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ABSTRACT
The quest for quality brake pads employed both in civil and military aircrafts to
ensure safety continues to attract attention. Mill scale reinforced silica-magnesia
hybrid composite represents a potential new generation of high performance
material that exhibits numerous advantages over conventional friction/ceramic
materials. In this study, physical characterization of selected friction materials using
both X-ray fluorescence (XRF) and X-ray diffraction (XRD) techniques was carried out
in order to identify relevant potent compounds in them. Silica and magnesia were
chosen as hybrid matrix reinforced by iron mill scale. It was found that the selected
materials contain relevant potent friction/thermal compounds up to 68.8 % FeO,
98.9 % and 98.8 % for SiO2 and MgO respectively. Thus, the synthesis of these
materials through optimum formulations represents a boost to the production of
high quality brake pads for aircrafts.
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INTRODUCTION
The challenge of enhancing the safety
of aircrafts (civil and military)
operations is an on-going global
concern. Of huge importance in the
aircraft safety matrix is the braking
system
from
which
several
unmitigated mishaps have been
recorded. Thus, the development and
use of an enduring friction material
composite to meet the extremely
critical functional requirements of high
heat energy dissipation of aircraft
brake pads is crucial. The physical
characterisation of a material is one of
the scientific techniques normally
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employed to investigate its intrinsic
properties’
potential
areas
of
application. The technique is also
often used to isolate potent
components in a material for optimum
utilisation.
Such discovery is meant to guide the
appropriate processing method to
which the material is amenable 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
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advanced applications and are to be
synthesised through a novel method.
The quest for quality brake pads
cannot be divorced from the
development of appropriate advanced
materials
with
superlative
characteristics [1]. This explains 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
elements in such a manner that gives
rise to an effective modification in the
structure, physical and mechanical
properties of the brake pad
component [2]. However, in some
formulations,
commercial
brake
pads/linings could contain more than
ten different constituents of friction
materials whereas the frictional
additives usually comprise of a
mixture of abrasives and lubricants
[3]. These additions are presumed to
confer high wear resistance and
dimensional stability on the brake
component over a wide range of
temperatures.

Although
various
reinforcement
materials such as metal, glass, ceramic
and carbon fibres have been used to
enhance friction characteristics and
mechanical strength of brake pads,
information available in literature
suggest that iron-based sintered
friction materials are best suited for
brake applications where temperature
during braking may rise up to 1100 0C
[4]. Whereas, copper-base sintered
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friction materials can withstand only
up to 600 0C, iron-based friction
materials are used in heavy duty brake
applications such as are found in
commercial and military aircrafts [5].
The major challenge militating against
the use of iron as reinforcement is the
well found doubt of its uninterrupted
supply and cost. Thus, it makes a lot of
sense to investigate the use of mill
scale as alternative to virgin source of
iron for the production of brake pads.
Mill scale is usually formed on the
surfaces of hot rolled profiles such as
plates, sheets, bars, etc. Between 35
and 40 kg of mill scale is produced per
metric ton of hot rolled steel bar [6].
This represents about 4 % yield loss to
steel millers thereby reflecting a huge
difference between input stock and
final output tonnages [7]. The
accumulation of mill scale on the shop
floor over time usually creates
handling and disposal challenges.
Consequently,
researchers
have
proposed various efficient methods
and possible areas of its application in
different engineering materials for
enhanced performance [8].

Friction and wear are complex
phenomena [9]. Their prediction is
usually influenced by parameters such
as microstructure, rotating speed,
pressure
and
contact
surface
temperature. This underscores the
need for materials hybridisation
option in the production of high wear
resistant and thermally stable
components. The combination of two
or more potent friction materials has a
multiplier effects on the product.
Hence,
the
ensued
wear
characteristics of such component
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largely depend on the friction regime
offered by the additves/fillers
employed in its production. Prior
isolation
of
potent
elements/compounds in the friction
material through characterization
makes it possible to produce materials
with superlative characteristics. It is
also possible to achieve an ideal
combination of friction and thermal
stability of the brake pads arising from
property synergy such materials may
offer.

