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Abstract  

The quest for quality brake pads used by aircrafts and automobiles to ensure effectiveness 
and safety continues to attract attention. Hence, this study was carried out as part of global 
efforts at tackling the problem of low durability of these friction materials. Iron millscale 
(IMS) particles reinforced ceramic matrix composite (CMC) was developed by powder 
metallurgy method and characterised. The IMS particles addition varied from 5 – 30 wt. % in 
each CMC produced at different particles size distribution (106- 250 µm) using silica (SiO2), 
magnesia (MgO), and sodium bentonite as matrices. On the basis of close correlation 
between structure and property, the CMCs were subjected to physical, mechanical, and 
microstructural characterisation using X-ray Fluorescence (XRF), X-ray Diffraction (XRD,) 
and Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM/EDS). The 
composite exhibits desirable physical and mechanical properties in terms of density (2.97 
g/cm3), porosity (1.24 %), linear shrinkage (1.39 %), impact energy (43.07 J), and 
compressive strength (114.17 MN/m2). These values compare very well with the values of 
brake pads obtained in previous works and conventional/commercial brake pads indicating a 
potential for effective performance in service. 
 

Keywords: Iron millscale; Ceramic composite; Characterisation; Brake pads

 
1. Introduction 
     In an attempt to effect significant 
improvement in the functional characteristics 
of brake pads of aircrafts and automobiles, 
different materials have been used and this 
has resulted into the development of 
different types of brake pads [1-4]. However, 
these brake pads are still known to be 
plagued by performance related issues such 
as wear, thermal instability, warpage and low 
durability [5]. The quest for quality brake 
pads cannot be divorced from the 
development of appropriate advanced 
materials with superlative characteristics [6].   

 
This explains the reason why friction 
materials that are used in brake pad 
components are usually heterogeneous. They  
are meant to demonstrate improved wear 
resistance at low and high temperatures, 
rigidity, durability, and make less noise. 
Thus, during production, formulations are 
made by varying the weight percentages of 
the constituent materials in a manner that 
gives rise to an effective modification in the 
structure, physical and mechanical properties 
of the brake pad component [1].  
     The physical characterisation of a 
material is one of the scientific techniques 
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that is normally employed to investigate its 
intrinsic properties’ potential areas of 
application. The technique is also often used 
to isolate potent elements/compounds in a 
material for optimum utilisation. Such 
discovery is meant to guide the appropriate 
processing method to which the material is 
amendable and that will best induce its 
desirable characteristics. Thus, preliminary 
subjection of materials to relevant physical 
characterisation using appropriate 
technology is imperative. This is more 
germane when such materials are being 
considered for advanced applications.  
     Ceramic matrix composites dispersed 
with metallic particles are one of the 
promising materials for high performance 
applications under severe environment such 
as high temperature [7]. These materials 
offer the possibility of combining heat 
resistance, degradation resistance, and wear 
resistance due to the ceramic phase with 
mechanical strength and thermal 
conductivity provided by the metallic phase 
[8]. Thus ceramic metal composites (CMCs) 
are nowadays the candidates for functionally 
graded materials developed for their multiple 
functions at reduced cost [9]. They are used 
as functional components in brake assembly, 
jet fighters, furnace materials, energy 
conversion systems, gas turbines, heat 
engines, etc.  
     This paper focuses on the development, 
physical, and microstructural 
characterisation of iron millscale reinforced 
hybrid ceramic composite with a view of 
determining its suitability for aircraft brake 
pad application.  
 
2. Methodology 

2.1. Materials  

     The reinforcement material used in this 
study is iron millscale particles while the 
hybrid matrices are silica sand, magnesia, 
and bentonite clay. Iron millscale particles 
were sourced from Universal Steel Nigeria 
Limited located in Ogba, Lagos. Silica sand 
was obtained from the beach of the Lagos 

Atlantic Ocean (bar beach). Magnesia and 
bentonite clay powders were obtained from a 
local vendor within the chemicals supplier 
trade group registered in Nigeria but were 
manufactured in China and Wyoming, USA 
respectively. 
 

2.2. Materials characterisation 

     The elemental composition and phases 
present in the materials were determined 
using an X-ray Fluorescence (XRF) 
spectrometer (model, ARL9400XP+ 
Thermo, Switzerland) and an X-ray 
Diffractometer (model GBC Enhanced 
Material Analyser, Australia) respectively. 

