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ABSTRACT 
 
Qualitative analysis of sliding wear behaviour of 
aluminium reinforced with 5wt% to 20wt% 
palm shell activated carbon (PSAC) was 
investigated using pin-on-disc wear testing 
machine. The composite specimens were 
fabricated by powder metallurgy technique. 
Wear testing was conducted at a load of 11N 
and a fixed sliding velocity of 150RPM. The 
characterization of the worn surface was 
conducted using OM, SEM with facility for 
EDX analysis. The wear rate was optimized at 
less than 5E10-5gmm-1 in the aluminu 
composite reinforced with 10wt% PSAC. The 
analysis of the surfaces indicate that the PSAC 
particles deformed, by sliding acting of the 
mating surfaces, as rigid asperity and squeezed 
out towards the surface film forming a soft 
interfacial film. The presence of this film was 
believed to be responsible for the low wear rate 
obtained at 10wt% PSAC reinforcement. Platic 
deformation of the matrix induces delamination 
in both the surface and sub-surface cracks 
resulting in large flaky debris. 
 
Keywords: Sliding Wear, Al-PSAC P/M 
composite, reinforcement weight percent, Pin-
on-Disc, debris 
 
1. INTRODUCTION 
 
Metal matrix composites (MMCs) are currently 
being developed as possible structural materials, 
offering improved elastic modulus, strength, 
elevated temperature properties and control over 
the coefficient of thermal expansion (Ref?). 
MMCs are fabricated by powder metallurgy, 
liquid metal and spray deposition techniques. 
Each fabrication technique has its own 
limitations in the size and shape of MMCs  

 
 
which may be produced and also the 
reinforcement chosen. Fabrication of MMCs is 
more difficult than the fabrication of the matrix 
alloy because during the fabrication process 
(e.g. the liquid metal technique) an interface 
reaction takes place between matrix and 
reinforcement to form intermetallics. Each 
processing routes taken to overcome the 
problems have resulted in high material costs, 
leading to extremely limited use (Yeh et al., 
1997). Several fabrication routes such as e 
vortex route under vacuum (Skibo and Schuster, 
1988), compocasting (Balasubramaniam et al., 
1990), infiltration process (Cappleman and 
Hubbert, 1985), spray process (Gupta et al., 
1991), powder metallurgy (Brindley, 1987),  
Lanxide’s  process  (Xiao  and  Perby,  1991)  and  
XDTM process (Chirstodoulou et al., 1986) have 
been developed. These routes have their own 
advantages and limitations, and can be adopted 
for different product characteristics. Powder 
metallurgy has many merits such as: being a 
simple process, consumes low energy, , quite 
good for particulate reinforcements; but sintered 
part have high porosity resulting in the dynamic 
mechanical properties being affected 
(Chengchang et al., 2006). In aluminium matrix 
composites, the main particulate reinforcements 
used are boron, graphite, silicon carbide, 
alumina and fly ash. These reinforcements are 
expected to improve wear resistance in different 
mechanisms. Several researchers have focused 
on the wear behaviour of aluminum composites 
reinforced with particulates such as such as 
silicon carbide (Pramila-bai et al., 1992; Alpas 
and Zhang, 1992; Venkatamaran and 
Sundarajan, 1996a-b; Chen et al., 1997)., 
alumina (Hosking et al., 1982, Surrapa et al., 
1982, Wang and Hutching 1989, Prasad et al. 
1994, How and Baker 1997)., graphite, carbon 
char (Muralli et al., 1982) and Ejiofor and 
Reddy, 1997), fly ash (Ramachandran and 
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Radhakrishna, 2005), hematite and bauxite  
particles. Singh et al. (2007) investigated wear 
behaviour of spinel reinforced aluminum 
composites. They observed that wear resistance 
was improved by the addition of the 
reinforcement. 
 
Based on previous works, many other possible 
reinforcements are readily available or naturally 
renewable at affordable cost such as coconut 
shell char, mica, palm-kernel shell char and 
zircon (Ejifor and Reddy, 1997). Palm shell 
activated carbon (PSAC) and Slag have 
potential to be used as reinforcement in 
aluminium matrix composite. PSAC and Slag 
are biomass by-products from palm oil factory 
and can be obtained locally. So, this idea shall 
reduce cost of starting material in fabrication of 
novel aluminium composite reinforced with 
local waste materials. Malaysia is currently 
moving towards a bio-technology industry as 
indicated in Ninth Malaysian Plan (RMK9).  
Under this plan, one of the government’s agenda 
is focusing on the generation of huge amounts 
of agriculture product. One the main commodity 
industries being targeted is the palm oil 
industry. It is expected that the growth of palm 
oil productions will increase tremendously. 
 
Unfortunately, there is still a lack of systematic 
research on utilisation of the biomass by-
products into composite materials especially 
metal composite. Information obtained from the 
previous studies provide a baseline 
understanding on the fabrication of aluminium 
matrix composite reinforced with biomass by-
product such as PSAC and waste material from 
palm oil factory such as Slag. So, studies on 
utilization of palm oil-biomass by-product as 
reinforcement in fabrication of new aluminium 
matrix composite should be carried out. In 
addition, the literatures show that the aluminium 
matrix composite provides enhance wear 
resistance and presently used in tribological 
application (Chawla and Chawla, 2006). So, it is 
believed that this new aluminium composite 
reinforced with biomass by-products also have a 
potential to be used in tribological application. 
In order to make aluminium matrix composite 
based component become a useful component 
for industrial applications especially tribological 
applications, so, tribology supposed to be done 
for reliable prediction of wear behaviour and 
wear mechanism of this new aluminium 
composite. 
 
This study focuses on palm shell activated 
carbon (PSAC) as reinforcement in aluminium 
(Al) matrix composite fabricated by powder 
metallurgy technique. The objective of the 
present study was to evaluate the dry sliding 
wear of PM Al/PSAC composites and to analyse 
the worn surfaces and sub surfaces by using 

qualitative approach in order to understand the 
wear behaviour. 
 
2. METHODOLOGY 
 
2.1 Starting Materials 
 
The materials used were pure Al and pure Al 
reinforced with 5-20 wt. % PSAC particles of 
125 µm size. Depending on the reinforcement 
content, four different weight percents were 
prepared. Specimen of pure Al was used as 
reference. Composite specimens were 
reinforced with 5wt. %, 10 wt. % 15wt% and 
20wt.%, respectively. For the fabrication of 
composite specimens, particles of PSAC in a 
form of irregular shape were used as 
reinforcement (Figure 1a) and mixed with Al 
particles in the form of flaky shape (Figure 1b). 
 
 
 

a 
 

Irregular shape 
 
 
 
 
 
 
 

b 
Flaky shape 

 
 

Figure 1 SEM micrograph of: (a) PSAC 
particles; (b) Aluminium particles 

 
 
2.2 Powder Metallurgy Route 
 
The specimens were cold pressed in a steel die 
at a pressure of 200 MPa, then sintered for 4 
hours at 600 0C in a carbolite furnace. The pure 
Al and composites were pressed into a pin of 15 
mm length with a flat surface of 10 mm in 
diameter at the both ends.  
2.3 Pin-on-Disc Wear Tester 
 
The pin-on-disc configuration was used for the 
dry sliding wear testing at room temperature in 
air under dry conditions. The pin was mounted 
vertically on the tester arm at one end and the 
other pin surface held against the rotating mill 
steel disc. The pure Al and composites were 
used as the pin, and the mild steel disc was used 
as the mating surface. Tested specimens were 
coded as given in Table 1. All tests were 
performed under a constant sliding speed at 
load of 11 N. The Al and composites were 
tested at sliding speed of 150rpm RPM. Prior to 
the test, the flat surface of the pin was polished 
by
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sliding against 600grit SiC paper. The mild steel 
disc specimens were ground to a constant 
roughness of about 0.40 micron Ra (arithmetic 
roughness), and measured using a roughness 
tester. The wear of the pins was recorded by 
measuring the mass loss of the pins using a 
micro balance of accuracy 10-5g. Each 
measurement was made by interrupting the test 
every 100 m of sliding distance. The wear rate 
was calculated by dividing the mass loss by the 
sliding distance according to ASTM G99-95a 
(2000). All specimens followed a single track of 
50 mm in diameter and mild steel disc was 
changed for each surface of the pin tested. 
 
