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ABSTRACT 
 

Production of friction particulate ceramic matrix composites (PCMCs) by powder metallurgy method was carried out using 

iron 105 μm millscale, 50 μm silica sand, 80 μm magnesia and 53 μm bentonite clay as input materials. Different formulation 

of the blend of these materials were prepared and the composites were produced. Microstructural, water absorption, and 

mechanical characterisation were determined using standardised methods. The ceramic composites exhibited very good 

properties in terms of density, water absorption, hardness, compressive strength, shear strength and impact energy. The specific 

values of these properties exhibited by sample D in terms of density (1.87 g/cm3), water absorption (0.3 %) indicating reduced 

pores/voids, hardness (147.09 BHN), compressive strength (156.45 MPa), shear strength (5.97 MPa) and impact energy (7.62 

J) are desirable. The uniform dispersion of the particles as observed in the microstructure and strong bonding/adhesion 

contributed to the enhancement of the properties. These results compared favourably well with that of conventional automobiles 

brake pads which is an indication that the composites are very suitable for application as automobiles brake pads. 
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1. INTRODUCTION 
 

The development and application of automobiles brake pads are dated back to over ten decades ago. 

Asbestos, metals, ceramics and organic materials are usually the major components of brake pads. 

Asbestos is a human carcinogen which causes cancer. Due to the detrimental effect of asbestos to the 

human health, its use has been highly restricted or baned in many parts of the world. This has led to the 

development of asbestos-free brake pads. 

Brake pads are vital components of the brake system of automobiles. They are fixed to steel backing 

plates with the pads facing the brake disc. When the brake is applied, the pads are forced outward and 

pressed against the discs to effect speed reduction or stoppage of vehicles. 

 

Brake pads are usually tested to ascertain the characteristics or properties that make them to be suitable 

for the intended application. Composite brake pads are frequently tested for mechanical properties 

before friction and wear testing. Amongst the major parameters to be determined usually include 

hardness, toughness, specific gravity, compressive strength, shear strength, oil absorption and water 

absorption [1]. For effective/optimal performance, brake pads should have low moisture sensitivity, low 

shrinkage, adequate mechanical strength, good bonding to the backing plate among other properties [2]. 

 

Safety and comfort are the two major sought-after values by operators and passengers in automobiles. 

However, safety is often threatened when brake pads of automobiles are made from low quality materials 

which do not exhibit the desirable mechanical properties, thermal stability and wear resistance. One of 

the reasons why automobiles brakes experience failure is due to the heat generated during braking 

causing adiabatic heating of the brake pads which reduces braking efficiency. Accumulated heat within 

the brake system usually causes gradual thermal expansion and composition debonding of the brake 
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pads resulting in impaired structural integrity and loss of friction. Further, these conditions aggravate 

the rate of wear of the brake pads surfaces which reduces its arresting capability resulting in brake-

failure. The combination of these dysfunctional occurrences usually have adverse effect on brake pads 

in terms of performance and durability. Hence, the need to develop materials that will exhibit desirable 

physical, mechanical, thermal and tribological properties. 

 

In an attempt to solve these problems, different materials have been used to develop brake pads. Among 

the materials used are: maize husks – MH [3], cocoa beans shells – CBS [4], palm kernel shells – PKS 

[5] etc. These materials have some characteristics that make them qualify as potential materials for use 

in the development of brake pads [6, 7, 8]. Composite brake pads have been successfully used in 

automobiles as replacement for asbestos brake pads. This is as a result of the desirable physical, 

mechanical, thermal and tribological properties which they exhibit. Composites are multiple phase 

materials produced through combination of different materials in order to obtain properties that the 

individual components do not possess. The complexity of brake systems is the reason why brake pads 

are no longer composed of monolithic materials. Composite friction materials can be moulded into 

shaped linings, friction blocks, and pads depending on the brake system in use. The effectiveness of the 

brakes depends to a large extent on the quality and composition of the brake pads [9, 10].  

 

The use of locally available materials for production of brake pads for automobiles use is being 

encouraged because some of these materials possess desirable functional properties coupled with 

environmental friendliness, and their use can also subsidize price. This work is aimed at producing a 

friction composite material by powder metallurgy method using locally available materials such as iron 

millscale, silica sand, magnesia and bentonite clay for application as automobiles brake pad taking into 

consideration cost, durability and environmental implication.  