 

2.3. Hybrid ceramic composites production 

2.3.1. Materials milling and blending 

     Iron millscale was milled using a steel ball 
mill (model A50 43, Mashine, France) and 
sieved to particles size distribution 106-250 
µm using standardised sieves (BSS). The 
matrix containing 212 µm silica sand, 53 µm 
magnesia, and 15 µm bentonite was 
separately mixed with the iron millscale and 
clean water amounting to 12 wt. % of the 
total mixture was added. By manual mixing, 
a uniform distribution of reinforcement 
particles in the matrix blend was achieved 
and 80 g the wet blended materials were fed 
into metallic moulds (Table 1).  

 

 

2.3.2. Compaction 

     The Green samples were obtained by 
uniaxial cold pressing (330 KN/m2) using a 
hydraulic press (Capacity 100T, Type P100 
EH, Model No. 38280, Weber Hydraulik, 
Germany) to enhance surface smoothness of 
the samples. Little lubricant was rubbed on 
the inner part of the moulds as a releasing 
agent for easy discharge of the samples from 
the moulds after compaction. 
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2.3.3. Drying and sintering 

     The samples were dried in open air for 3 
days, followed by drying under a controlled 
humidity using an oven dryer at 1100 C for 
24 hours to expel any moisture left in the 
composite and to avoid cracking during 
sintering. In order to facilitate the bonding of 
powder particles (vitrification), the 
compacted samples were gradually heated to 
temperatures below the melting point of the 
materials but high enough to develop 
significant solid state diffusion. Sintering 
was carried out in a heat treatment furnace 
pre-set at heating rate of 100 C/min in the 
following sequence: (i) heating to 8000 C and 
allowed to soak for 3 hours, (ii) heating to 
12000 C and allowed to soak for 3 hours, and 
(iii) finally heating to 13500 C and allowed to 
soak for 3 hours. The samples were removed 
from the furnace and allowed to cool after 
which they were characterised. The picture 
of few of the produced ceramic composites is 
presented (Fig. 1).  

 

2.4. Properties evaluation tests 

2.4.1. Microstructure   

     The microstructure and the chemical 
compositions of the phases present in the test 
samples were examined using an ASPEX 
3020 model variable pressure scanning 
electron microscope (SEM) equipped with 
Noran-Voyager energy dispersive X-ray 
spectroscope (EDS). The samples to be 
observed under the SEM were mounted on a 
conductive carbon imprint left by the 
adhesive tape prepared by placing the 
samples on the circular holder and coated for 
five minutes to enable it conduct electricity. 
The samples were analysed at an 
accelerating voltage of 15 kV for the energy 
dispersive X-ray spectroscopy. 
 
2.4.2. Density 

     Weights of the samples in air were 
measured with an analytical balance and 
their weights in water were measured with a 
suspension kit and measuring cylinder at 
room temperature. The densities of the 
sintered samples were determined by 
Archimedes’ principle based on buoyancy of 
water as follows:  

                      (1) 

 

2.4.3. Porosity  

     This is a physical test which shows the 
level at which the composites absorb 
solvents when placed in such environments. 
The weight (W1) of the fired samples was 
recorded using a digital balance. The 
samples were then suspended in distilled 
water boiled to 1000 C on a hot plate for 1 
hour after which they were removed and 
quickly soaked in cold water for about 30 
minutes and the suspended weight in cold 
water (W2) was recorded. The samples were 
then removed from cold water gently, 
cleaned with a wet towel and the weight 
(W3) was recorded. The apparent porosity of 
the samples was determined as follows: 

                           (2) 

Where: 
Pa = apparent porosity 
W1 = weight of fired samples 
W2 = weight in cold water 
W3 = weight in air 
 
 

2.4.4. Linear shrinkage 

     After moulding, the length of the green 
(fresh) sample was measured and recorded as 
L0 and the length of the fired sample L1 was 
measured and recorded. The linear shrinkage 
was determined as follows: 

                           (3) 

where: 
LS = Linear Shrinkage 
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L0 = length of the green (fresh) sample (mm) 
L1 = length of the fired sample (mm) 
 

2.4.5. Impact energy 

     Impact energy test was carried out in 
accordance with ASTM D790 standard for 
which samples were prepared to size of 55 
mm x 10 mm x 10 mm with a 2 mm deep V-
notch at the center of the specimens. Each 
sample was clamped vertically with the 
notch facing the striker and the striker 
swings downwards impacting the sample at 
the bottom of its swing. Each sample was 
subjected to horizontal impact loading using 
an Izod impact tester under a striking 
pendulum velocity of 5 ms-1 from a height of 
1.3 m. The energy absorbed to fracture each 
specimen was read off from the instrument’s 
dynamometer. 
      
