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In this paper we studied the tribological behavior of iron matrix composites at high sliding speeds (25-
35 my/s) typical of aircraft braking conditions. We developed two types of Fe matrix composites with
different elastic modulus reinforcements: silica (71 GPa) and mullite (143 GPa) particulates using powder
metallurgy. Two different size ranges: large (150-250 pm) and small sizes (1-10 pm) and a range of
volume fractions of the particulates were also considered. The dry sliding wear and braking performance
of the composites were investigated using a sub-scale disc braking dynamometer. The wear tests of the
composites show that large size and high volume fraction of reinforcement particles provides better
wear resistance and braking performance at high sliding speed conditions (25 m/s-35 m/s) for both
Fe/silica composites and Fe/mullite composites. Significantly, Fe/mullite composites at lower volume
fractions showed greater wear resistance than the Fe/silica composites due to the higher elastic modulus
of the mullite particles. A wear track examination of composites showed that different wear mechanisms
were operative at the different speeds. Our results indicate that composites with a high volume fraction
of large sized reinforcement particles of high elastic modulus are to be preferred for braking performance
and low wear loss at high sliding speed applications.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Metal matrix composites (MMCs) are promising candidates
for high temperature wear applications such as in jet engines,
gas turbine seals and bearings, brakes and clutches. The compat-
ibility between the various metal matrix and ceramic reinforce-
ment materials makes it possible to obtain diverse thermal,
mechanical and tribological properties of these MMCs. The rein-
forcements in MMCs may be either long, continuous, multi-strand
fibers or discontinuous particulates. Reinforcements in fiber form
are generally not used in braking material applications due to the
possibility of fiber breakage, microstructural non-uniformities,
interface failure and anisotropic properties [1-3]. Particulate metal
matrix composites (pMMC) are therefore mostly preferred for
brake friction materials applications.

Currently, most of the tribological studies of pMMCs are based
on either aluminum or copper matrix based particulate compo-
sites due to their attractive properties such as high thermal
conductivity, specific heat capacity, corrosion resistance, low
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density and compatibility with SiC and Alumina as reinforcements
[3-14]. However, these studies have been until now mostly
conducted using typical pin and disc wear tests at low loads
(<100 N) and sliding speeds ( <4 m/s). At higher sliding speeds
and loads, the temperature rise at the sliding interface may be so
high that an Al or Cu matrix may soften, and in extreme cases
melt, due to their low melting point and low strength at high
temperatures. Thus, Al or Cu as matrix materials may not be
suitable for such high energy braking applications such as in race
cars, high speed trains, trucks and aircraft brakes.

Alternatively, for such high energy applications, iron has been
considered as a matrix material. The high melting point, high work
hardening rate, better strength, heat resistance properties and,
most importantly, the low cost and abundance make it a desirable
choice [15]. The dry sliding wear behavior of Fe/SiC particulate
composites has been studied at low loads (5-25 N) and low sliding
speeds (2.5-6 m/s) [16,17]. It was found that Fe/SiC composites
have excellent abrasive wear resistance and can be used in dry
sliding applications under these conditions. Fe/SiC has also
recently been found to perform well at high load and speed
conditions [18].

Currently, relatively high cost carbides and nitrides such as SiC,
B4C, TiC and SisN,4 are the most commonly used reinforcements in
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metal matrix composites due to their high hardness and wear
resistance properties [19-21]. However, the possibility of extensive
interfacial reactions and oxidation of carbides and nitrides at
elevated temperatures are still concerns which need to be
addressed before use in high energy braking friction applications.
Alternatively, there have been a few attempts to replace these
reinforcements with relatively lower cost oxide reinforcements
(silica or mullite) in Al matrix composites [22-24]. In particular,
Hemanth [24] showed that the addition of 9 wt% silica in A356 Al
alloy improved wear resistance and mechanical properties of the
composites. An added advantage of using oxide reinforcements is
that their presence may act as an effective barrier against inter-
facial reactions [25].