Table 1: Details of the specimens used in the 
present study 
 
Specimen Weight Applied Sliding Sliding
Code  Percent load velocity Distance(m)

  (%) (N) (RPM)  
      

Al  0 11 150 Up to 500
Al/5 wt. 5 11 150 Up to 500
% PSAC     
Al/10 wt. 10 11 150 Up to 500
% PSAC     
Al/15 wt. 15 11 150 Up to 500
% PSAC     
Al/20 wt. 20 11 150 Up to 500
% PSAC     

      

 
 
2.4 Microscopic Examination 
2(b) shows SEM micrograph of Al/10 wt. % 
PSAC and its EDX indicated worn surface 
consists of grooves as well as the presence of 

carbon film on the worn surface. The wear 
mechanism is a mixed mode of abrasive-
adhesive wear. The black carbon film comes 
from smearing of PSAC particles on the 
composite worn surface during sliding (Ref). 
Combining this observation with the result 
given in Figure 3 clearly demonstrate that the 
reduction in cumulative wear rate of Al/10 wt. 
% PSAC tested at 11 N is directly linked to the 
formation of smeared PSAC (a lubricating 
film). The present study tried to describe the 
smearing process of the embedded PSAC 
particles during sliding in detail. The decreasing 
in cumulative wear rate when increasing content 
of PSAC up to Al/10 wt. % PSAC as shown in 
Figure 3 is directly linked to the formation of 
smeared PSAC (a lubricating film). On the 
other hand, the increasing of cumulative wear 
rate when content of PSAC more than 10 wt. % 
is directly linked to the poor bonding between 
matrix and PSAC particle. 
 
Base on this observation, it was found that the 
weight percent of PSAC influences the wear 
behaviour of Al/PSAC composite. The presence 
of black film smeared on the worn surface of 
composite containing 10 wt. % PSAC can 
reduce wear rate. According to Chawla and 
Chawla (2006), the addition of ceramic particles 
to a metal matrix can improve wear resistance 
and they reported the fracture toughness of the 
composites reduces significantly with the 
amount of the reinforcements. If the fracture 
toughness is inadequate, the particles will 
fracture and contribute to the wear process. 

 
The morphology of the powders was studied by 
scanning electron microscope (JOEL 6460LA-
Japan) with capacity for EDX analysis. The 
distribution of particles and porosity was 
determined by examining the SEM 
microstructure of the specimens in detail. . 
Furthermore, the microstructure of both the pure 
Al and composite was examined together with 
the testing debris with via EDX after wear 
testing. 
 
3. RESULT AND DISCUSSION 
 
3.1 Worn surface analysis 
 
Figure 2(a) shows SEM micrograph of pure Al 
and its EDX indicated worn surface consists of 
grooves without carbon film whereas, Figure 

 
 
groove 

 
 
a 
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Carbon film b
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 (a) SEM micrograph of Al/0 wt. % 
PSAC and its EDX showing the presence of Al 
and O elements. (b) SEM micrograph of Al/10 
wt. % PSAC and its EDX showing the presence 
of carbon film on the worn surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Cumulative wear rate versus content 
of PSAC at 400 m sliding distance under 
applied load of 11 N. 
 
However, PSAC particles acted as solid 
lubricant in this present composite. The PSAC 
particles deform by the sliding action of the 
mating surface and squeezed out toward the 
surface, forming a soft interfacial film. The 
presence of this film is believed to be 
responsible for the observed reduced wear. 
According to Alexeyev and Jahanmir (1993a-b), 
when the solid lubricant film is worn away, the 
resulting increase in friction accentuates plastic 
deformation of the surface layer, and force more 
material from the second-phase particles toward 
the surface, thus re-forming the worn film. 
Unfortunately, at the highest content of PSAC 
(20 wt. % PSAC), the presence of severe 
damage on the worn surface can be observed. 
This may probably be as a result of the poor 
bond of interface between matrix and 
reinforcement, consequently surface structure is 
unable to support the applied load and the wear 

resistance reduced. In addition, some of PSAC 
particles pull out from the worn surface and 
delamination of surface and subsurface occur 
due to plastic deformation. The presence of 
large flaky debris in the microstructure is 
postulated to have come from the delamination 
process. 
 
In order to understand the basic mechanism of 
the formation of lubricating films, the worn 
surface of the Al/PSAC composite has been 
studied. Figure 4 shows the SEM micrograph 
of the worn surface of Al/10 wt. % PSAC 
indicating the black film on the worn surface 
with a pattern of “shear wedges” and magnified 
view of box is shown in next figure revealing a 
good adhesion of black film to the worn 
surfaces. Based on the above observation, 
smearing of the PSAC has occurred during 
sliding. When the Al/10 wt.% PSAC composite 
was subjected to wear, the PSAC reinforcement 
was preferentially removed layer by layer from 
the PSAC particles due to the layered structure 
and PSAC softening. As sliding continues, the 
deformation of the worn surface occurred 
because the plastic deformation of the matrix 
made the surface and subsurface crack to 
delaminate and produce the large flaky debris 
observed in the microstructure. The cavities 
containing PSAC particles deform owing to 
this subsurface deformation, thus squeezing the 
PSAC onto the worn surface; the same 
phenomenon has also been observed in the 
aluminium-graphite system (Liu et al., 1992) 
and iron- graphite system (Sugishita and 
Fujiyosha, 1982). Liu et al. (1992) have studied 
the wear behavior of aluminium alloy 2014-
graphite particle composites. They found that 
the wear resistance can be improved by the 
addition of graphite, which causes a 
corresponding reduction in the coefficient of 
friction. The reduction in friction and wear of 
this group of aluminium-graphite composites is 
a result of the smearing of the embedded 
graphite particles during sliding, forming a 
lubricating film on both the tribosurface of the 
composite and the steel counterface. Whereas, 
Sugishita and Fujiyosha (1982) studied the 
formation of nodular cast iron graphite films 
and the factors affecting squeeze film 
formation during rolling-sliding contact. In this 
work, as the PSAC comes onto the surface, it is 
sheared by the asperities of the mating surface 
and consequently smeared between the mating 
surfaces, resulting in the formation of a 
lubricating film as shown in Figure 4. The 
formation of a large area of black film as 
lubricating film between contact surfaces is 
believed to reduce the wear rate of Al/10 wt. % 
PSAC composite. The areas covered with 
smeared PSAC after 400m sliding is shown in 
Figure 4. 
 
 
 



256 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: SEM micrographs showing the worn 
surface of Al/10 wt. % PSAC at applied load 11 
N after 400m sliding distance indicating the 
black film on the worn surface with a pattern of  
“shear wedges” and magnified view of box is 
shown in figure revealing a good adhesion of 
black film to the worn surface 
 
3.3 Wear Debris Analysis 
 
SEM micrograph of collected wear debris 
particles of pure Al tested at 11 N and its EDS 
indicated the presence of Al, O and Fe elements. 
Figure 5 shows SEM micrograph of collected 
wear debris particles of Al/20 wt. % PSAC 
tested at 11 N and its EDX indicated the 
presence C, O and Fe elements. The debris 
consists of not only Al and C from the wearing 
composite materials but also Fe from the mating 
surface steel disc. These elements mixed 
together in wear debris and are found to 
influence the wear rate of the composite.(Ref) 
 
 
 
 
 
 
 
 

Flaky debris 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 SEM micrograph of collected flaky 
debris particles of Al/20 wt. % PSAC and its 
EDX analysis showing C, Al, O, and Fe. 

 
 
 
Generally, the analysis of the worn surfaces of 
the specimens and the collected debris using 
optical microscopy, SEM and EDX analysis 
revealed various mechanisms involved in the 
wear of the material studied. The wear 
mechanisms identified in this analysis are 
abrasive wear, adhesive wear and delamination. 
 
 
4. CONCLUSION 
 
From the data obtained in this observation, it is 
possible to arrive at the following conclusions: 
 

(a) The wear behaviour of  PSAC
 reinforced  aluminium   matrix
 composites    depends    on    the    weight
 percent  of  embedded  PSAC  particles.
 Under dry sliding condition used in the
 present investigation, the  wear
 resistance  can  be  improved  even  with
 reinforcement with just  5 wt%
 PSAC.         
(b) The wear rate decreases gradually with 

increasing weight percent of PSAC, 
reaching about 10 wt. % PSAC.   

(c) The wear behaviour of the composites 
depends on the smeared PSAC films 
formed on the worn surface during 
sliding.   

(d) The PSAC is squeezed out onto the 
worn surface by subsurface 
deformation and smearing onto the   
worn surfaces resulting in the
formation of lubricating film.    