 

2.4.6 Compressive strength 

     Compressive strength test was carried out 
on the samples having dimension 12.7 mm x 
12.7 mm x 25.4 mm in accordance with 
ASTM D695 standard. Each of the samples 
was subjected to uniaxial compressive 
loading until the sample breaks and the 
strength is recorded using universal testing 
machine (UTM), Instron Model 3369, 
System No. 3369K1781, maximum speed 
500 mm/min. 
 
 
3. Results and discussion 

3.1. Composition and phases 

     The XRF (Table 2) analysis of the 
millscale particles shows that wustite (FeO) 
has the highest concentration (wt. %) 
followed by hematite (Fe2O3) and magnetite 
(Fe3O4). The XRD (Fig. 2) spectra reveals 
that wustite (FeO), hematite (Fe2O3), and 
magnetite (Fe3O4) are the major 
mineralogical phases present in the millscale 
particles. The oxides exhibit characteristics 
peaks at various Bragg’s angles where FeO 

peak demonstrates the highest intensity of 
1500 counts at about 42°.  
     Iron millscale is a generic oxide 
consisting of FeO, Fe2O3 and Fe3O4 in 
differing proportions. FeO has the largest 
amount (69 wt. %) of the oxides in millscale 
and it is the closest to the equilibrium state. 
This implies that FeO is the most active 
oxide and will invariably exert profound 
influence on the physical and mechanical 
behaviours of millscale. Considering the 
characteristic high heat conductivity of iron 
(80.4 Wm-1.K-1), iron millscale as a 
component in a brake pad could be a 
potential heat dissipating material which 
could prevent possible adiabatic heating 
within the brake assembly thereby 
preventing heat build-up that could cause 
warpage of brake pad in operation which is 
not desirable. 
     SiO2 (Table 3) is the major compound 
present while other compounds such as 
alumina (Al2O3), iron (iii) oxide (Fe2O3), 
magnesia (MgO), and calcium oxide (CaO) 
etc are in traces. The XRD spectra (Fig. 3) 
shows that silica sand particles exhibit 
characteristics peaks at various Bragg’s 
angles. It is also observed that haematite 
(Fe2O3) and calcium oxide (CaO) peaks have 
broadly lower intensities compared to the 
silica peak. Silica sand particles exhibit 
characteristics peaks at various Bragg’s 
angles with the crystalline silica peak at 260 

having the highest intensity (700 counts) 
followed by alumina (Al2O3) with intensity 
of 160 counts. As established by [10], silica 
is the major mineralogical phase in the 
diffraction spectra while other compounds 
have broadly lower intensities.  
     Silica is a chemically inert and hard 
material with low density, 2.65 g/cm³ and 
high melting point (16100 C). These 
characteristics can be attributed to the 
strength of the bonds between the atoms. 
Further, its low permeability to liquid 
ingression has the potential for improved 
dimensional stability due to its low moisture 
absorption behaviour coupled with lighter 
weight arising from low density. The XRF 
result (Table 3) indicates the presence of up 
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to 0.2 % alumina in the silica. This 
represents a significant difference from the 
common available silica sand. The suitability 
of silica as brake pad material is 
complimented by its availability thereby 
making it cost competitive.  
     MgO (Table 4) is the dominant compound 
present with up to 98.8 wt. %. This level of 
purity is capable of enhancing the material’s 
intrinsic physical and mechanical properties. 
The XRD spectra (Fig. 4) confirms magnesia 
(MgO) as the major mineralogical phase 
with the highest peak of 4500 counts at 
almost 27° whereas the minor phase, calcium 
oxide (CaO) has a peak of 500 counts at 
Bragg’s angles 37° and 43°. Magnesia has a 
high melting temperature of 2827 ± 300 C, 
specific heat capacity of 37.8 Jmol-1. K-1 and 
has been proven to be thermally stable at 
elevated temperatures [11]. The material also 
combines these characteristics with excellent 
abrasion and erosion resistance [12]. Thus, 
magnesia is a potential suitable 
friction/thermal matrix material for 
application in areas where high resistance to 
thermal stress and abrasive wear are required 
The chemical composition (Table 5) of the 
as-received bentonite powder by XRF shows 
that SiO2 (63 wt. %) and Al2O3 (23 wt. %). 
The XRD spectra (Fig. 5) shows that SiO2 
has the highest intensity among the 
compounds. These results indicate that the 
bentonite used belongs to the alumino-
silicate group. It has been established that 
bentonite possesses high thermal shock 
resistance, refractoriness, high compressive 
strength, resistance to abrasive wear, and low 
porosity that are desirable [13]. It also has 
the potential to confer cohesion and strength 
on silica sand [14]. 
 