There have been few wear studies of pMMCs at high sliding
speed conditions appropriate to aircraft braking applications.
Some recent studies have focused on the wear behavior of pMMCs
at relatively high braking speed conditions (up to 12 m/s), but
were specific to automobile applications [26-29]. To the best of
our knowledge, the combination of Fe matrix with oxide particu-
late reinforcements (silica or mullite) has not yet been developed
and studied for high speed tribological applications. Considering
this gap in previous studies, we have undertaken to prepare and
systematically study the tribological behavior of Fe matrix com-
posites for high sliding speed conditions (25-35 m/s).

We organize this paper as follows. In the following section, we
describe the preparation of the Fe matrix composites (Fe/SiO, and
Fe/mullite) and the test procedures. In Section 3, we present
the results of wear loss and braking performance of Fe matrix
composites tested for braking speeds of 25-35 m/s. Next, the effect
of size and volume fraction of the particulates (silica and mullite)
on the wear and frictional properties of Fe matrix composites was
critically analyzed. The wear tracks of the composites: Fe/30%silica
(large and small size particles), Fe/20%mullite (large particles) and
Fe/15%mullite (small particles) were examined under a stereo
microscope. Based on the observed wear features, the potential
wear mechanisms are discussed.

2. Experimental details
2.1. Materials

The composites were prepared by powder metallurgy (PM)
process using commercial grade powders of Fe, silica, mullite, barium
sulphate (BaSO4) and graphite of more than 97% purity. The size of
the particles in the constituent powders are given in Table 1. The
composition and identification of Fe/silica composites and Fe/mullite
composites are given in Tables 2 and 3 respectively. The as-received
form of silica or mullite powders consisted of particles in a size range
of 150—250 pm. These large size particulates of silica or mullite
were milled in vibratory ball mill to reduce the sizes to the
submicron range. A ball to powder ratio of 6:1 and milling time of
12 h were used to prepare the small particles size silica and mullite
powders. The composite powder mixes were obtained by following
the mixing sequence shown in Fig. 1. The powder mix was cold

Table 1
Sizes of the particles in the powders used.

Table 2
Details of the chemical composition in vol % and designations of the Fe/silica
composites.

Group Designation Silica (%) BaSO4 (%) Graphite (%) Iron
LO LO-A 10 7 18-19 Balance
LO-B 20 9 18-19 Balance
LO-C 30 1 18-19 Balance
Nej SO-A 10 7 18-19 Balance
SO-B 20 9 18-19 Balance
SO-C 30 11 18-19 Balance
Table 3

Details of the chemical composition in vol % and designations of the Fe/mullite
composites.

Group  Designation Mullite (%)  BaSO4 (%)  Graphite (%)  Iron
LM LM-A 10 7 18-19 Balance
LM-B 15 18-19 Balance
LM-C 20 11 18-19 Balance
SM SM-A 10 7 18-19 Balance
SM-B 15 9 18-19 Balance
Particulates

(Silica or Mullite & Large or Small size)

l

Wet mix particulates with barium sulphate
in ethanol medium and dry it
in oven for 2 hrs

Mix it with Iron powder in ball mill
without balls for 7 hrs

Mix it with graphite and zinc stearate
in ball mill without balls for 3 hrs

Composite mix for compaction

Fig. 1. Mixing procedure of the composite mixes.
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compacted for 30 s at a pressure of 450 MPa in a single uniaxial die
compaction press. Before each compaction operation, a single coat of
zinc stearate was applied on the die and the punch to facilitate easy
ejection of the green compact. It is noted that any attempt at
exceeding the maximum limit of reinforcement of silica or mullite
in the Fe matrix resulted in cracking during green compact ejection.
Ni plated plain carbon steel (Fe-0.15-0.25% C) sheets of 1.2 mm
thickness and maximum hardness of 162 BHN were used as backing
plates for the composite brakepads. Pressure sintering was used to
bond the steel strip and the green compact. The sintering was carried
out at a pressure of 25 MPa and temperature of 1020 °C for 3 h in a
dry hydrogen protective atmosphere in a Bell furnace. The sintered
composite brakepads were again pressed at a pressure of 300 MPa
for 30s to improve their density, dimensional accuracy and to
eliminate the residual stresses developed during sintering.