(e) However, the wear rate of composite 
drastically increases when PSAC 
content is above 10 wt.% due to poor 
bonding between aluminium matrix 
and PSAC particles.  
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ABSTRACT 

 

 This paper presents a new formulation of free 

asbestos brake friction materials with a view to 

replace the use of asbestos whose dust is 

carcinogenic and has a harmful effect to the 

human being. Five different laboratory 

formulations (such as, S1, S2, S3, S4 and S5) 

were selected with varying coir fiber contents 

from 0, 5, 10, 15, and 20 volume fraction along 

with binder, friction modifiers, abrasive material 

and solid lubricant using powder metallurgy 

technique for the development of new natural 

fibre reinforced brake friction materials. The 

properties examined are density, porosity, 

microstructural analysis, hardness and 

compressive strength using densometer, SEM, 

hardness tester and universal testing machine. 

The better properties in terms of higher density, 

lower porosity and higher compressive strength 

were obtained from S2 and S3 samples. The 

microstructure reveals uniform distribution of 

resin in the coir fiber in S2, S3 and S4. It can be 

concluded that S2 and S3 showed better 

physico-mechanical properties compared to 

other formulations. Hence, natural coir fiber can 

be used as a candidate fiber or filler material for 

the mass-scale fabrication of asbestos-free brake 

pad without any harmful effect. 

    

 Keywords: natural fiber, friction material, 

Density, Hardness, Compressive Strength and 

Microstructure. 

 

 

1. INTRODUCTION 
 

Brake pads are important parts of braking 

system for all types of vehicles that are 

equipped with disc brake. Different types of 

brake materials are used in different braking 

systems. They are often categorized into four 

classes of ingredients: binders, fillers, friction 

modifiers, and reinforcements.  The brake pads 

generally consist of asbestos fibers embedded in 

polymeric matrix along with several other 

ingredients. Over the few years, several research 

works have been carried out in the area of 

development of asbestos-free brake pads.  The 

use of bagasse (Aigbodian et al., 2010), palm 

kernel shell (Dagwa and Ibhadode, 2006) and 

hemp (Savage, 2007) have been investigated in 

order to replace the asbestos-free brake friction 

material. Researches are being focusing on ways 

of utilizing either industrial or agricultural 

wastes as a source of raw materials in the 

industry. These wastes utilization will not only 

provide economical benefits, but may also result 

to foreign exchange earnings and environmental 

control and protection.  

 

There is an urgent need to develop friction 

materials for a stable friction coefficient and a 

lower wear rate at various operating speeds, 

pressures, temperatures, and environmental 

conditions in the automotive sectors. All these 

requirements need to be achieved at a 

reasonable cost and using appropriate 

combination of materials. Selection of the 

constituents is often based on experience or a 

trial and error method to make a new 

formulation for brake friction materials. 

 

The research interest on warm compaction 

method was developed to manufacture cost-

effective and  highly-dense brake pad materials 

through powder metallurgy (PM) technique 

(Asif et al., 2011). The good reason for using 

the PM process is the possibility of obtaining 

uniform parts and reducing tedious and 

expensive machining processes.  

The use of asbestos fiber is  decreasing day by 

day due to its carcinogenic nature (Langer, 

2002). In order to avoid this carcinogenic 

asbestos, efforts are ongoing. However, no 

information is available in literature on the use 

of coir fibre for the formulation of new brake 

friction materials. Therefore new asbestos free 

friction materials have been developed with the 

aim of using natural coir fibre as reinforcement 

in aluminium matrix for the application of brake 

pad materials.  

mailto:maleque@iium.edu.my
mailto:sugribshah_mme@
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2. EXPERIMENTAL PROCEDURES 

 

2.1 Materials 

The main raw materials used in the research 

were filler, abrasive, solid lubricant, binder, 

friction modifier and additives. The current 

natural fiber brake friction material was 

developed through the process beginning with 

the selection of raw materials, weighing, 

mixing, compacting and sintering. There are 

five  formulations with different composition of 

coir fibre content.   Grouping was made based 

on the variation of the coir fiber material in the 

formulation and aluminum used as a matrix 

material. However, abrasive, solid lubricant, 

binder, friction modifier and lubricants were 

kept same for all formulations. Table 1 shows 

the detail formulation of five different types of 

new brake friction materials. 

 

Table 1: Formulation of coir fibre reinforced 

brake friction materials 

 

 

2.2 Development of new brake friction 

materials 

 

Five different laboratory formulations (such as 

S1, S2, S3, S4 and S5) were selected with 

varying coir fiber contents from 0, 5, 10, 15, and 

20 volume fraction along with binder, friction 

modifiers, abrasive material and solid lubricant 

using powder metallurgy technique for the 

development of new natural fiber reinforced 

brake friction materials. 

The coir fibre was used as a filler material in 

this investigation which is shown in Figure 1. 

This was collected from waste coconut fruit and 

cleaned thoroughly using ethanol to remove 

impurities. It was crushed and ground to a fine 

powder (with a range of 100-200 µm), and 

sieved using crusher machine. 

 

 

 

 

 
 

 

Raw materials were blended together in mini 

mixer to get evenly distributed ingredients. 

Selection of ingredient materials is the difficult 

task for formulating a friction compound. All 

materials were prepared in powder form. The 

method for fabrication of brake fiction material 

was powder metallurgy technique. The pre-form 

samples were heated to 170°C and at the same 

time and compacted at 20 kg with 60 seconds 

holding time in a heater compaction die. The 

mixing and compaction were performed using a 

hydraulic press machine under a predetermined 

temperature and pressure. After removing from 

compaction, the brake friction material was 

cured in an oven at a temperature of 200°C for 5 

hours for sintering.  

 

2.3 Method of Characterization 

 

Specific gravity measures density which 

depends upon the ingredient of the brake 

material formulation. The true density of the 

specimen was determined by weighing the 

specimen on a digital weighing machine and 

measuring their volume by liquid displacement 

method. The specific gravity formula is: 

ρ    =        mass (m) / volume (v)             (1) 

 

Specific Gravity =  

Weight in air (g) 

Weight in air (g) – Weight in water (g)       (2) 

 

Porosity test was performed in accordance with 

Japanese Standard JIS D 4418: 1996. The 

specimen was cut to a dimension of 25 mm x 25 

mm x 7 mm. The samples were left in a 

desiccator for 24 hours at room temperature and 

then cooled to room temperature in desiccator. 

The sample was weighed to the nearest 1 mg 

before test sample placed in the test oil in the 

container and keeps at 90±10 °C for 8 hours. 

The test sample was left in the oil container for 

12 hours until the oil cools to the room 

temperature and then the sample was withdrawn 

from the oil container, finally the sample was 

rolled on a piece of cloth for 4 to 5 times to 

remove oil from the test sample. The sample 

was weighed again to the nearest 1 mg.  

Raw Materials 

Percentage (%) 

S1 S2 S3 S4 S5 

Aluminium 45 39 33 27 2 

Silicon Carbide 20 20 20 20 20 

Coir Fibre 0 5 10 15 20 

Graphite 10 10 10 10 10 

Alumina Oxide 13 13 13 13 13 

Zirconia Oxide 2 2 2 2 2 

Paper Ash 0 1 2 3 4 

Resin 10 10 10 10 10 

Total 100 100 100 100 100 

Figure 1: Coir fibre from waste coconut fruit 
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The Rockwell hardness measurements were 

conducted under test load of 980.7 N and steel 

ball diameter of 12.7 mm using Scale S as 

stipulated in Malaysian Standard MS 474 PART 

2: 2003. The measurements were performed at a 

distance of at least 12 mm from any edge and 

uniformly spaced on the surface of the 

specimen. The hardness of the sample is the 

arithmetic mean of the readings from ten 

indentations.  

The compressive strength test was done using 

the Universal Testing Machine. The sample of 

25 mmx25 mmx7 mm was subjected to 

compressive force, loaded continuously until 

failure occurred. The load at which failure 

occurred was then recorded.  

For morphology study scanning electron 

microscopy (SEM) with EDX and optical 

microscope were used in order to observe and 

investigate the distribution of microstructural 

features along with elemental constituents of 

new natural fibre brake friction materials. 

 

3. RESULTS AND DISCUSSION 

  

3.1 Density and Porosity of Brake Friction 

Materials 

A density measurement test has been carried out 

on a laboratory scale to examine the density of 

the brake pad after sintered. The results shown 

in Fig. 2 are the average density of three 

readings for each formulation. 

 
Figure 2: Density of brake frictions materials 

formulation S1-S5 
Density is depends upon the ingredients in the 

friction material. A metallic element will have a 

higher density than an organic element. Friction 

elements often exist in combination of various 

elements. It is seen from Figure 2 that the 

density of the formulations S4 and S5 are lower 

than S1which have more coir fiber. However, 

the specific gravity of the formulation S1 has 

better properties because of having higher 

density with the value of 2.176 g/cm³. This 

formulation of S1 is coir fibre, in its 

constituents, hence, better density of this 

material. The formulation, S2 shows the second 

highest density with the value of 2.099 g/cm³. 