3.2. Chemical reactions 

     Iron (II) oxide (FeO) particles react with 
water to form iron (II) hydroxide which 
decomposes at high sintering temperature. 
FeO (s) + H2O (s)                   Fe(OH)2 

.........(4) 
Fe(OH)2   FeO(s) + (H2O 
evaporation)............. (5) 

Magnesia (MgO) has high affinity for water. 
Hence, reacts also with water to form 
Magnesium hydroxide which also 
decomposes at high sintering temperature. 
MgO (s) + H2O (l)                  Mg(OH)2 

..........(6) 
Mg(OH)2                      MgO(s)+(H2O 
evaporation)............ (7) 
Silica reacts with bentonite in the presence of 
water during high temperature sintering to 
form a ceramic compound (mullite) which 
exhibits excellent high temperature 
properties with improved thermal shock and 
thermal stress resistance owing to the low 
thermal expansion, good strength, and high 
wear resistance. 
SiO2 (s) + SiO2·Al 2O3 (s) + H2O  
3SiO2·2Al2O3 (mullite) (s) + (H2O 
evaporation)................ (8). In all these 
reactions, there is evaporation of water from 
the products of reaction due to the high 
sintering temperature (800-13500 C) used 
leaving FeO, MgO, and mullite as 
constituents of the samples. 
 

3.3. Microstructure  

     The SEM micrographs (Figs. 6a – 8a) 
show that the samples are made up of 
different additives which confirm that they 
are heterogeneous with differences in the 
geometry of the particles which are globular 
and needle-like. The EDS spectrographs 
show a good combination of the elemental 
distribution which also reflects on the 
heterogeneous nature of the composites. 
Different sizes of particles or elements also 
contributed to the heterogeneous distribution. 
The EDS spectrographs of the composites 
show the presence of O, Si, Al, Mg, Fe, and 
Ca but the unreinforced (control) does not 
contain Fe (Fig. 6b). There are also 
indistinguishable peaks in the spectrographs 
indicating the presence of other elements in 
very small amount. The white spots in the 
micrographs are particles of the magnesia 
while the dark spots are FeO particles from 
the millscale. The ash coloured needle-like 
region of the matrix indicates the presence of 
mullite (3Al2O3•2SiO2), a highly crystalline 
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compound from bentonite clay-silica mixture 
(Figs 6a – 8a) formed due to the high 
sintering temperature (13500 C) used in the 
production of the samples. Generally, from 
the micrographs of the reinforced samples 
(Figs. 7a, 8a), the iron millscale (FeO) 
particles are seen to be well distributed in the 
matrix without any form of segregation. The 
interfacial bonding between the 
reinforcement and the matrix is enhanced by 
the relatively close-spacing of the FeO 
particles. This also suggests a good 
vitrification of the reinforced composites 
during sintering 
 

3.4. Density  

     The unreinforced hybrid ceramic 
composite has a density of 2.35 g/cm3 while 
the reinforced composite at 30 wt. % has a 
density of 3.05 g/cm3 which represents 29.79 
% increase in density. There is a progressive 
increase in the densities of the reinforced 
hybrid ceramic composites with increasing 
weight fraction of the millscale particles 
(Fig.  9). This may be attributed to a 
relatively high packing factor of millscale 
particles as its concentration increases within 
the matrix thereby increasing the density of 
the composites. This behaviour is further 
enhanced by the effective fusion of millscale 
particles during sintering to form a coherent 
body with the matrix. This suggests a good 
vitrification of the reinforced composites 
during sintering. This agrees well with the 
fact that iron based friction materials retain 
some particular properties such as high 
density level [15]. The density increment is 
also seemed to be due to deposition of iron 
as a result of diffusion into the ceramic phase 
which agrees well with the result of iron 
infiltration in ceramics as reported during In-
situ TiC-Fe-Al2O3-TiAl/Ti 3Al composite 
coating processing using centrifugal assisted 
combustion synthesis [16]. 

