Friction Coefficients as a Function of Disc 

Temperature during the First Fade 

Condition 

 

When the friction coefficient decreases during 

braking due to the friction heat, the situation is 

referred to as fade and it is caused by thermal 

decomposition of ingredients in the brake lining. 

The current study examined the changes of 

friction coefficient at temperatures of 101
o
C to 
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287
o
C. Shown in Figure 3 are the changes of the 

friction coefficient as a function of disc 

temperature during the first fade condition for 

all samples. The load was applied continuously 

for 10 minutes or until the temperature reached 

287ºC. The coefficient of friction was recorded 

with each increase in the temperature. Friction 

readings were taken at average of 23°C 

intervals.  

 

It appeared that an overall friction 

coefficient value declined with the increase in 

drum temperature. However the reduction of 

friction coefficient for all Boron mixed brake 

pads was much more constant and stable as 

compared to the commercial brake pad. As 

reported elsewhere in this report, significant 

reduction of the friction coefficient of the 

commercial brake pads declined from 0.44 to 

0.34, starting at a temperature of 204
o
C to 

287
o
C. This situation was resulted from the 

softening of the Alumina fibers at the friction 

interface during sliding. (Jang et al., 2004) also 

reported that friction coefficient of friction 

material containing Alumina fibers was 

lowering at approximately 200
o
C, resulted from 

the softening of Alumina at elevated 

temperatures. They also found that the flash 

temperature at the friction interface was much 

higher than the measured surface temperature 

and that the friction coefficient dropped due to 

localized melting of the Alumina fibers.  

 

Other researchers who reported the 

similar findings are (Chapman et al., 1999). 

They documented that Alumina reinforced with 

Silicone Carbide used for brake rotors began to 

fade at high temperatures as the Alumina 

softens and Silicone Carbide particles were 

pulled from the matrix. 
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Figure 3: Plots of Friction Coefficient (first 

fade) against Temperature for commercial and 

Boron mixed brake pads 

 

It can be observed that at the temperature of 

204
o
C, the average reductions of Friction 

Coefficient for all Boron mixed brake pads were 

only minimal, reduced only by 0.02 (from 0.50 

to 0.48). High thermal conductivity is believed 

to contribute to the stability of Boron mixed 

brake pads and fade resistance in high 

temperature. It is shown that the thermal 

conductivity value for Boron material is 0.27 

W/(mm K) and Alumina is 0.22 W/(mm K). 

(Chapman et al., 1999), in their study on the 

effect of Aluminum-Boron-Carbide for 

automotive brake pad application using Friction 

Assessment and Screening Test (FAST) 

machine reported the similar findings and 

provided the same explanation. Aluminum-

Boron-Carbide showed no evidence of fade with 

temperature increases since the material has 

high toughness and thermal conductivity 

relative to other ceramics. 

 

3.4 Final Baseline Condition 

 

Shown in Figure 4 are the friction coefficients 

during the final baseline condition. The load 

was applied to the drum for 10 seconds and 

released for 20 seconds for 20 applications, with 

a drum temperature of 104°C to 82°C. The 

friction coefficient for all samples showed a 

trend similar to the initial baseline condition. 

All Boron and commercial samples experienced 

increases in friction coefficient at the beginning 

of the braking stages until 20 braking 

applications. As explained in the initial baseline 

stage, friction coefficient increased when direct 

contacts of the ingredients in the lining and 

rotor surfaces occur at the friction interface 

without tribo-films. It was also associated with 

the increase of the real area of contact during 

sliding stages. 
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Figure 4: Plots of Friction Coefficient (Final 

Baseline) against Application for Commercial 

and Boron mixed brake pads 

 

 



Regional Tribology Conference 

Bayview Hotel, Langkawi Island, Malaysia, 22-24 November 2011 

 

9 

 

3.5 Hardness 

 

Shown in Figure 5 are results of the hardness 

Boron mixed and commercial brake pads. The 

hardness values for all Boron mixed brake pads 

were significantly higher than those of the 

commercial brake pad. The results could be 

explained by the mechanical properties value of 

both materials. 

 

 
Figure 5: Plots of Hardness (HRS) for 

Commercial and Boron Mixed Brake Pads 

 

The value of hardness for Boron 

material was 0.3 Mohs higher than Alumina 

material. Thus, the hardness value of the Boron 

mixed brake pads increased with the increase in 

Boron content. ZMF+B2.0% had the highest 

hardness value while ZMF+B0.6% had the 

lowest.  This is similar to (Sarikaya et al., 

2007)’s findings in their experiments on the 

wear behavior of AlSi/B4C composite coatings 

with 0-25wt% Boron Carbide (B4C) particles 

for diesel engine motors. The obtained results 

pointed out that an increase of Boron Carbide 

particles in AlSi coatings caused the rising of 

the microhardness values. AlSi/25wt% B4C 

coating had the highest microhardness value 

while AlSi coatings had the lowest one.  

 

The wear resistance of materials has 

often been correlated with hardness and plays an 

important role in the wear tests. (Shorowordi et 

al., 2006) explained that the higher hardness of 

Boron Carbide particles than that of Silicone 

Carbide contributed to the lower wear rate of 

Aluminum Boron Carbide. Based on the 

summary of hardness and thickness loss value 

listed in the Table 1, it was shown that the 

thickness loss among Boron mixed brake pads 

decrease with the increase in hardness value. 

Significant correlations were demonstrated by 

ZMF+B0.6%, ZMF+B1.0% and ZMF+B1.5%. 

However, ZMF+B2.0% showed an unexpected 

result where it was supposed to produce the 

lowest thickness loss resulted from the highest 

hardness value. This variation was possibly 

caused by the effect of Steel fiber in the Boron 

mixed brake pads compositions. For the friction 

coefficient value, Table 1 shows that the friction 

coefficient increased with the increase in 

hardness value caused by an abrasive action 

against the counter disk.  (Cho et al., 2005) 

provided similar explanation pertaining to 

hardness of Phenolic resin, Magnesium Oxide 

and cashew which were all increased with the 

increase in the coefficient of friction. 

 

 

4. CONCLUSION 

 
Investigated in this study is the effect of Boron 

on the friction characteristics and material 

properties. Friction characteristics such as 

friction coefficient, fade, wear resistance and 

material properties such as hardness, porosity 

and specific gravity were measured using 

various equipments provided by SIRIM 

AMREC. Observed from the study, it is 

possible to modify a specific tribological 

property of a brake friction material by 

changing the amount of Boron in a systematic 

manner while expecting possible changes in 

other tribological properties.  

 

The hardness values for Boron mixed 

brake pads were significantly higher than the 

commercial brake pad samples. The increase in 

Boron content accelerated with the hardness 

value of Boron mixed brake pads. It was found 

that thickness loss decreased with the increment 

of hardness value. The significant correlation 

appears for ZMF+B1.5% where it has the least 

thickness loss.  

 

Friction coefficient also accelerated 

with the hardness value. Boron mixed brake pad 

formulation ZMF+B1.5% is considered to be 

the best formulation among all for its excellent 

performance. In addition to high friction 

coefficient value, it also produced the least 

thickness loss, high hardness and constant 

porosity and specific gravity value. 
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