Figure 3 shows the porosity test results for five 

different formulations of brake friction 

materials. Porosity plays an important role in 

automotive brake pad materials. The function of 

porosity is to absorb energy and heat. This is a 

very important for the effectiveness of the brake 

system. Theoretically, lower porosity will result 

in higher friction coefficient and wear rate due 

to higher contact areas between the mating 

surfaces. Brake friction should have a certain 

amount of porosity to minimize the effect of 

water and oil on the friction coefficient. Sasaki 

(1995) found that increasing porosity by more 

than 10% could reduce the brake noise. 

 

 
Figure 3: Porosity of brake friction materials 

formulations S1-S5 

Porosity, a gross measure of the pore structure, 

gives the fraction of total volume which is void. 

The pore structure should be preserved during 

specimen grinding and polishing. Distortion by 

excess working will smear material over the 

pores, giving the appearance of a low porosity 

(German, 1997). From the porosity results as 

shown in Fig. 3 it can be seen that two brake 

friction formulations such as, S2 and S3 have 

better properties because of having the lower 

percentage of porosity. 

 

3.2 Hardness of the Brake Friction Materials 

 Fig 4 shows the hardness values of the five 

formulations brake friction materials. 

 
Figure 4: Hardness-Rockwell (HRS) of brake friction 

materials formulations S1-S5 
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It can be seen from Fig. 4 that the hardness 

value of formulation S2 is highest while no 

hardness value was recorded with the machine 

for S5 formulation as it was out of range. This is 

because of too ductile nature of the material as 

more coir fibre content in the composition. 

Formulation S2 has the highest hardness value 

of 63.92 HRS because of having more 

aluminium content used as a matrix. Too hard 

results may indicate brittleness while too soft 

may indicate higher wear and porosity with 

lower density. Varying content of aluminium 

and coir fibre will exhibit different hardness 

value of the material. 

 

3.3 Compressive Strength of Brake Friction 

Materials 

 

Figure 5 shows the graph of compressive stress 

vs.  strain for S2 and S3 formulations only as 

other combinations showed very low strength 

profile. 

 
Figure 5:  Compressive strength vs. strain for S2 

and S3 

The compression strength value in the graph is 

increasing dramatically as the compression load 

is increasing and it starts to decrease as the 

sample is not able to withstand the compression 

load and results in crack or braking of the 

sample. The speed used for this testing is 0.5 

mm/sec. The ultimate strength of the 

formulation S2 is corresponds to the stress of 

414.75 MPa. The sample starts to break at stress 

of 408.74 MPa. The breaking strength of the 

sample is 0.66  MPa. 

 

3.4 Surface Morphology 
 

The surface morphology of the developed 

friction materials were analyzed usiong SEM 

followed by elemental analysis of the materials 

using EDX. Figs. 6 to 8 showed the SEM 

micrographs for S1, S2 and S3 specimens while 

Table 2 showed the EDX analysis results.  

                         Formulation S1 ( as in Figure 6) 

showed that the aluminium clumps with 

graphite and zirconium oxide and corresponding 

EDX analysis (in Table 2) showed that this 

formulation content more aluminium element. 

 

 
Figure 6: SEM microstructure for S1 formulation 

(Magnification 500x) 

On the other hand, formulation S2 (as in Figure 

7) showed that the resin binder is in dark region 

together with  alumina oxide and the EDX 

analysis showed that this formulation content 

less aluminium element compared to 

formulation S1. 

 

 
Figure 7: SEM microstructure for S2 formulation 

(Magnification 500x) 

The resin binder in dark region can be seen in 

Fig. 8 along with alumina distribution in white 

region. The graphite, ash and coir fibre content 

in S3 formulation also can be visualized in Fig. 

8. 
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Figure 8: SEM microstructure for S3 formulation 

(Magnification 500x) 

From the SEM study it can be postulated in 

generally that microstructures of S1 to S3 

samples showed the homogeneous distribution 

of abrasive, solid lubricant, binder, friction 

modifier and additives in the aluminium matrix. 

This might be only confirmed by either EDX or 

XRD. The EDX analysis results of the present 

investigation is shown in Table 2 and again 

showed very good combination of the elemental 

distribution which reflect to the heterogeneous 

distribution. Finally, it can be said that the 

structures showed the heterogeneously 

distribution of elements where they contributed 

to inconsistent result. Different size and weight 

of particles or elements are also contributed to 

heterogeneous distribution. Besides, it is evident 

that there is no such thing as a typical brake 

friction composition because a composition that 

can represent the majority of the brake friction 

in existence will not be accurate. Morphology of 

the structure also might change due to sintering 

of material at different temperatures. 

 
Table 2: Elemental composition based on EDX 

analysis 

From Table 2, it can be seen that, the amounts 

of C, Si, O, Al and Zr are comparable with the 

amount present for each constituent before 

formulation.  The atomic composition had been 

changed after the samples were thermally 

treated through sintering process. Less amount 

of aluminium is present in S5 due to more coir 

fibre in the formulation. Higher amount of 

aluminum can be seen in the formulation S2 

followed by S1. 

 

In order to visualize the coir fibre along with 

other constituents, the specimen was prepared 

using standard metallographic procedure and 

observed under optical microscopy. Figs. 9 to 

11 showed the microstructure of three brake 

friction materials formulation which was 

obtained from optical microscopy.  

 

From Fig 9 it can be seen that the carbon clearly 

appeared in the morphology within the dark 

region of the microstructure. Meanwhile the less 

dark region showed the compound that still 

dominated by the carbon in Fig 11. 

 

 

 

 
Figure 9: OM microstructure for S2 formulation 

(Magnification 100x) 

 
Figure 10: OM microstructure for S3 formulation 

(Magnification (100x) 

 
Figure 11: OM microstructure for S4 formulation 

(Magnification 100x) 

 

 

In Figs. 9 and 10, it can be seen at the 

microstructure of brake pad materials that more 

coir fibre is distributed to the matrix which can 

be represent as a filler in the new friction 

materials.  The carbon distribution in dark color 

Elements S1 S2 S3 S4 S5 

C  K 38.29 40.69 48.36 44.30 43.09 

Si K 10.79 11.61 16.92 20.34 - 

O  K 23.59 19.84 9.08 10.79 49.48 

Al K 24.83 25.57 23.02 22.00 5.19 

Zr L 2.50 2.29 2.61 2.56 2.25 

Total 100 100 100 100 100 
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is due to more dispersion of carbon from 

graphite and paper ash. 

4. CONCLUSIONS 

 

From the results and discussion of this work the 

following conclusions can be made: 

 

Formulation with 5 and 10 volume fractionsof 

coir fibers (S2 and S3) have higher density and 

lower porosity compared to other formulations.  

 

The compressive properties showed formulation 

S3 exhibited higher strength to withstand the 

load application and higher ability to hold the 

compressive force. From the morphological 

study of the materials, it was found that the coir 

fiber well distributed to the matrix and acts as a 

filler in the friction materials. 

 

It can be concluded that S2 and S3 showed 

almost similar properties from the five 

formulations, hence coir could be a candidate 

fiber or filler material for the mass-scale 

fabrication of asbestos-free brake pad without 

any harmful effect. 
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ABSTRACT 

 

The effects of fibre reinforcement to the char 

characteristics are studied using glass wool 

fibre, Rockwool fibre and ceramic wool fibre, 

which were first manually cut to 10mm in 

length, and then reinforced into epoxy-based 

intumescent coating formulations. The three 

new formulations were compared to Chartex 7, 

a commercial intumescent coating that was 

found to take longer to harden and dry naturally 

in ambient condition. TGA was conducted to 

study coatings’ thermal response in relation to 

their char strength. TGA curves of the various 

wool fibres are more complex implying more 

thermal reactions occurred in a fire. Char 

formation and physical properties were 

investigated after the samples were fire tested 

up to 800ºC. Char height, weight, crispness, cell 

structure were examined and compared. An 

SEM study showed that Al2O3/SiO2 ceramic 

fibre in Chartex 7 and ceramic wool fibre did 

not deform at the test temperature. Development 

of phosphorosilicate glass from mineral wool 

fibre and glass wool fibre within char was 

determined to enhance insulation and durability 

of the char. EDX analysis between coating and 

char showed increase of elements; O and P and 

reduction of Si element as the coating 

transformed in fire. Formation of BPO4, SiO2, 

magnesium aluminum hydroxide, maleimide 

and ammelide compounds as found by XRD 

gave rise to the char strength and fire protection. 