 

2. EXPERIMENTAL 

 

2.1. Materials 

Iron millscale, silica sand, magnesia, and bentonite are the materials used and were all obtained in 

Nigeria. The photographs of these materials and their chemical composition determined by X-ray 

fluorescence are shown in Figure 1 and Table 1 respectively. 

 

 
 

Figure 1. Photographs of input materials (a) 105 µm iron millscale particles, (b) 53 µm bentonite clay particles, 

(c) 80 µm magnesia particles, (d) 50 µm silica sand particles. 
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Table 1. Composition of the input materials by weight percent 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

L.O.I = Loss on ignition 

 

2.2. Composite Samples Production  

 

The as-received silica sand and iron millscale were ground by using a pulverizer and manually sieved 

to 50 μm and 105 μm particle sizes respectively using British standard sieves (BSS). These materials 

were manually blended with 80 μm magnesia and 53 μm bentonite according to the formulation 

presented in Table 2 to obtained many formulations of samples A, B, C, D and E. Appropriate quantity 

of water was added to each blend. Thereafter, each of the wet-mixed blends was poured into the 

fabricated metallic mould and compacted at 0.33 MPa using a presser. An engine oil (Mobil XHP) was 

applied on the inner part of the mould to facilitate an easy removal of the of the samples from the mould. 

The samples were sun dried (30-320 C) for 24 hours in an oven at 1100 C for 24 hours to ensure complete 

removal of water from the samples. A muffle furnace pre-set at heating rate of 100 C/min was used to 

sinter the samples at 12000 C. After 3 hours of sintering, the samples were removed and cooled at room 

temperature. This is to enhance bonding of the particles for properties enhancement. This production 

process is similar to the one employed by [11]. The photographs of some of the composite samples and 

brake pads produced are shown in Figure 2. 
 

Table 2. Materials formulation in weight percent (wt. %) 

 

 

 

 

 

 

 

 

 

 

 

Compounds Amount (wt. %) 

 Iron 

Millscale 

Silica Magnesia Bentonite 

FeO 69.57   0.04 - - 

Fe2O3 24.08   0.16 -   3.89 

Fe3O4   6.06    0.001 - - 

SiO2   0.02 99.52   0.01 63.57 

MgO   0.03   0.02 99.94  2.64 

CaO   0.19   0.03   0.02  1.33 

MnO   0.03   0.02 - - 

Al2O3   0.02    0.19 - 25.63 

Na2O -    0.006 -   2.31 

K2O -    0.004 -   0.51 

TiO2 - - -   0.12 

L.O.I -    0.001 0.03 - 

Sample Iron millscale 

(wt. %) 

Silica 

(wt. %) 

Magnesia 

(wt. %) 

Bentonite 

(wt. %) 

Total 

(wt. %) 

A 0 5 15 80 100 

B 4 5 15 76 100 

C 8 5 15 72 100 

D 12 5 15 68 100 

E 16 5 15 64 100 
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Figure 2a. Photograph of some of the composite samples produced. 

 

 
 

Figure 2b. Photograph of some of the composite samples produced. 

 

 
 

Figure 2c. Photograph of two samples of composite brake pads produced. 

 

2.3. Properties Characterisation 

The microstructural examination of the samples was done with the aid of a scanning electron microscope 

(SEM). Archimedes’ principle was used to determine the density of the samples at room temperature. 

The mass of the samples in air was measured and then submerged in water. Their densities were then 

determined based on buoyancy of water using Equation 1 which was earlier adopted by [4, 11].  

 

                                                    Density (ρ) = 
Mass (g)

Volume (cm)3                                                                      1 

 

To determine the water absorption of the samples, their initial weight (W1) was measured after which 

they were submerged in water in a beaker and reweighed (W2) after soaking in water for two days. The 

water absorption (WA) of the composite was determined in accordance with ISO 175:1999 (E) standard 

using Equation 2 which was also earlier adopted by [12, 13]. 
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                                                     WA(%) =
W2−W1

W1
 x 100                                                                                2 

 

Determination of the samples’ hardness was carried out in accordance with ASTM E10 standard. The 

compressive strength of the samples was determined according to ASTM D695 standard using an Instron 

universal tester. The shear strength of the samples was also determined according to ASTM D7078 

standard using the same Instron universal tester while an Izod impact tester was used to determine the 

impact energy according ASTM D256 standard. 