In the recent past [10, 11], a host of
different materials have been used for
the production of aircraft (civil and
military) brake pads in an attempt to
improve
their
functional
characteristics.
However,
it
is
observed that these brake pads are
plaqued by performance related issues
namely; high wear rate, thermal
instability, warpage and low durability.
In order to contribute an effort in
tackling some of these short
commings, this study seeks to
ascertain
through
physical
characterisation
techniques
the
potentials of mill scale, silica, and
magnesia as friction/thermal materials
for aircraft brake pad application.
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MATERIALS AND METHOD
Materials and Equipment
The iron millscale was sourced from
Universal Steels Limited, Ikeja, Lagos
while silica sand was obtained from
the Atlantic Ocean beach in Lagos.
Magnesia and bentonite were
obtained from a local vendor within
the chemical supplier trade group
registered in Nigeria but were actually
manufactured in China and Wyoming,
USA respectively. Some of the major
equipment and tools employed in this
study were standard BSS sieves, digital
weighing balance, mixer, hydraulic
press, oven, muffle furnace, X-ray
diffractometer (XRD), model GBC
Enhanced Material Analyser, Australia
and X-ray fluorescence (XRF), model
ARL9400XP+ Thermo, Switzerland.
METHODS
Samples Preparation
The as-received mill scale from
Universal Steels Limited and silica sand
were milled using a ball mill and
sieved using a BSS standardised sieves
to (106 µm and 212 µm) particles size
respectively. However, both the
magnesia, (53 µm) and sodium
bentonite, 15 µm were supplied in
powder form. The photo macrographs
of the materials, both in the (a) asreceived, and (b) milled and sieved
conditions are shown in Figs. 1-4.
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(a)
(b)
Figure 1: Macrographs of (a) As-received iron mill scale (b) Milled and sieved iron mill
scale particles, 106 µm

(a)
(b)
Figure 2: Macrographs of (a) As-received silica sand (b) Milled and sieved silica sand
particles, 212 µm

Figure 3: Macrograph of As-received
sodium
Magnesia powder, 53 µm
Samples Characterisation

(a) XRF Analysis
According to Brewer and Harvey [12],
X-ray fluorescence (XRF) analysis is a
spectroscopic technique capable of
Journal of Raw Materials Research

Figure 4: Macrograph of As-received
Bentonite clay powder, 15µm
providing a non-destructive analysis of
solid substances from a few parts per
million to near 100 % covering a wide
range of elements. Ideally, this
technique is most suited for the
analysis of rocks, soils, dust,
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contaminated land samples, mineral
concentrated products, archaeological
artefacts, synthetic materials and
metals. Prior to the XRF analysis
carried out on iron mill scale, 10 g of
the sample was roasted in the air at
1000 °C for 4 h to determine the loss
on ignition (LOI) value. A portion of
the oxidised sample was then mixed
with 9 g of lithium metaborate as flux.
This was to facilitate dissolution of the
sample into a homogenous glass bead
suitable for XRF analysis. The major
composition analysis was executed on
the
fused
bead
using
the
spectrometer. The same procedures
were administered on the other
materials including silica sand
particles, magnesia, and bentonite
clay powders.