 

Keywords: intumescent, fibre, Chartex 7, glass 

wool, Rockwool, ceramic wool.  

 

1. INTRODUCTION 
 

Fire retardant coatings offer easy and effective 

fire protection and have long been used 

(Jimenez et al., 2006b, Vandersall, 1971). The 

coatings are useful since they do not alter the 

intrinsic properties of the materials they are 

protecting, easily processed and are applied on 

metals (Jimenez et al., 2006a), polymers 

(Blontrock et al., 1999, Bisby, 2003), 

composites (Mouritz, 2002, Kandola et al., 

2005) textiles (Horrocks and Davies, 2000, 

Horrocks et al., 2005) and woods (Chou et al., 

2009). The growing use of flame retardants also 

saw the global demand forecasted had increase 

by 4.8% per year to 2.2 million metric tons in 

2009, according to the World Flame Retardants 

(The Freedonia Group, 2005). Intumescent fire 

retardant coatings are normally applied on steel 

structures where intensive fire protection is 

required, for instance at the oil and gas facilities 

(Weil and Levchick, 2004). The coating needs 

adequate strength to withstand the force of fire 

disaster.   

 

Fibre reinforcement is a breakthrough 

finding that enhances mechanical properties of 

composite materials (Amir et al., 2011, Amir et 

al., 2010). A reinforced intumescent coating 

would have more compact cell structure and of 

higher strength. Previously  reported (Amir et 

al., 2011) that carbon fibre, glass fibre, chopped 

fibre strand and hybrid fibre -reinforced 

coatings produce better char structure than the 

control’s (without fibre reinforcement) at 400°C 

and 800°C fire test. Formulation ingredients had 

also their content varied in the search for the 

best char. XRD analysis was conducted to 

identify important compounds present i.e. boron 

phosphate (BPO4) and boric acid (H3BO3) to 

better explain char strengthening factor. Also 

found was that 2:1 epoxy:hardener is the best 

binder ratio as determined using both TGA and 

fire test. 

 

Conventional intumescent coatings 

have soft char and to improve their strength, 

wire or fibre mesh is required. Mesh netting 

(Vandersall, 1971) is also a traditional and 

popular choice to improve char adhesion to the 

substrate where it acts as an ‘anchor’ (Billing 

and Castle, 1978), such that normally applied to 

mailto:norlailiamir@petronas.com.my
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Chartex brand intumescent coatings by Akzo 

Nobel, International Paint. Upon exposure to 

fire, condensed phase of char is developed and 

covered the substrate. The charring process 

provide barrier, shielding and cooling to 

substrate by production of residue and fuel 

reduction. Phospho-carbonaceous esters were 

formed in the protective char for favourable 

mechanical properties (Bourbigot et al., 1995). 

Typically, industry practices four systems fire 

protection; intumescent coating, mesh or fabric 

reinforcement, primer and top paints. 

 

The aims here are to characterize the 

wool fibre-reinforced intumescent coatings by 

analytical approaches and correlate the findings 

to the char strength produced after fire test to 

800°C. This temperature is close to the standard 

industrial hydrocarbon test curve (1000 – 

1200°C) i.e. UL 1709 (UL, 1994) and BS 476-

20 (BSI, 1987). Mineral fibre for instance 

mineral wool fibre that is fibrous in nature, 

provides a good mechanical structure to the 

material it is reinforcing, which develop 

phosphorosilicate glass within the char (Hanafin 

and Bertrand, 2000). A benchmarking exercise 

using Chartex 7, one of the best mastic 

intumescent coating products in the market 

(Weil and Levchick, 2004), usually applied at 

oil rigs was also carried out. 

 

The unique contribution of this study is 

the characterization of intumescent coatings 

formulations directly reinforced with various 

types of wool fibres. This will eliminate the use 

of external mesh that in return reduce the works 

in applying protective coatings and therefore 

more economical. Furthermore, these fibres are 

much cheaper than and are in abundance. 

 

2. METHODOLOGY 

 

2.1 Materials and Formulation Preparation 

 

A commercial intumescent coating (Chartex 7) 

and three new intumescent coating formulations 

have been coated onto four different mild steel 

plates. Their descriptions are shown in Table 1. 
In each new formulation, there are 15 

ingredients including fibre. Intumescent 

ingredients and their mixing technique are 

previously elaborated (Amir et al., 2011). 
Approximately 20g of coating is evenly applied 

with metal spatula onto a 50mm × 50mm × 

1.5mm mild steel plate (TSA Industries (Ipoh) 

S.B.) readily coated with primer coating (Dulux 

Epoxy-Zinc Phosphate). The coating is left to 

dry at ambient temperature for weeks. The 

coating thickness measured using Mitutoyo 

digital thickness gauge are 7.0mm and 4.5mm 

for Chartex 7 and the rest, respectively. 
 

Table 1 Intumescent coating test pieces. 

No Sample Fibre(s) Length 

1 C7P2 Mineral fibre + 

Al2O3/SiO2 fibre 

«1mm 

2 GWP2_10 Glass wool fibre 10mm 

3 RWP2_10 Rockwool fibre 10mm 

4 CWP2_10 Ceramic wool fibre 10mm 

 

2.2 Natural Drying Duration 

 

All samples were left to dry at ambient 

temperature. Coating weight was measured 

using Mettler Toledo weighing machine and 

repeated every day until constant value is 

reached or when the measurement was stopped. 

 

2.3 Thermogravimetric analysis (TGA) 

 

TGA using Perkin-Elmer, model TGA 7 with 

heating rate 10°C/min measures the amount and 

rate of change in the weight of the coatings in a 

controlled environment. It predicts their thermal 

stability and also characterizes materials that 

exhibit weight reduction due to decomposition 

and oxidation until 900°C. 

 

2.4 Fire Test 
 

Methodology of experiment was described in 

previous report (Amir et al., 2011). Progressive 

heating rate of around 26°C/min from room 

temperature to 800°C, closely follows the 

standard temperature/time curve in BS 476-20 

(BSI, 1987). Physical properties of the char; 

height and weight were measured, crispness, 

shrinkage and cell structure were determined 

after manually cutting through. 

 

2.5 SEM Examination and EDX Analysis 
 

Scanning electron was performed using field 

emission SEM (FESEM) ZEISS SUPRA 55VP, 

operated by EHT range 15-20kV, ~8 mm 

working distance and using VPSE signals to 

obtain images of the coatings and their chars, 

respectively. Energy Dispersive X-ray 

Spectroscopy (EDX) analysis was also ran to 

provide rapid qualitative and quantitative 

analysis of elemental composition. 

 

2.6 X-Ray Diffraction (XRD) 
 

Analysis was done using Bruker-AXS brand 

XRD machine, model D8 Advance, operated in 

the range of 2 – 80, 2-Theta-scale at 40 kV and 

50 mA in ambient temperature. 
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3. RESULT AND DISCUSSION 

 

3.1 Natural Drying Duration 

 

Figure 1 shows the non-forced drying profile of 

all samples. The drying duration of a formulated 

coating is an important factor especially in 

commercial perspective. Fluid escapes the 

coatings at this stage leaving the solid 

ingredients and giving the weight reduction. 

 

 
 

Figure 1 Duration vs. average weight in natural 

drying for all samples. 
 

Two aspects were studied; time taken to 

reach ‘hard’ coating and time taken to fully dry 

as determined at weight equilibrium. The wool-

fibre reinforced coatings harden (no indentation 

mark visible on the surface when indented) in 

two days compared to Chartex 7 (C7P2) in two 

weeks. In the first eight days of study, C7P2 lost 

the most weight followed by RWP2_10, 

CWP2_10 and GWP2_10. 

 

As more measurements were taken, it is 

confirmed that the commercial coating is fully 

dried as indicated by no weight change after 44 

days. Whereas, better performance was shown 

by the wool fibre-reinforced coatings for 

instances the RWP2_10 and CWP2_10 were 

fully dried in 36 and 29 days, respectively. 

 

3.2 TGA 

 

All samples (Figure 2) show distinctive double 

steps, which could be grouped as low 

temperature decomposition and high 

temperature decomposition at approximately 

170°C and above 350°C, respectively. However, 

contrary to C7P2, the wool fibre reinforced 

coatings showed additional two valley points in 

the temperature against derivative weight % 

curve indicating intensive thermal reactions 

taken place.  