 

3. RESULTS AND DISCUSSION 

 

3.1. Microstructure of the Samples 

As presented in Figures 3 – 7, the micrographs revealed that there was inhomogeneity in the 

microstructure of the samples as particles appeared in dendritic and oval shapes while the energy-

dispersive X-ray spectroscopy (EDS) spectra revealed the elemental composition of the samples. There 

was presence of O, Si, Al, Mg and Ca in sample A while samples B, C, D and E also contained these 

elements and Fe (iron) inclusive. Some of the EDS spectra also revealed that there were some phases 

that could not be distinguished which indicated that other elements were present in traces. The whitish 

spots in the microstructure were likely MgO phase from the magnesia while the dark spots were likely 

FeO phase from the millscale. The ash coloured needle-like portions were likely the mullite 

(3Al2O3•2SiO2) phases which is a highly crystalline ceramic compound from bentonite-silica mixture 

and the gray mixed with whitish spots are likely the spinel phase formed during sintering of the samples. 

The micrographs in Figures 4 – 7 showed that the FeO was well dispersed in the microstructure with no 

obvious agglomeration. Microstructures also showed good adhesion of the particles as a result of 

sintering between the millscale particles and the matrix particles is observed. 

 

 
 

Figure 3. Micrograph and EDS spectrum of composite sample A. 
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Figure 4. Micrograph and EDS spectrum of composite sample B. 

 

 

 
 

Figure 5. Micrograph and EDS spectrum of composite sample C. 

 

 

 
Figure 6. Micrograph and EDS spectrum of composite sample D. 
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Figure 7. Micrograph and EDS spectrum of composite sample E. 

 

 

3.2. Density of the Composites 

 

There was a gradual increase in the density of the composites from 1.71 to 1.92 g/cm3 as illustrated in 

Figure 8. It was observed that the samples exhibited higher density as the concentration of iron millscale 

increased in the formulation (Table 2).  

 

 
 

Figure 8. Density of the composite samples. 

 

This characteristic was aided by effective bonding of iron millscale particles during sintering with the 

particles of other ceramic materials which caused strong interfacial bonding. This corroborated the 

maxim that iron based friction materials retain some particular properties among which is high density 

[14]. The increase in density was also due to the deposition of iron as a result of diffusion into the 

ceramic phase which agreed well with the result of iron infiltration in ceramics as reported during In-

situ TiC-Fe-Al2O3-TiAl/Ti3Al composite coating processing using centrifugal assisted combustion 

synthesis [15]. Conventional automobile brake pad has density of 1.89 g/cm3 [4] while the density range 

of the samples is 1.71 to 1.92 g/cm3 which is an indication that the density of the samples compares very 

well with that of the conventional brake pad. 
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3.3. Water Absorption 

 

The water absorption behaviour of the composites during immersion in water for a period of two days 

is illustrated in Figure 9. Water absorption could be detrimental to the physical and mechanical 

properties of materials [13]. Sample A exhibited the highest level of water absorption of 0.4 % while 

other samples exhibited water absorption level of 0.3 %. This is an indication of the presence of 

pores/voids in the microstructure that have been occupied by water [16]. This is also similar to the earlier 

report of [17].  

 

The range of water absorption exhibited by the composites is 0.3 – 0.4 % which is very low. The reason 

for the reduced water absorption capacity could be due to the adhesion of particles which led to decrease 

in porosity level [4]. The sintering of the materials at elevated temperature during production enhanced 

the bonding of the materials. The results obtained in this study compared favourably with water 

absorption level of conventional brake pad which is 0.9 % [4]. 

 
 

Figure 9. Water absorption of the composite samples 

 

 

3.4. Hardness of the Composites 

The hardness of materials implies resistance to indentation, permanent or plastic deformation. From the 

results shown in Figure 10, the hardness values of the samples are high. This is attributable to the 

presence of silica (SiO2), magnesia (MgO), alumina (Al2O3), FeO, Fe2O3, and CaO as shown by the X-

ray fluorescence analysis (Table 1). These are hard materials [18, 19] 

. 

The hardness value of sample A (control) which was not blended with iron millscale is 131.13 BHN 

while the other samples that were blended with iron millscale exhibited higher hardness than sample A. 

Sample D that was blended with 12 wt. % of iron millscale exhibited the highest hardness value of 

147.09 BHN. This indicates the ability of the blend of particles of the composites in enhancing the 

hardness of the composites. The uniform dispersion of the particles as observed in the microstructure 

and strong bonding/adhesion of particles must have also contributed to the enhancement of the hardness. 