(b) XRD Analysis
The test materials were further
subjected to qualitative analysis using
an X-ray diffractometer which has a
sample holder and an X-ray detector.
XRD analysis technique covers various
investigations including qualitative and
quantitative phase identification,
determination of crystallinity, latticeparameter determinations, hightemperature studies, thin film
characterisation, and in some cases,
crystal structure analysis. The powder
method is perhaps best known for its

use as a phase characterisation tool
partly because; it can routinely
differentiate between phases having
the same chemical composition but
different
crystal
structures/polymorphs. The current
XRD analysis was carried out on 10 g
of each of the samples in accordance
with [13, 14].
RESULTS AND DISCUSSION
Composition
The XRF spectroscopy analysis of the
mill scale particles shows that wustite
(FeO) has the highest concentration
(wt. %) followed by hematite (Fe2O3)
and magnetite (Fe3O4) as shown in
Table I. As presented in Table II, the
XRF analysis on silica sand sample
shows that silica (SiO2) is the major
compound present whereas other
compounds namely; alumina (Al2O3),
iron (iii) oxide (Fe2O3), magnesia
(MgO), and calcium oxide (CaO) etc.
are in traces. In Table III, the XRF result
shows that magnesia (MgO) is the
major compound present in the
sample while calcium oxide (CaO) and
silica (SiO2) are in traces. The Chemical
composition (wt. %) of the as-received
bentonite clay powders by XRF is also
shown in Table IV. Silica (SiO2) and
alumina (Al2O3) are seen to be the
major compounds present.

Table I: Chemical composition of iron mill scale by XRF analysis
Compounds
Weight (%)

FeO
68.809

Fe2O3
24.735
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Fe3O4
6.184

SiO2
0.011

MgO
0.016

CaO
0.220

MnO
0.024

L.O.I
0.001
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L.O.I = Loss on Ignition

Table II: Chemical composition of silica Sand by XRF analysis
Compounds
Wt. %

SiO2
Al2O3
98.988 0.180

Fe2O3
0.152

FeO
0.024

CaO
0.016

MnO
0.009

MgO
0.024

Na2O
0.003

K2O
0.002

Moisture
0.001

Table III: Chemical composition of magnesia by XRF analysis
Components
Wt. %

MgO
98.840

CaO
0.025

SiO2
0.007

Moisture
0.001

LOI
0.012

Table IV: Chemical composition of as-received bentonite clay powder by XRF analysis
Compounds
Wt. %

SiO2
62.986

Al2O3
23.247

Fe2O3
.864

Iron mill scale is a generic oxide which
comprises FeO, Fe2O3 and Fe3O4 in
differing proportions. The results in
Table 1 show that iron oxide (wustite)
is the largest amount (69 wt. %) of the
oxides in mill scale and it is the closest
to the equilibrium state. This implies
that wustite is the most active oxide
and will invariably exert profound
influence on the physical and
mechanical behaviours of mill scale.
Thus, given the characteristic high
heat conductivity of Fe (80.4 Wm-1.K1
), the thermal flow of mill scale as a
component in a brake pad appears to
be encouraging given that the thermal
conductivities of friction materials fall
within 0.47 - 0.804 W/mK [15]. The
outcome also predisposes mill scale as
a promising filler material in a heat
generating environment
thereby
preventing possible adiabatic heating
within the brake assembly. This will
also prevent heat build-up that could
cause warpage of brake pad in
operation.
Silica is a chemically inert and hard
material with low density, 2.65 g/cm³
and high melting point, 1,610 0C. The
density value compared well with the
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MgO
.673

CaO
.316

Na2O
.457

K2O
.524

TiO2
.136

L.O.I
.797

3.8 g/cm3 maximum specified by [16]
for AN-32 military aircraft brake pads
while the relatively high melting point
portends desirable thermal stability of
brake pads [17]. These characteristics
can be attributed to the strength of
the bonds between the atoms. It is
established [18], and confirmed by the
XRF analysis result (Table II), micro
silica generally contains more than 90
wt. % SiO2 with intrinsic characteristic
such as (i) high compressive strength,
(ii) high tensile, flexural strength and
modulus of elasticity, (iii) low
permeability to chloride and water
intrusion, (iv) high bond strength, and
(v) low thermal expansion. These
unique characteristics, especially its
high refractoriness, and resistance to
abrasive wear, qualify silica as a
potent friction matrix material for the
production of aircraft brake pads.
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
presented in Table II indicates the
presence of up to 0.2 % alumina in the
silica. This represents a significant
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L.O.I
0.491