 

Residual amount in percent at 800°C for 

each coating gives a good indication of thermal 

 
(a) C7P2 

 
(b) RWP2_10 

 

Figure 2 (a) - (b) TGA curves of temperature 

versus derivative weight % and temperature 

versus weight %. 

 

protection it is offering. It was found the 

commercial coating had the lowest amount and 

therefore their rank as in inclining trend is; 

C7P2<GWP2<CWP2<RWP2. This meant 

Rockwool fibre gives the greatest fire protection 

to the coating it is reinforcing as it effectively 

resists degradation up to the test temperature. It 

also shows that wool fibre reinforced coatings 

have more inert fillers and produce more non-

volatile compounds and residue to make their 

chars having better thermal properties than 

Chartex 7. 

 

Moreover, wool fibre reinforced coatings 

also have more complex curves i.e. more peaks 

and valleys than C7P2. This helps to 

accommodate severe heat and forces from fire. 

The extreme valley in the temperature range of 

360 – 390°C found in all curves for instance, 

could have been contributed by the degradation 

of several materials namely, melamine and 

epoxy. It is also accepted that epoxy based 

composites also quickly ignite when exposed to 

fire, typically at temperatures in the range of 

300 – 400°C (Bisby, 2003), and reduce 

significantly mechanical properties of the 

composites due to combustion of the resin at the 

temperatures (Mouritz, 2002). Thus, reinforcing 

the coatings with fibre and filling with fire 

retardant materials, both their thermal and 

mechanical properties are sufficiently improved. 
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3.3 Fire Test 

 

Furnace fire simulates a fire incident in a 

confined space where samples were allowed to 

intumesce freely. A combination of large, thick 

and homogenous char (Jimenez et al., 2006b) in 

addition to closed-packed structure gives better 

fire protection due to its effectiveness in 

restricting heat transfer to substrate . In initial 

study of 400°C fire test, control char without 

fibre expanded the most, 543%, which is 6.43 

times of initial coating thickness (Jimenez et al., 

2006a, Chou et al., 2009). Similar finding was 

observed in the following experiment for 

control char since more air passages exist in the 

structure (Amir et al., 2011). Both chars were 

also brittle and crisp. 

 

Carbon fibre-reinforced char produced at 

800°C fire test followed the same characteristics 

earlier found at 400°C except that the fillings 

inside were softer (Amir et al., 2011). It had a 

denser structure than by glass fibre-reinforced 

and hybrid- carbon fibre and glass fibre 

reinforced coatings, respectively. Short fibre 

formulation developed a very dense char even 

though it expansion was the lowest. 

 

High temperature fillers (Amir et al., 

2011) were added into the formulations to form 

a compact microstructure in the charred layer 

(Chou et al., 2009) and stabilize the char 

(Bourbigot and Duquesne, 2007). Without 

additives or reinforcement, old intumescent 

coatings consisting APP/PER/MEL are known 

to produce a fluffier barrier of fire retardant, 

which is easily penetrated by fire (Chou et al., 

2009). The purposes of adding fibre are 

numerous (Hanafin and Bertrand, 2000), among 

them are to reinforce or strengthen the char 

formed from intumescent coating, and to 

improve the insulation of the coated substrate 

and durability of the char. 

 

Table 2 gives the physical characteristics 

of the chars produced from this study. C7P2 

contains commercial fibres (amorphous mineral 

fibre and high surface area alumina silica fibre) 

and at least other fifteen proprietary ingredients 

(Hanafin and Bertrand, 2000, Weil and 

Levchick, 2004). Char height of C7P2, known 

to have more than one type of fibre superseded 

RWP2_10 and CWP2_10 formulations. 

However, GWP2_10’s char expansion clearly 

doubled that of C7P2. The latter was soft on top 

as later inspection at its cross-section revealed a 

very huge void at the area suggesting substantial 

amount of gas released during fire, which 

promotes char growth. 

Table 2 Physical characteristic of the chars 

produced after 800°C fire test. 

 

T
es

t Char Physical Properties 

Growth Crispness Cell Structure Wt Loss  

C
7

P
2
 

257%; 

3.57X 

Soft on top but 

medium hard in 

the middle to 
bottom. 

One big void in the middle, 
beneath the top layer. Dense 

char formed from multiple thin 

layers stacked closely, 
horizontally. Small holes exist. 

Strong adhesion. 

74.3% 

G
W

P
2

_
1
0
 

567%; 
6.67X 

Very crisp. Hard 

at the top but 

brittle. 

Char structure consists of thin 
layers stacked horizontally and 

many air pockets of small to 

medium size exist. Little force 
used to remove from substrate. 

70.0% 

R
W

P
2
_
1

0
 

233%; 

3.33X 

Crisp. Hard on 

top but filling 
inside quite soft. 

The char is close-packed and 

very dense foam. Very few tiny 

holes were visible. However, 
partially detached at the edges. 

Poor adhesion to substrate. 

64.2% 

C
W

P
2
_
1

0
 

167%; 
2.67X 

Hard on the top 

part but brittle at 

the bottom  

The char is close-packed and 

very dense foam. However, the 
char adhesion to the substrate is 

the poorest as totally detached. 

60.1% 

 

Char’s cell structure of GWP2_10 was 

almost similar to the middle to bottom part of 

C7P2, which was quite densely packed. 

However, the former was quite brittle.  On 

contrary, RWP2_10 and CWP2_10 have very 

dense and close-packed structure determined to 

have hard top but quite soft fillings and brittle 

bottom, respectively. Photos of the chars can be 

referred at Figure 3(a)-(h). Weight of char 

reduced as compared to its coating. The greater 

is the weight loss the smaller is the available 

amount of materials to protect the substrate 

(Amir et al., 2011). Flame retarded wool fibres 

have been successfully applied with intumescent 

materials to develop flame retardant textiles 

(Horrocks and Davies, 2000, Horrocks et al., 

2005). 

 

In the present research, the new wool 

fibre-reinforced formulations had less weight 

loss and therefore produced more char or 

residue that refrain flame than the benchmark 

coating. Interestingly, RWP2_10 and CWP2_10 

coatings lost lesser than the previous fibre-

reinforced coatings, which the average was 70% 

(Amir et al., 2011). GWP2_10 experienced 70% 

weight loss, which could be explained by the 

formation of phosphorosilicate glass within the 

char that improves the insulation of the coated 

substrate and durability of the char.  

 

3.3 SEM Examination and EDX Analysis 

 

Figure 4 displays SEM micrographs of the 

Chartex 7 and newly formulated coatings and 
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(a) C7P2 char 

 
(b) C7P2 char cross-section 

 
(c) GWP2_10 char  

 
(d) GWP2_10 cross-section 

 
(e) RWP2_10 char 

 
(f) RWP2_10 cross-section 

 
(g) CWP2_10 char 

 
(h) CWP2_10 cross-section 

 

Figure 3 (a) – (h) The digital camera images of 

the chars after 800°C fire test and their 

respective cross-sections. 
 

their respective chars (top-view of horizontal 

cell layer) after fire test. Fibre orientation and 

dispersion were confirmed to be random 

attributed to low speed mixing. Fibre breakage 

was not an issue at this speed especially with 

very viscous formulations. 

 

It was reported the SEM study on burnt 

(char) intumescent fire retardant coating (IFRC) 

revealed a more porous structure and fluffier 

than the un-burnt IFRC (coating) due to the fact 

that non-flammable gases puff out the char layer 

during burning (Bisby, 2003), which is also 

observed in Figure 4(a)-(h). 

 

The fibre content is 0.4% by weight of 

total mixture, which is in the lower range of 

what recommended (Langer, 1996). Yet, the 

1:80 fibres to epoxy weight ratio is much less 

than 1:40 to 1:15 suggested (Hanafin and 

Bertrand, 2000). 

 

It is unclear however, to distinguish short 

fibres; amorphous mineral wool fibre and 

Al2O3/SiO2 ceramic fibre, in C7P2 coating SEM 

micrograph, Figure 4(a). Inspection on the char 

however, revealed that while mineral wool 

might have degraded to a different species i.e. 

phosphorosilicate glass, the ceramic fibres were 

intact after fire, Figure 4(b). 

 

In the previous report (Amir et al., 2011), 

glass fibres were found randomly dispersed but 

in many areas, binders flooded the other 

constituents, made the blend inhomogeneous. 

Carbon fibre reinforced formulations on the 

other hand, possessed a well mixed composition 

where carbon fibres were embedded inside and 

therefore the after burnt SEM image showed a 

dense and crowded char (Chou et al., 2009). The 

chopped fibre strands were degraded at lower 

temperature. Sharp-needle-like feature covered 

the surface of the fibre, which makes it 

ineffective to strengthen the char. 