2.2. Test procedures

2.2.1. Physical and mechanical characterization

The density of Fe/silica and Fe/mullite composites was deter-
mined using Archimedes' principle. The samples were first
weighed in air and then in water using a Mettler Toledo electronic
balance with 0.5 g accuracy. The void fraction of sintered compo-
sites is taken to be

Pt —Pm
Y e’ @
where vy is the void fraction, p, the theoretical density calculated
using the rule of mixtures and p, is the density measured using
Archimedes' principle.

The hardness was measured on a Brinell scale with a steel ball
indenter of 1 mm diameter and a load of 10 Kg using a Wolpert
universal hardness testing machine.

2.2.2. Sliding wear test

Fe/silica and Fe/mullite composites were tested in a sub scale
pad-on-disk dynamometer braking test system (schematically
shown in Fig. 2) to study the wear and friction behavior. The
pad-on-disk wear testing unit represents a typical flat on flat
sliding condition. A gray cast iron disc (Grade: AMTY 273-68,
C: 3.3.6%, Si: 1.6-2.3%) was used as the rotor in our study. The
diameter and hardness of the rotor were 500 mm and 225 BHN
respectively. The swept area and radius of the wear path were
3352.4 mm? and 51.5 mm (measured between the inner and outer
edges of the pad) respectively. The composite brake pads were
mounted on the braking piston. The mass moment of inertia of the
flywheel was 49 Nms? and the applied constant brake force was
1323 N. The rotor was set to the desired braking speeds (25 m/s,
30 m/s and 35 m/s) by accelerating the flywheel using a 110 kW
DC electric motor. The application of brake force on the brake pads

established the frictional contact between the brake pads and
rotor, and stopped the rotor. The braking parameters such as
stopping distance, stopping time, mean torque and coefficient of
friction (CoF) were recorded by a data acquisition system. Before
conducting the tests on a new composition brake pad, a bedding-
in operation was carried out to burnish the disc and brakepads.
The burnishing procedure consisted of runs and braking stops
from a speed of 5 m/s to the actual testing speed (with steps of
5 m/s at the actual testing brake pressure). After each of such runs,
sufficient time was given for a brake pad and disc to cool to room
temperature. The brake discs were thoroughly cleaned with
proprietary brake cleaning agents to eliminate grease, surface
residue and any debris between tests. Next, braking parameter
data of the coefficient of friction and stopping distance for first
5 brake stops of actual testing speed were checked for consistency.
If data was consistent and the visual showed the pad surfaces to be
even, then the actual test is carried out. For each pad, 20 braking
stops were performed to collect the braking parameters data.
The pads were cleaned in acetone before and after each test and
weighed in an Osaka Digital electronic balance with accuracy of
0.01 g to determine wear loss (by mass).

2.2.3. Microscopic examination

The microstructure of the Fe/silica (LO-C, SO-C) and Fe/mullite
composites (LM-C, SM-B) was examined in a Nikon Epiphot optical
microscope to analyze the distribution of the particulates and
phases present. The bond quality between the composite and the
back plate were also examined.

A SEIWA stereo microscope was used to examine the wear
tracks of the composites. The sizes of the large size silica and
mullite particulates were determined by sieve analysis. The BS-410
standard was used to convert the sieve mesh number to particu-
late size. In the case of small size silica and mullite particulates,
the sieve analysis could not be employed due to the sub micron
sizes and the size ranges were measured from scanning electron
microscopy (SEM) images using an image analysis software
(Image]). Spot energy dispersive X-ray analyses (EDAX) were also
performed on the particulates of sintered composites to detect and
identify the presence of any interfacial reaction products.