3.5. Porosity   

     The porosity level of the unreinforced 
hybrid ceramic composite is 1.57 % which 

progressively decreased to 1.24 % at 30 wt. 
% for the 106 µm reinforced composite (Fig. 
10) with percentage decrease of 21 % which 
is quite significant. This compares very well 
with conventional or commercial brake pads. 
The decrease in the values of porosity with 
increasing weight fraction of millscale 
particles is due to particle agglomeration 
which suggests an improved vitrification of 
the reinforced composites during high 
temperature sintering. Low porosity 
enhances the achievement of compact and 
dense composite materials with the tendency 
to improve the mechanical properties [17]. 
This is also in agreement with the postulation 
that pores tend to shrink during sintering 
resulting in good bonding of the particles 
which greatly reduces porosity and enhances 
plasticity of ceramic composites reinforced 
by metal particles [18]. 
 
3.6. Linear shrinkage  
 

     The linear shrinkage level of the 
unreinforced hybrid ceramic composite is 
1.59 % which progressively decreased to 
1.39 % at 30 wt. % reinforcement for the 106 
µm reinforced composite (Fig. 11). The 
percentage decrease (13 %) is quite 
significant. This could be as a result of the 
bonding between particles at high sintering 
temperature. This agrees well with the 
postulation that good bonding of particles 
during high sintering temperature greatly 
enhances the linear shrinkage of composites 
with reduction in inter-particles separation 
[19].  
 

 

3.7. Impact energy 
 

     The impact energy gives an indication of 
the toughness of the composite and it 
increases progressively with increase in 
reinforcement. The maximum impact energy 
(43.07 J) was obtained by sample A at 25 wt. 
% (Fig. 12) representing a substantial 53 % 
increase over the unreinforced. The 
significant increase in impact energy is 
strongly predicated on fine particles size, 
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their uniform distribution within the matrix, 
and the strong interfacial bonding between 
the metallic and the ceramic phases [20]. The 
increase in the weight fraction of FeO 
particles (metal phase) confers on the 
samples the level of plasticity sufficient to 
absorb energy, thereby increasing the impact 
energy. Invariably, increasing the weight 
fraction of iron millscale particles (FeO) led 
to increase in elasticity within the composite 
core thereby increasing its toughness [21].  
 
 

3.8. Compressive strength  
  
     The compressive strength of a material is 
the measure of its capacity to withstand loads 
tending to cause lateral reduction. As evident 
from Fig. 13, there is an increase in the 
compressive strength of all the samples with 
the 106 µm millscale reinforced exhibiting 
the maximum compressive strength (114.17 
MN/m2) at 25 wt. % representing 42 % 
increase over the unreinforced. Small 
particles enhance densification which 
correspondingly improves the mechanical 
properties [20]. Small particles are more 
effective in strengthening composites than 
coarse particles of the same weight fraction 
because smaller grain sizes increase the 
frequency with which dislocations encounter 
grain boundaries, thus requiring larger 
stresses for deformation to occur [22]. The 
strong interfacial bonding between the 
metallic and the ceramic phases also 
contributed to the enhancement of the 
compressive strength.  
    Further comparison with the results of 
previous works on existing conventional or 
commercial brake pads (Table 6) shows that 
the compressive strength of the composite 
compares very well with other brake pads. 
This is an indication that it will perform well 
in service. 
 

4. Conclusion 

     The development and charaterisation of 
iron millscale particles reinforced ceramic 
matrix composite using varied weight 

percentages of reinforcement has been 
undertaken with the 106 µm millscale 
reinforced exhibiting desirable physical and 
mechanical properties in terms of density 
(2.97 g/cm3), porosity (1.24 %), linear 
shrinkage (1.39 %), impact energy (43.07 J), 
compressive strength (114.17 MN/m2), and 
shear strength (63.86 MN/m2). The low 
density implies low weight which will result 
into low fuel consumption for aircrafts and 
automobiles. The low porosity obtained 
enhances the achievement of compact and 
dense composite brake pad materials with 
the tendency to improve the mechanical 
properties while relatively low linear 
shrinkage will ensure dimensional stability 
under service conditions. These values 
compare very well with the values of brake 
pads obtained in previous works and 
conventional/commercial brake pads (Table 
6) indicating a potential for effective 
performance in service.  
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FIGURES 

 

               
Fig. 1. Picture of the produced hybrid ceramic composite. 
 
