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ABSTRACT

This study pertains to observations made on the abrasive wear response of Al-TiC composites under varying
applied load and traversal distance conditions. The influence of TiC particle reinforcement and its content in
the matrix on the abrasion characteristics of the samples was investigated. The composites were prepared by
generating the reinforcement phase (TiC particles) from within the matrix employing a hybrid in-situ technique
consisting of a combination of steps involved in powder and liquid metallurgy routes of synthesizing metal
matrix composites. The unreinforced matrix alloy (AA2014) was also tested under identical experimental
conditions for comparison purposes. Properties characterized were wear rate, frictional heating and friction
coefficient. Microstructural features of the samples and characteristics of wear surfaces, subsurface regions
and abrasive medium have also been examined.

The TiC reinforcement led to improved abrasion resistance (inverse of wear rate), the degree of improvement
increasing further with the rising concentration of the TiC particles in the alloy matrix. Increasing applied load
led to deterioration in the wear behaviour of the samples while a reverse trend was followed as the traversal
distance was raised. The severity of frictional heating was noted to increase with load. On the contrary, friction
coefficient tended to decrease with increasing load except for the composite containing the highest
concentration of TiC wherein a reverse trend was noticed. Both frictional heating and friction coefficient
increased sharply with traversal distance initially. This was followed by a reduction in the rate of temperature
increase at longer traversal distances whereas friction coefficient was observed to attain steady state condition
after showing a decrease in some cases. The presence of TiC reinforcement in the alloy matrix and its
increasing content led to a decrease in the friction coefficient and the severity of frictional heating. The
observed wear behaviour has been substantiated through the characteristics of abraded surfaces and subsurface
regions of the samples and degradation of the abrasive medium. Operating material removal mechanisms have
also been examined.
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INTRODUCTION

Al alloy metal matrix composites (MMCs) are
widely used in a variety of tribological and
other engineering applications including
automobile, aircraft, space equipment and
structural components [1-10]. Mining and
mineral handling/ processing equipment could

be other potential areas of applications for the
MMCs [6]. It has been observed that wear of
critical components like brake drums, cylinder
blocks, cylinder liners, drive shafts etc. greatly
affect the overall operational efficiency in
automotive applications. Automobile
companies like Honda, Nissan, Toyota, and
General Motors etc. have successfully
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implemented these Al-MMCs in different
engine applications by using various particle
and fiber type reinforcements such as SiC,
Al2O3, graphite etc. [5]. Superior physical,
mechanical and tribological properties of Al-
based MMCs reinforced with TiC particles
have made them particularly attractive for
aerospace, automotive, defense, and structural
applications [1,4]. Al-Cu alloys are known for
their good strength properties and thus have
great potential for a wide range of the
mentioned applications [1,4]. However, this
requires imparting elevated temperature
strength and wear (including abrasion)
resistance to the alloy system to suit the
applications [1,2]. This could effectively be
done through the development of Al-Cu alloy
MMCs containing reinforcement of ceramic
dispersoid phases like TiC, SiC, Al2O3, TiB2,
B4C, ZrB2 etc. that can impart high specific
strength, stiffness, modulus, thermal stability
and wear resistance to the material system
[3,11-17].

It has been observed that factors like size,
shape, content and mode of distribution of the
dispersoid phase in the matrix greatly control
the response of composites [18-21]. Added to
them is the nature of the dispersoid/matrix
interfacial bonding. For example, fine,
spherical and uniformly distributed dispersoid
phase along with sound particle/matrix
bonding improves the properties of
composites. Moreover, the reinforcement
content becomes more effective in controlling
the properties if the dispersoid/matrix
interfacial bonding is sound [19,20,22].
Control of parameters like the dispersoid size,
content, mode of its distribution in the matrix
and nature of dispersoid/matrix interfacial
bonding has rather been treated as a challenge
towards the synthesis of good performing
composite materials. It may be mentioned that
the process of generating and/or adding the
dispersoid phases plays a major role in
controlling their size, shape, content and mode
of distribution in the matrix.