3. Results and discussion
3.1. Morphology and size of the silica and mullite particulates

The sieve analysis of the as-received form of silica and mullite
particulates showed particles of sizes ranging from 150 to 250 pm
(sieve mesh number: —60/+100). The SEM images analysis of the
ball milled particulates of silica and mullite indicated that the
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Fig. 2. A schematic of the pad-on-disk dynamometer braking test system. (1) Concrete base. (2) Structure. (3) D.C motor. (4) Encoder. (5) Torsional rigid coupling.
(6) Flywheel. (7) Bearing housing. (8) Gray cast iron rotor. (9) In-line rotating torque transducer. (10) Brakepads. (11) Brake caliper assembly.
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Fig. 5. Matrix microstructure of Fe/Silica composites. (a) LO-C, (b) SO-C. Clear pearlite lamellar structure is observed in the matrix.

particles were of sizes ranging from 0.7 to 7 pm and 2 to 10 pm
respectively. The morphology of both the particulates was
approximately spherical, as seen in Fig. 3. The EDAX spectra of
the particulates in the composites (not shown) confirmed the
presence of only particulate elements and the absence of any
undesirable interfacial reaction products at the matrix/particulate
interface.

3.2. Microstructural studies
A microstructural analysis of the Fe/silica composites (Fig. 4

(a) and (b)) and the Fe/mullite composites (not shown) shows
that the particulates are uniformly distributed throughout matrix.

A higher magnification image of the composites (Fig. 5 for Fe/silica
composites) shows a distinct pearlite phase constituting a major
portion of the matrix. The diffusion of carbon from the graphite
into iron during sintering is responsible for the formation of the
pearlite phase in the matrix.

The cross sectional view of brake pads of LO-C, SO-C, LM-C and
SM-B composites shown in Fig. 6(a)-(d) respectively, presents
three distinct layers: (i) the steel back plate showing ferrite and
pearlite phases, (ii) an intermediate Ni layer of 70-100 pm thick-
ness, and (iii) the composite layer. The bond between the back
plate and the composite was achieved by the intermediate Ni
layer. The purpose of the back plate is to protect the composite
from sudden, catastrophic failure caused by the complex dynamic
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Fig. 6. Cross sectional microstructure of Fe/silica composites ((a) LO-C and (b) SO-C) and Fe/mullite composites ((c) LM-C and (d) SM-B). (1) Back plate showing ferrite and

pearlite phases. (2) Ni plated layer. (3) Composite layer.
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Fig. 7. Density of the silica and mullite reinforced composites as a function of the

volume fraction of the reinforcement.

loading during service. In addition, it also enhances the dimen-
sional stability of the brake pad.

3.3. Density and void fraction
The density of two composites as a function of the volume

fraction of the reinforcement is shown in Fig. 7. The density of the
composites reduces with increasing volume fraction of the lower

—&— LM group
=B ~-SM group
—— LO group
-© -S0 group

Void fraction (%)

10 15 20 25 30
Volume fraction of reinforcement (%)

Fig. 8. Void fraction of the silica and mullite reinforced composites as a function of
the volume fraction of the reinforcement.

density particulates (silica p=2.2 g/cc and mullite p =3.1 g/cc).
The effect of size of the particulates was insignificant in the
density of the composites. A constant difference is observed
between the experimental values of the density of the Fe/silica
composite and the theoretical density calculated from the volume
fractions of the constituents. However, the measured density of
the Fe/mullite composite differs increasingly from the theoretical
density with increasing volume fraction of mullite. This is due to
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an increase in the void fraction (as seen in Fig. 8) of the Fe/mullite
composite with volume fraction of the reinforcement. On the other
hand, the void fraction is constant as a function of the volume
fraction in Fe/silica composites. The increase in void fraction with
volume fraction of mullite could be due to increased agglomera-
tion or cluster formation, as reported in the case of other Fe based
MM(Cs [20].