 

Glass wool fibre, which is the biggest as 

it average diameter was observed around 

17.3µm developed much crowded and dense 

char structure (Figure 4(d)) when compared to 

Rockwool fibre of around 4.7µm in Figure 4(f). 

However, ceramic wool fibre with the smallest 

diameter of around 2.8µm proved to produce 

dense cell structure both macroscopically and 

microscopically. 

 

This allows for a hypothesis that medium 

to big average diameter size of a fibre, which 

also form glass-like species at high temperature, 

the bigger fibre tends to promote more char and 

therefore denser cell structure. On contrary, 

smaller diameter fibre, typically less than 3µm 

which is also highly fire resistant produces more 

close-packed structure, Figure 4(h). 

 

Figure 5(a)-(d) exhibits glass fibre 

condition in all chars of 800°C fire test, 

respectively. Previously, glass fibre at 400°C 

test maintained its form when compared to the 

un-burnt one but substantially degraded in the 

higher temperature test, showing flower buds 

growing and covering the surface and thus 

rendered a reduced strength (Amir et al., 2011). 

Carbon fibres were found to maintain their form 

in elevated temperatures up to 800°C that help 

to retain char strength (Amir et al., 2011). Fire 

resistant fibres assisted in providing the strength 

to the char as proven in the crispness test. 
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 (a) Fibres randomly distributed in C7P2. 

 
(c) Glass wool long fibres in GWP2_10. 

 
(e) Rockwool long fibres at random in RWP2_10. 

 
(g) Ceramic wool fibre in CWP2_10. 

 
(b) C7P2 800°C char. 

 
(d) GWP2_10 800°C char. 

 
(f) RWP2_10 800°C char. 

 
(h) CWP2_10 800°C char. 

Figure 4 (a) – (h)  Top-view SEM micrographs of the coatings and their respective chars after 800°C fire tests at 100X 

magnification. 
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(a) Al2O2/SiO3 fibre in C7P2 undeformed, 3.13k X. 

  
(b) Glass wool fibre highly deformed, 1.0k X. 

  
(c) Rockwool fibre developed triangle crystals, 3.0k X. 

 
(d) Ceramic fibre undeformed in CWP2_10, 2.88k X. 

 

These include Al2O3/SiO2 ceramic fibre in 

C7P2, Figure 5(a) and ceramic wool fibre in 

CWP2_10, Figure 5(d). Glass wool fibre in 

Figure 5(b) also displayed the same glass 

crystals at high temperature fire. It was not 

expected that Rockwool fibre also crystallized 

at this temperature but Figure 5(c) was obvious 

with formation triangle-shaped crystals. 

 

3.4 XRD 

 

XRD is a powerful characterizing tool for 

carbonaceous materials (Zhou, 2008). Its 

analysis is normally used as materials 

characterization and phase analysis 

determination of crystallite size. Analysing 

major peak in the 2-Theta-scale reveals the 

compound, which exists in these formulations. 

It was found that in combustion of IFR 

polypropylene composites, different groups may 

appear in different layers of chars i.e. isotropic 

turbostatic carbon at peak 23.5° was assigned to 

outer layer, graphite in the middle and 

undegraded composite inner char (Zhou, 2008). 

 

In the previous study (Amir et al., 2011), 

it was assumed that all samples were taken from 

the same location, and then their major peaks 

were examined. Major peak for most 

formulations was determined to be at 2θ=24.5° 

of boron phosphate (BPO4), where it is known 

to impart great fire retardant properties (Jimenez 

et al., 2006a, Bourbigot and Duquesne, 2007). 

The shift of major peak for the best carbon 

fibre-reinforced formulation to 2θ=28° was 

equated to acid boric or Sassolite, H3BO3. The 

effectiveness of H3BO3 to provide adhesion and 

good mechanical resistance properties has been 

experimented (Jimenez et al., 2006a). 

 

This supports the result of high 

expansion, homogenous and strong char 

produced as H3BO3 content was doubled and 

reacted positively with char-forming carbon 

fibre in the formulation. The formation of 

H3BO3 that has been shown due to dehydration 

to facilitate the formation of B2O3, ‘glass-like’ 

material which increases the viscosity and 

prevent the gaseous decomposition products 

escaping to feed the flame (Jimenez et al., 

2006a). Other group found at peak 15° was 

referred to magnesium hydrate as maybe 

derived from talc. Other peaks shown at 2θ=10° 

and 40° were assigned to SiO2 and magnesium 

silicon respectively. 

 

Figure 6(a) and (b) below show the XRD 

plots for C7P2 and RWP2_10 chars, 

respectively. Similar patterns were observed 
Figure 5 (a) – (d) Top-view SEM micrographs close-up 

of the fibres in 800°C chars at different magnification. 
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indicating identical compounds developed 

throughout the fire test and thus performing 

comparable functions i.e. strengthen the char. 

Among the peaks were at 2θ=15°, 24.5° and 28° 

referred to magnesium aluminium hydroxide, 

BPO4 and maleimide. The different prevailed as 

Chartex 7 generated extra peak at 40° for 

carbon. 

 

 
(a) 

 
(b) 

Figure 6 XRD curves for 800°C chars; (a) C7P2 

(b) RWP2_10. 

 

4. CONCLUSION 

 

Three new wool-fibre-reinforced and one 

benchmark intumescent coating formulations 

were successfully developed and fire tested until 

800°C. Char expansion ranged from 167% 2.67 

times the original coating thickness to 567% or 

6.67 times. Weight of char reduced as compared 

to its coating. The greater is the weight loss the 

smaller is the available amount of materials to 

protect the substrate. Flame retarded wool fibres 

have been successfully applied with intumescent 

materials to develop flame retardant coatings. 

 

Two aspects of drying were studied; time 

taken to reach ‘hard’ coating and time taken to 

fully dry as determined at weight equilibrium. 

The wool-fibre reinforced coatings harden in 

two days compared to Chartex 7 in two weeks. 

In the first eight days of study, C7P2 lost the 

most weight followed by RWP2_10, CWP2_10 

and GWP2_10. As more measurements were 

taken, it is confirmed that the commercial 

coating is fully dried after 44 days. Whereas, 

better performance was shown by the wool 

fibre-reinforced coatings for instances the 

RWP2_10 and CWP2_10 got fully dried in 36 

and 29 days, respectively. 

 

TGA analysis suggested distinctive 

double steps, which could be grouped as low 

temperature decomposition and high 

temperature decomposition at approximately 

170°C and above 350°C, respectively. It was 

found the commercial coating had the lowest 

amount and therefore their rank as in inclining 

trend is; C7P2<GWP2<CWP2<RWP2. Wool 

fibre reinforced coatings also have more 

complex curves i.e. more peaks and valleys than 

C7P2. This helps to accommodate severe heat 

and forces from fire. 

 

SEM images showed fire resistant fibres 

assisted in providing the strength to the char as 

proven in the crispness test. These include 

Al2O3/SiO2 ceramic fibre in C7P2, and ceramic 

wool fibre in CWP2_10. Glass wool fibre also 

displayed the same glass crystals at high 

temperature fire. It was not expected that 

Rockwool fibre also crystallized at this 

temperature but was obvious with formation 

triangle-shaped crystals. 

 

Hypothesis was created that for medium 

to big average diameter size of a fibre, which 

also form glass-like species at high temperature, 

the bigger fibre (glass wool fibre) tends to 

promote more char and therefore denser cell 

structure. On contrary, smaller diameter fibre, 

typically less than 3µm which is also highly fire 

resistant (ceramic fibre and ceramic wool fibre) 

produces more close-packed structure. 

 

Similar patterns were observed in XRD 

curves for all samples suggesting identical 

compounds developed throughout the fire test 

and thus performing comparable functions i.e. 

strengthen the char. Among the peaks were at 

2θ=15°, 24.5° and 28° referred to magnesium 

aluminium hydroxide, BPO4 and maleimide. 

The different prevailed as Chartex 7 generated 

extra major peak at 40° for carbon indicating 

extra strength factor. 

15° 

15° 

24.5° 

24.5° 

28° 

40° 

28° 

40° 
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ABSTRACT 

 

This paper presents wear characterization in 

diesel engine using Ferrographic Technique 

(FT). FT is a microscopic analysis to identify 

the presence of material composition by 

characterizing particles concentration, type, 

size, distribution, and morphology. This 

technique is part of a Predictive Maintenance 

(PdM) program to avoid a major failure in 

machine systems. Transmission fluid samples 

were collected from intercity bus and analyzed 

using Ferrogram Maker (FM-III). Collected 

articles were subsequently characterized by 

optical microscopy. From the Predict Table, the 

types of wear were then identified.  Through 

FT, the need to open the machine components 

can be avoided and at the same time the 

Preventive Maintenance (PM) can be arranged. 