The reduction observed in hardness beyond 12 wt.% of millscale addition may be due to improper 

dispersion of the filler in the matrix resulting to weak adhesion of particles. This is similar to the earlier 

report/postulation of [20]. 

 

The hardness value of automobiles commercial brake pad is 101 BHN [5]. The range of the hardness of 

the composites is 131.13 – 147.09 BHN. Sample D exhibited the highest hardness value of 147.09 BHN 
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which is 31 % higher than that of the conventional automobiles brake pad. This shows that the composite 

has the potential will perform well in service when used as brake pad. The results have also attested to 

the fact that ceramic materials usually exhibit very high hardness and compressive strength [21]. 

 
 

Figure 10. Hardness of the composites 

 

 

3.5. Compressive Strength of the Composites 

There was a gradual increase in the compressive strength of the composites from samples A – D as 

illustrated in Figure 11. The compressive strength value of sample A (control) which was not blended 

with iron millscale is 141.16 MPa while the other samples that were blended with iron millscale 

exhibited higher compressive strength than sample A. Sample D that was blended with 12 wt. % of iron 

millscale exhibited the highest compressive strength value of 156.45 MPa. The good distribution of the 

millscale as observed in the microstructure and strong adhesion (bonding) of the particles must have led 

to the improvement in the compressive strength and also enhanced the composite samples’ to prevent 

gross deformation. This is in agreement with the earlier report of Olabisi et al. [4]. 

 

It has been established by Randelovic et al. [22] that strong adhesion interfacial bonding improved the 

mechanical properties of composites. There was a decrease in the compressive strength of the composite 

sample E having more than 12 wt. % millscale addition. This could be as a result of weak adhesion of 

the particles of the materials. 

 

The average compressive strength of conventional automobiles brake pad is 110.07 MPa. The 

recommended range for brake materials is 70 – 125 MPa [5] while the range of compressive strength of 

composites obtained in this study is 141.16 – 156.45 MPa. The compressive strength of sample D is 

greater than that of conventional automobiles brake pad by 25 % which shows that the developed 

composites have the potential to perform well in service if used as brake pad. 
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Figure 11. Compressive strength of the composites. 

 

  

3.6. Shear Strength of the Composites 

There was a slight progressive increase in the shear strength of the composites from samples A – D as 

illustrated in Figure 12. Sample D exhibited the highest shear strength value of 5.97 MPa. The good 

distribution of the particles in the microstructure as illustrated in Figures 4 – 7 and their adhesion must 

have been responsible for enhancement of the shear strength of the samples. This agreed with the 

postulation that strong interfacial bonding between the filler and matrix increases the shear strength [9, 

22]. Weak interfacial bonding of the particles could be responsible for the decrease in the shear strength 

exhibited by sample E having more than 12 wt. % millscale addition. 

Conventional automobiles brake pad has shear strength value of 5.46 MPa [5]. The range of shear 

strength of the composites obtained in this study is 4.82 – 5.97 MPa. This is within the recommended 

value which is an indication that the developed composites have the potential of performing well in 

service if used as brake pads. 

 
 

Figure 12. Shear strength of the composites 
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3.7. Composites’ Impact Energy 

Energy absorbed by a material before fracture when subjected to rapid (impact) loading is its impact 

energy. As illustrated in Figure 13, there was a decrease in the impact energy of the samples from A -  

E. Sample A exhibited the highest impact energy (IE) of 8.03 J while IE of the composites with millscale 

addition decreased from samples B – E. The decrease in IE may be attributable to the hardness of the 

materials which imparted brittleness to the composites. 

 

During impact loading, the formation and propagation of cracks and micro-voids [23] within the 

composites led to the reduction in the impact energy.  

 

 
 

Figure 13. Impact energy of the composites 

 

4. CONCLUSION 

In this study, particulate ceramic matrix composites (PCMCs) have been developed via powder 

metallurgy method. The physical and mechanical properties of the composites were investigated. The 

ceramic composites exhibited very good properties in terms of density, water absorption, hardness, 

compressive strength, shear strength, and impact energy. The specific values of these properties 

exhibited by sample D in terms of density (1.87 g/cm3), water absorption (0.3 %), hardness (147.09 

BHN), compressive strength (156.45 MPa), shear strength (5.97 MPa) and impact energy (7.62 J) are 

desirable. These results compared favourably well with that of conventional automobiles brake pads 

which is an indication that the composites are very suitable for application as automobiles brake pads. 
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