 

                
              Fig. 2. XRD spectra of iron millscale.  
 
 

 
           Fig. 3. XRD spectra of silica sand particles. 
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            Fig. 4. XRD spectra of magnesia powder. 

 

  
                        Fig. 5. XRD spectra of the as-received bentonite clay powder. 
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                                   (a)                                                                                   (b) 
 
Fig. 6. (a) SEM (b) EDS of the unreinforced ceramic composite (control). 
 
 
 

     
                                   (a)                                                                                    (b) 
 
  Fig. 7. (a) SEM (b) EDS of the 10 wt. % 106 µm millscale reinforced ceramic composite. 
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                                    (a)                                                                                   (b) 
                                                                     
  Fig. 8. (a) SEM (b) EDS of the 25 wt. % 106 µm millscale reinforced ceramic composite. 
 
 
 

 
              Fig. 9. Effect of varied iron millscale particles addition on the density of 106 µm millscale 
particles  
              reinforced ceramic composites. 
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                  Fig. 10. Effect of varied iron millscale particles addition on porosity of the composites. 
 
 
 

 
                 Fig. 11. Effect of varied iron millscale particles addition on linear shrinkage of the composites. 
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               Fig. 12. Effect of varied iron millscale particles addition on impact energy of the composites. 
 
 
 

 
 
                 Fig. 13. Effect of varied iron millscale particles addition on compressive strength of the   
                 composites. 
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TABLES 
 
 
Table 1  
Materials formulation 

Reinforcement Matrix blend 
Weight  

(%) 
Weight  

(g) 
Weight 

(%) 
Weight 

(g) 
0 

(Control) 
0 100 80 

5 4 95 76 
10 8 90 72 
15 12 85 68 
20 16 80 64 
25 20 75 60 
30 24 70 56 

 
 
  Table 2 
  Chemical composition of iron millscale by XRF 
Compounds FeO Fe2O3 Fe3O4 SiO2 MgO CaO MnO L.O.I 
Weight (%) 68.809 24.735 6.184 0.011 0.016 0.220 0.024 0.001 

 
 
Table 3 
Chemical composition of silica sand by XRF 
Compounds SiO2 Al2O3 Fe2O3 FeO CaO MnO MgO Na2O K2O M.O.I L.O.I. 
Wt. % 98.988 0.180 0.152 0.024 0.016 0.009 0.024 0.003 0.002 0.001 0.491 
 
  
  Table 4 
  Chemical composition of magnesia by XRF 
Components MgO CaO SiO2 M.O.I L.O.I 
 Wt. % 98.840 0.025 0.007 0.001 0.012 

 
   
  Table 5 
  Chemical composition of as-received bentonite powder by XRF 
Compounds SiO2 Al2O3 MgO Fe2O3 CaO Na2O K2O TiO2 L.O.I 
Wt. % 62.986 23.247 3.864 2.673 1.316 2.457 0.524 0.136 2.797 

 
  L.O.I = Loss on Ignition 
  M.O.I = Moisture 
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Table 6  
Comparison with other brake pads [23, 24] 

 

 
 
PKS = Palm kernel shell  
CS = Coconut shell 
MH = Maize husk 
HDN = Hardness 
CS = Compressive strength 
SS = Shear strength 
BHN = Brinell hardness number 
 
 

 

 
Authors/Study 

Density 
(g/cm3) 

Linear 
Shrinkage 

(%) 

Porosity 
(%) 

HDN CS 
(MPa) 

SS 
(MPa) 

 
Bagasse based brake pad 

 
1.43 

 
- 

 
3.48 

100.5 
MPa 

 
105.6 

 
- 

Uncarbonized banana 
peels based brake pad 

 
1.26 

 
- 

 
3.21 

98.8 
BHN 

 
95.6 

 
- 

Carbonized banana peels 
based brake pad 

 
1.2 

 
- 

 
3.0 

71.6 
BHN 

 
61.2 

 
- 

PKS+CS+MH (300 µm) 
based brake pad 

 
0.853 

 
- 

 
0.91 

127.8 
MPa 

 
10.3 

 
- 

Commercial asbestos 
based brake pad 

 
1.89 

 
- 

 
0.9 

101 
MPa 

 
110 

 
54.6 
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