We note that the maximum volume fraction of mullite in the
Fe matrix (20% in the case of LM group and 15% in the case of SM
group) is limited due to relatively poor compatibility between the
Fe and the mullite as evident from the greater void fraction. As a
result of the high porosity it was not possible to prepare Fe/mullite
MMCs with volume fraction of mullite greater than 20%.

3.4. Hardness

The hardness of the silica and mullite reinforced composites as
a function of the volume fraction of the reinforcement is shown in
Fig. 9. The increase in hardness with increasing volume fraction is
due to the strengthening effect of the hard silica particulates. The
presence of the second phase particulates enhances the strength of
the composites, perhaps due to the generation of a high disloca-
tion density during differential thermal contraction of the matrix
and particulates and plastic deformation in the repressing opera-
tion. Other mechanisms such as the overall geometric constraint
during deformation, dislocation-dislocation and dislocation-par-
ticulates interaction, and shearing of the particulate by disloca-
tions during deformation may also result in the higher strength
[25]. A similar observation of increasing hardness with volume
fraction of the reinforcement was reported in Fe matrix compo-
sites by [16].

It may also observed from Fig. 9 that the size effect of the
reinforcement particles on the hardness of the composites is quite
significant. The size of the indentation is about twice the size of
large particles and 36 times the size of the small particles. The
probability of finding a particle under the indenter depends on
the volume fraction of the particles, and there is larger variation of
the presence of particles at low volume fractions. The hardness of
the particle reinforcement plays a role in the measured hardness
of the composite. Thus there is a larger variation in the measured
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Fig. 9. Hardness of the composites as function of the volume fraction of
reinforcements.

hardness at low volume fractions. The interfacial area of the
particulate/matrix is higher for the small size composites com-
pared to the large size reinforced composites. The interfacial
strength plays a role in the measured hardness of the composites
and thus there is a significant size effect of the measured hardness.
Large reinforcement composites were found to have higher hard-
ness than the composites with small particles due to better load
sharing and less interfacial area.

We also note particularly that the increase in hardness is due to
the stiffness of the reinforcement particles. Mullite has an elastic
modulus of 143 GPa whereas the elastic modulus of silica is
71 GPa. This difference in modulus is reflected in the observed
hardness of the Fe/mullite composites at 20% volume fraction
which is similar to the hardness of Fe/silica composites at 30%
volume fraction. Also, the increase in hardness with volume
fraction of reinforcement is much more significant for the Fe/
mullite composites compared to the Fe/silica composites. Since
high hardness values indicate better wear resistance from Arch-
ard's relation [30], these trends are of interest while examining the
wear properties of the composites.

3.5. Wear loss

Fig. 10 shows wear loss as a function of volume fraction
and size of the particulates for 25 m/s sliding speed test. In all
composites, the wear loss reduced with increasing volume fraction
of particulates. We note some significant trends. First, the wear
loss of the large particulate reinforcement composites is smaller
than the small reinforcement composites. However, the effect of
particle size is smaller at higher particle volume fractions. This is
in accord with the observation that the hardness of the LM and LO
composites is higher than the corresponding SM and SO compo-
sites. Next, we observe that the wear loss of the LM composite at
20% volume fraction is significantly less than that of the 30% LO
composite. This is in spite of the fact that the average hardness of
the two composites is the same (92 BHN). Thus the higher stiffness
of the mullite reinforcement plays a more significant role than
indicated by Archard's equation. Finally, the wear loss of the 15%
volume fraction of the SM composite is comparable to that of the
30% volume fraction LO composite even though the hardness of
the SM composite at 15% volume fraction is about 35% lower than
the hardness of the LO 30% volume fraction composite. This

45
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Volume fraction of reinforcement (%)

Fig. 10. Wear loss of the composites as a function of volume fraction of the
reinforcement at 25 m/s sliding speed.
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improvement in wear resistance may be due to several factors in
addition to the higher hardness: minimization of load shared by
the particulates, reduction of direct metal to metal adhesive
contact, earlier formation and stabilization of mechanical mixed
tribolayer, work hardening of matrix and increased depth of
subsurface deformation [14,20].