difference from the common available
silica sand [19, 20].
The XRF analysis result on magnesia
(Table III) shows MgO as the dominant
oxide up to 98.8 wt. %. This level of
purity is capable of enhancing the
material’s intrinsic physical and
mechanical properties. According to
[21], magnesia has a high melting
temperature of 2827 ± 30 0C, specific
heat capacity of 37.8 Jmol-1. K-1 and
has been proven to be thermally
stable at elevated temperatures. The
material
also
combines
these
characteristics with excellent abrasion
and erosion resistance [22]. Thus,
magnesia appears to be a good and
suitable potent friction/thermal matrix
material for application in areas where
high resistance to thermal stress and
abrasive wear are required.
Mineralogical phases
XRD analysis was performed on the
materials to confirm all the
oxides/compounds present in them.
The XRD analysis result shown in Fig. 5
reveals that wustite (FeO), hematite
(Fe2O3), and magnetite (Fe3O4) are the
major mineralogical phases present in
the mill-scale particles. The oxides
exhibit characteristics peaks at various
Bragg’s angles where FeO peak
demonstrates the highest intensity of
1500 counts at about 42°. Fig. 6 also
shows that silica sand particles exhibit
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characteristics peaks at various
Bragg’s angles. The crystalline silica
peak at 26.650 has the highest
intensity of almost 750 counts
followed by 3Al2O3•2SiO2 (mullite)
with intensity of 450 counts. As
established
[23],
these
two
compounds
form
the
major
mineralogical phases in the diffraction
spectra. It is also observed that
haematite (Fe2O3) and calcium oxide
(CaO) peaks had broadly lower
intensities compared to the quartz
peak.
The result of XRD
analysis on
magnesia (Fig. 7) 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
130, 25°, 37°, 39°, and 42.7°. Bentonite
clay as a filler was also subjected to
XRD analysis from which silica (SiO2)
and alumina (Al2O3) were established
as the dominant mineralogical phases
present. The silica (SiO2) has the
highest peak of 454 counts at Bragg’s
angle of 35° while that of alumina
(Al2O3) is 114 counts at 63°. This shows
that the as-received bentonite clay
belongs to the alumino-silicate group.
Bentonite clay is usually added to give
cohesion and strength to silica sand
and confer high thermal shock on
magnesia [24, 25].
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Figure 5: XRD spectra of iron mill-scale

a = SiO2
b = 3Al2O3•2SiO2 (Mullite)
c = Fe2O3
d = CaO

Figure 6: XRD spectra of silica sand particles

Q = MgO
K = CaO

Figure 7: XRD spectra of magnesia powder
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454 - SiO2
174 - SiO2
164 - SiO2
114 - Al2O3
112 - Al2O3
78.8 - MgO

Figure 8: XRD spectra of the as-received bentonite clay powder

CONCLUSION
The
Preliminary
Physical
Charaterisation of Silica-magnesia
Hybrid-matrix Composite Materials for
Friction and Brake Applications has
been studied. Based on the outcomes
of the characterisations carried out
and the discussion thereof, it is
established that utilisation of millscale, silica and magnesia in the
production of friction and thermal
resistant engineering component is
promising. The 2.65 g/cm3 density
obtained is relatively lower than the
conventional average values of 5.8
g/cm3 for aircraft brake pads is
beneficial in term of weight reduction
which approximates lower fuel
consumption regime. Specifically, iron
millscale has the potential to enhance
real time heat dissipation from brake
pads due to its high thermal
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conductivity
thereby
preventing
overheating of other components
within the brake system environment.
It is concluded that the effect of
combining iron millscale, silica,
magnesia, and bentonite clay has the
potential of conferring enhanced wear
resistance characteristics on brake
pads. Works are on-going to
determine the optimal formulations of
the materials, synthesis through
powder metallurgy and evaluation of
the products mechanical properties.
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