Al alloy particle composites are
conventionally prepared either by powder
metallurgy route or liquid metallurgy
technique involving ex-situ (external) addition
of the dispersoid phase directly to the matrix
[14,23-25]. It has been suggested that the mode
of distribution of the dispersoid particles in the
matrix could more effectively be controlled by
adopting the powder metallurgy route but there
is a wide scope for the material to contain high
porosity. The liquid metallurgy route including
the one involving the stir casting technique has
been viewed as the most economically viable,
practical and attractive process for making
composites [23,26-30]. However, there are
some inherent limitations even with this
process like segregation of the dispersoid
phase in the matrix, inferior (dispersoid/
matrix) interfacial bonding leading to
interfacial porosity/defects, segregation of the
dispersoid phase etc. bringing about poor
properties of the composites [26,31-33]. The
problem becomes more acute while adding
fine dispersoid particles in view of increased
tendency of the particles towards coagulation.
Poor wettability characteristic of the
dispersoid particles with the (molten) matrix is
basically responsible for the mentioned
problems [26,31-33]. This problem could
partially be resolved through the pretreatment
of the dispersoid particles before adding them
to the melt [11,26]. In-situ generation of the
reinforcement particles from within the matrix
has been observed to be beneficial in terms of
its ability to produce sound dispersoid/matrix
interfacial bonding and reinforce very fine
(dispersoid) particles with their fairly uniform
distribution in the matrix [34-44]. The highly
exothermic nature of the in-situ reaction makes
it self-sustaining type and finishes fast thereby
leading to the generation and homogeneous
distribution of thermally stable fine dispersoid
particles in the matrix [36]. The beneficial
effects result from clean dispersoid/matrix
interface bringing about excellent wettability
[27,35,45-50].
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Al matrix particle in-situ composites could be
synthesized employing self-propagating high
temperature synthesis (SHS) [40], powder
metallurgy [41], infiltration [42] and casting
[43,44]. Amongst different liquid metallurgy
processes for synthesizing in-situ composites,
flux assisted casting technique has been
reported to be an effective method bringing
about good dispersoid/matrix bonding in view
of improved wettability characteristics and
hence superior mechanical properties
compared to the ones processed using powder
metallurgy route [11,43].  However, there lies
the danger of partial retention of the flux by the
composite melt thus causing contamination in
this case. TiC particulates have been generated
in-situ in Al alloy melts by injecting CH4 gas
in the Al-Ti melt [38]. However, the process of
using a carbonaceous gas has some practical
difficulties such as the requirement of
complicated apparatus and a problem of
controlling the volume fraction of the TiC
particles generated in the composites [39].

In-situ composites are an emerging group of
materials with distinct advantages over the
conventionally prepared ones [27,34-37,45-
51]. They are also exclusively being studied
due to their potentially low fabrication cost
[39]. Several types of ceramic particles have
been reinforced in Al alloy matrices by the in-
situ technique. They include SiC [52], TiB2
[15], B4C [16], ZrB2 [17], TiC [12,34] etc.
Some information is available pertaining to the
influence of the varying dispersoid/matrix
interfacial characteristics on the properties of
composites synthesized using different
processing techniques [11,53], types of
reinforcement [43], chemical composition of
the matrix [54], heat treatment [55,56] etc.

TiC exhibits high hardness and its addition
improves thermal stability and elevated
temperature properties of Al [27]. TiC
reinforcement to Al alloys has been of special
research interest nowadays in view of its
specific features like better wettability with Al,

lower density, superior thermal stability, low
chemical reactivity, high specific strength,
high hardness, high elastic modulus, high
creep resistance, better stiffness and superior
wear resistance compared to other commonly
used carbide reinforcements
[1,2,14,27,28,39,53,57-60]. It may also be
mentioned that TiC does not affect electrical
properties of composites as adversely as other
reinforcements. Al-TiC particle composites
are treated as the new generation composites in
view of their superior physical and mechanical
properties such as high hardness, high melting
point, high elastic modulus and good thermal
and electrical conductivity [2,14]. They have
drawn scientific attention for aerospace,
automotive, structural and defence
applications [1,4,57,61-64]. The composites
could also be used as grain refiners in Al melt
[5,37,50,65-68].