 

Keywords: Wear, Predictive Maintenance, 

Preventive Maintenance. Corrosion, Black 

oxide,  

 

1. INTRODUCTION 
 

The diesel engine has been the engine of choice 

for heavy-duty applications in agriculture, 

construction, heavy industries, and on-highway 

transport for over 50 years (Gerpen, 2004). 

Comparing to automatic, manual transmission 

control represents one of the key elements for 

the improvement of vehicle safety, comfort, 

reliability and driving performances together 

with the reduction of fuel consumption and 

emissions in modern vehicles. In order to 

predict and overcome the wear related damage 

progression in gear transmission systems, 

various condition monitoring techniques have 

been developed in the past two decades, which 

include vibration, acoustic emission, oil/wear 

and sound analysis (Amarnath et al, 2008).  

Ferrography Technique (FT) is a method 

where particles will separate on a glass slide 

based on the interaction between an external 

magnetic field and the magnetic of the particles 

suspended in a flow stream. By determining the 

number, shape, size, texture and composition of 

particles on the ferrogram, the origin, 

mechanism and level of wear can be estimated, 

predicted and diagnosed.  

This technique was described in details by 

previous researchers (Seifert and Wescott, 1972; 

Bowen et al, 1976). However, a complete and 

general evaluation of the wear processes, 

together with the analysis of their time evolution 

will depend on the possibility of a good 

correlation between the density and size 

distribution of wear particles precipitated on the 

ferrograms and the actual wear conditions of 

mechanical components (Jones, 1979). 

Ferrographic analysis of lubricating oils 

allows the wear elements to be evaluated and 

gives the possibility that an effective diagnosis 

of the wear condition can be performed. In the 

study of a closed loop dynamic system, Levi 

and Eliaz (2009) claim that a reliable procedure 

was developed for condition monitoring of an 

open-loop oil system, based mainly on 

Analytical Ferrography.  

In this current research, oil analysis by FT 

has been used to identify the presence of 

material composition. This investigation was 

conducted on a series of manual transmission 

diesel engine with the purpose of correlating 

ferrographic results with the actual wear 

conditions and compare wear evolution in a 

gearbox of the same type.  

 

2. METHODOLOGY 

 

Sample Preparation 

In this study, oil samples of transmission 

fluid were collected from Klang Banting bus 

operator. This transmission fluid was taken from 

manual gearbox of diesel engine maker by 

Daewoo. The transmission fluid was GL5SAE 

85W/140, manufactured and supplied by 

Petronas Malaysia. As recommended by the 

manufacture, this transmission fluid need to be 
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changed after 5000km distance for a new bus 

and followed subsequently for every 50,000km 

in regular service. The samples were collected 

from the oil sum and kept in clean bottles. For 

this study, 20 samples were taken from different 

busses but with the same model of gearbox and 

used for intercity services.   

 

Ferrogram Test 

 

Ferrographic test was conducted using 

Ferrogram Maker (FM-III) as shown in Figure 

1. The test was conducted by choosing the 

automatic cycle button from the front panel. 

Once button was pressed, the flow of liquid was 

initiated across the ferrogram at a controlled 

rate, followed by a rinse and drying cycle.  

Before that, the sample was preheated to 

65
o
C ± 5

o
 C in the oven. A sample was prepared 

by mixing 3 ml of transmission oil with 3 ml of 

n-Heptane. The sample was mix thoroughly 

using a shaker machine.  After that the sample 

was run on the FM-III machine.  When the test 

completed, the glass slide was removed for 

further analysis using an optical microscope 

(Olympus BX51M) as shown Fig. 2. 

  

  
                  (a) 

                                       
    (b)  

Figure 1  (a) FM-III Ferrogram Maker and 

               (b)Ferrogram Slide 
 

 
Figure 2 Optical Microscope for Image Analysis 

 

The particles wear profiles obtained from the 

ferrographic test were later compared to the 

typical wear profiles provided by Predict Chart. 

Table 1 summarizes the type of wear profiles 

based on the microscope magnification as 

provided by Predict Chart. 

 

Table 1 Summary of Typical Ferrographic Wear 

Particle Profiles at Different 

Microscope Magnification 
Magnification Typical Ferrographic Wear 

Particle 

100X  Dust/dirt 

 Copper Alloy Particles 

 Corrosive wear 

 Fibers 
 

400X  Case hardened and low 

alloy steel Particle 

 Molybdenum Disulfide 
 

500X  Normal rubbing wear 

 Severe sliding wear 

 Cutting wear 

 Aluminium particle 

 Lead/ Tin  Babbit 
 

1000X  Gear wear 

 Bearing Wear 

 Spheres 

 Black oxides 

 Red Oxides 

 Break in Wear 
 

 

 

3. RESULT AND DISCUSSION 

 

The results of the 20 oil samples obtained 

were categorized into 5 groups based on 

millage: 5,000km (2 samples); 50,000km (4 

samples); 100,000km (5 samples); 150,000km 

(5 samples); and 200,000km (4 samples).  

Selected results of wear particles profiles are 

shown in Fig 3 to Fig. 6 for different 

microscope magnifications.  The type of wear 

particle profiles were then identified and 

compared to the Predict chart. 

Black oxides, as observed in Fig. 3, were 

also found in all groups of millage. This type of 

wear was believed due too insufficient lubricant 

and excessive heat during particle generation as 

suggested by Predict chart. In Fig. 4, corrosive 

wear particles which caused by oil additive 

depletion were typical in most results for 50k, 

100k and 150k millage. This corrosive wear 

particle was observed at the end of the glass 

slide consistent with the Predict Chart. 
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Figure 3 Image of black oxides wear by 

magnification of 500X at mileage 6024km 

 

   
Figure 4: Image of corrosive wear magnification of 

100X at mileage 51101km  

 

 
Figure 5:  Image of normal rubbing wear by 

magnification of 500X at mileage 102187km 
 

 
Figure 6: Image of red oxides by magnification of 

500X at mileage 203069km 

 

In 500X magnification for 100K and 150K 

milleage, rubbing wear was also observed as 

shown in Fig 5. This type of wear was 

characgterized by flat platelets with size less 

than 15 microns in major dimensions.  In 

literatures, rubbing wear is common in machine 

systems.  

In Fig. 6, red oxides were observed under 

the 500X magnification. These red oxides were 

found to exist in all groups of mileage. It is 

suspected that this is due to in consistent 

operating environment conditions in Malaysia. 

Red oxides are resulting from the final reaction 

product of iron and oxygen at room temperature 

which indicate moisture in the poor lubrication 

system (Bharat, 2002). 

From the observations in this study, wear 

particles from cutting wear, gear wear, break-in 

wear and dust/dirt particle were not found. 

Summary of all the results for 20 samples were 

tabulated in at Table 2. 

  

Table 7 Wear Particles profiles at various 

mileage 

 Millage (km) 

5K 50K 100K 150K 200K 

W
ea

r 
P

ar
ti

cl
e 

Dust/dirt N N  N  N  N  

Copper alloy N  N  N  N  N  

Corrosive Y Y Y Y N 

Gear N N N N N 

High particles 
concentration 

N Y N Y N 

Spheres N N N N N 

Black Oxides Y Y Y N Y 

Red Oxides N Y Y N Y 

Normal 

Rubbing 
N N Y Y Y 

 

 

4. CONCLUSION  

 

Ferrogram technique has been deployed to 

analyzed 20 samples of transmission oil at 

various mileages in Diesel engine. From the 

microscopic evaluation, four types of wear 

particle profiles were observed: (1) Black 

oxides, (2) corrosive wear, (3) rubbing wear, 

and (4) red oxides.  Other types of wear particle 

profiles such as cutting wear, gear wear, break-

in wear and dust/dirt particle were not found. 

For comprehensive evaluation, further tests can 
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be explored such as Scanning Electron 

Microscope (SEM) and SEM-EDX for detection 

of elements; Fourier Transform–Infra Red 

(FTIR) for detection of the organic compound; 

and Spectroscopy for identification metal 

compound.   

Further tests are required such as, Scanning 

Electron Microscope (SEM) and SEM-EDX for 

detection of elements; Fourier Transform –Infra 

Red (FTIR) to analyse attendance of the organic 

compound and spectroscopy analysis for 

identified metal compound.   
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