The mass loss of the highest volume fraction composites is plotted
as a function of the sliding speed in Fig. 11. Even though the wear
resistance of the smaller size composites was comparable to that of
the large particle composites at lower speeds, it can be seen that they
perform markedly worse at higher speeds. The large size silica
particulates reinforced composites showed better wear resistance than
the small size silica particulates reinforced composites at all volume
fractions (10-30%) for all sliding conditions (25-35m/s). This is
possibly due to the deeper embedding of the large size particulate
that makes its removal difficult. Our wear results are in good
agreement with previous studies, which showed that the bigger
particulate size MMCs are better in improving wear resistance
by taking more share of contact loads and distributing it to greater
depth below contact surface [31,32]. Overall, the Fe/20% mullite
(150-250 pm size particulates) composite (LM-C) and the Fe/30%
silica (150-250 pm size particulates) composite (LO-C) showed the
best wear resistance compared to the other composites at all sliding
speeds. The small size particulates are not favorable at higher sliding
conditions (30 m/s and 35 m/s) due to their earlier pull out from the
matrix. Other mechanisms such as easier breakage of the particulates

70
—a— LM-C

60 -B-SM-B ,,lﬂ
—e— LO-C L
-©- S0-C .

Mass loss (g)

0 I
25 30 35

Sliding speed (m/s)

Fig. 11. Wear loss of the highest volume fraction composites as a function of
sliding speed.

by dislocation shearing under heavy plastic deformation and subse-
quent matrix oxidation and removal of the rapidly grown thick oxide
film, and sub surface matrix softening by the high frictional tempera-
ture conditions may also be operative. The increase of frictional energy
dissipated in the form of heat energy at higher sliding speeds softens
the matrix and weakens the interface with allowing easier pull out of
the particulates. In addition, the rate of oxidation increases causing the
growth and removal of an oxide scale resulting in greater wear loss at
higher sliding speed conditions [4,33]. This effect is expected to be
substantial in small size composites due to the greater interfacial area
due to higher number of particulates per unit area.

Thus the properties of the reinforcement are important in the
overall wear resistance of the MMC and not just the size and volume
fraction of the particulates. However, at higher sliding speeds, the size
and volume fraction of particulates are also important.

3.6. Wear patterns

Typical stereo-macrographs of wear tracks of the LO-C composite
for the 25 m/s and 35 m/s sliding conditions are shown in Fig. 12.
At 25 m/s, grooves running parallel to the direction of sliding were
observed on the wear tracks of all the composites which is a typical
characteristic of abrasive wear. Particulate pull out, extensive oxide
scale, cracks in the matrix and grooves were seen in the macrographs
of composites at higher sliding speed conditions (30 m/s and 35 m/s)
whereas only grooving is observed at 25 m/s. These wear character-
istics confirm that a mixture of wear mechanisms such as delamina-
tion, oxidation and abrasive wear are in operation at higher sliding
speed conditions (30 m/s and 35 my/s). It is noted that the oxidation
and matrix/interface weakening is more severe at higher sliding
speeds resulting in higher wear loss as discussed in the previous
subsection. The wear mechanism map for steels developed by Lim and
Ashby [36] also indicated that oxidation wear is increasingly dominant
at higher sliding speed conditions. This effect is more pronounced for
small size particulate reinforced composites such as SO-C and SM-B
due to the relatively larger interfacial area.

3.7. Braking parameters

In this section we discuss the mean stopping distance and the
coefficient of friction of the composites. The other braking para-
meters of interest: the mean stopping time and the mean torque
are directly related to the mean stopping distance and coefficient
of friction respectively.

In this section we discuss the influence of volume fraction and
size of reinforcements on the mean stopping distance and the
coefficient of friction of the composites. The other braking para-
meters of interest: the mean stopping time and the mean torque

Fig. 12. Macrographs of the LO-C composite: (a) 25 m/s and (b) 35 m/s. The observed features include (1) particulate pull-out (delamination wear), (2) oxidized scale from

oxidation wear and (3) matrix cracking. Arrows indicate the direction of sliding.
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are directly related to the mean stopping distance and coefficient
of friction respectively.

The influence of volume fraction and size of reinforcements on
the mean stopping distance for the range of sliding speeds
considered is discussed first. The Fe/mullite composite with 15%
volume fraction of small sized reinforcement (SM-B) is found to
have the smallest stopping distance of all the composites con-
sidered in this study (Fig. 13). For comparison, we have also plotted
the composites with the best wear resistance from the small
particle reinforcement and large particle reinforcement groups for
the Fe/silica and Fe/mullite composites. As is to be expected, the
mean stopping distance increases with sliding speed due to the
higher braking energy. The increase in heat generated at the
higher braking energy conditions softens the matrix and weakens
the matrix-particle interface. It can be observed that at the lower
speeds there is little difference in the stopping distance obtained
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Fig. 13. Mean stopping distance as a function of the sliding speed.
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Fig. 14. Mean coefficient of friction as a function of the sliding speed.

through the various composites. However, at the highest speed
condition, the stopping distance is significantly lower for the Fe/
mullite composites compared to the Fe/silica composites. Since the
wear loss is also the lowest for these composites, it may be
inferred that the higher integrity of the surface allows for greater
metal to metal contact and enhances the stopping effectiveness.
The coefficient of friction (COF) for the same set of composites
as discussed above is plotted as a function of sliding speeds in
Fig. 14. The COF of all the composites decreased as a function of the
sliding speed. The decrease in COF with sliding speed is attributed
to the increased particulate interface weakening, matrix softening
and greater oxidation. Uyyuru et al. [13] also observed a similar
behavior in aluminum matrix composite/brakepad tribo-couple.
Even though the small reinforcement composites showed signifi-
cantly higher COF at lower speeds, the decrease with increasing
speeds is much more significant than the large reinforcement size
composites. In view of this, the large size reinforcement compo-
sites should be preferred over the small reinforcement composites.

4. Conclusions

We developed Fe based MMCs using powder metallurgy
techniques and studied the tribological properties. We system-
atically studied the effect of the volume fraction and size of the
particulate reinforcement at various high sliding speed conditions.
We found that larger particle size reinforcements provided better
wear resistance holding all other conditions fixed. Also, higher
reinforcement volume fraction of reinforcement provided better
wear resistance. The larger size and higher volume fraction
composites showed higher hardness which translated to higher
wear resistance.

We compared the wear resistance of two reinforcement types.
Composites with mullite particles showed smaller wear loss at a
lower volume fraction of reinforcement compared to those with
silica particles. This is attributed to the greater elastic modulus
of the mullite compared to silica which is known to increase the
hardness of the composites. However, the wear resistance of the
composites with stiffer reinforcements exceeded that explained by
increasing hardness. For example, small size Fe/15%mullite com-
posites had comparable wear resistance as large size Fe/30%silica
composites at 25 m/s sliding conditions. However, at higher sliding
speeds, the larger size reinforcement composites performed much
better. An examination of the wear tracks showed that abrasive
wear was the main wear mechanism at 25 m/s. A mixed mode of
wear with delamination, oxidation and abrasion was observed at
higher sliding speed conditions.

When viewed in the context of braking parameters such as mean
stopping distance and coefficient of friction, the large reinforcement
size composites performed best. Fe/20%mullite composite required
the smallest stopping distance of all the composites considered and
had a moderately good coefficient of friction which varied little with
sliding speed. Other composites such as the small reinforcement
sized Fe/mullite and Fe/silica required a short braking distance and
had high coefficient of friction at low sliding speeds. However, the
braking performance of these composites declined significantly with
increasing sliding speed.

Thus, in selecting materials for low wear loss and braking
performance, larger size and higher volume fraction reinforcement
particles with greater elastic modulus are to be preferred.
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