Wear behaviour of materials is controlled by a
number of material and experimental
parameters. Material related factors include
hardness, strength, microstructural features,
chemical composition etc. [18-20,27,33,34,69-
80]. In the case of composites, additional
factors controlling the wear behaviour are
morphology, mode of distribution and content
of dispersoid phase and the nature of
dispersoid/matrix bonding
[2,6,19,20,22,27,28,34,39,45,70,71,76,79,81-
90]. Experimental parameters include applied
load, traversal distance, speed etc.
[2,27,28,39,45,74,76,77,80,82,87,89,90].  As
far as abrasion is concerned, the size and
hardness of the abrasive particles also come
into picture in controlling the wear response
[36,74,87,91,92]. Studies suggest that the
above mentioned (material and experimental)
parameters control the wear behaviour of
materials in a complex manner and produce
even a synergistic effect in this regard [74,76].
In other words, any of the parameters may not
necessarily produce same/similar effects in all
cases and that the degree of effectiveness of
one parameter may also be affected
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(accelerated/decelerated) significantly by the
presence of any other of the factors in place
while the joint influence of two parameters
may not be the simple summation of their
individual effects. The effect of TiC particle
content and size on the microstructure and
properties of Al-TiC composites synthesized
by powder metallurgy and flux assisted liquid
metallurgy processes has been studied [2,39].
The studies suggest improved hardness and
superior wear resistance with increasing TiC
content while particle size produced a reverse
influence on the wear response [2,39].

An appraisal of the above, suggests that there
is a need to develop a more effective technique
of preparing composites. In this context,
development of a hybrid process consisting of
a blend of typical steps involved in the case of
powder metallurgy and liquid metallurgy
processes is envisaged to prove beneficial in
terms of improved soundness of the composite
and better homogeneity of distribution of the
fine dispersoid particles in the matrix. Also,
there exist several studies pertaining to the
influence of various parameters on the wear
response of Al MMCs. However, most of them
have focused on the sliding wear behaviour
[1,2,6,17-22,33,61,81,85] and abrasive wear
characteristics [6,69-77,82-84,86-88,91,92] of
Al alloys and ex-situ synthesized Al MMCs
while very limited information is available
dealing with the assessment of the abrasive
wear response of Al alloy in-situ composites
containing fine reinforcement of TiC particles
despite a wide scope of work [28,45].

In view of the above, an attempt has been made
in this study to synthesize Al composites with
5 and 10% fine TiC particle reinforcement
employing a hybrid in-situ technique and
investigate their abrasive wear characteristics
at different applied loads and traversal
distances. Characterization of microstructural
features of the samples prior to testing and
microscopic examination of abraded surfaces,
subsurface regions and abrasive medium

(before and after testing the samples) was also
carried out to understand the role of different
material and experimental parameters in
controlling the wear response of the material
system.

EXPERIMENTAL PROCEDURES

Material Synthesis and Sample Preparation

Material synthesis in this study included three
steps namely (a) preparation of pellets of
powder mixture, (b) incorporating the pellets
in the alloy melt to form TiC particles in-situ
therein and (c) pouring the composite melt in
the mould to make castings. Pellet preparation
involved mixing the powders of Ti and C in
equal proportions along with that of Al using a
planetary ball mill (ball/powder ratio ~2) and
pressing the powder mix inside a mould (40
mm diameter) at 25 MPa pressure at ambient
temperature. The alloy melt was prepared by
melting the constituent elements in required
quantities so as to arrive at the desired
chemical composition of the matrix alloy
conforming to Al alloy 2014 (Table 1).
Attempts were made to add the low melting
elements towards the end of the melting
operation to avoid/minimize their losses due to
evaporation. This was followed by the gradual
addition of the pellets to the alloy melt to be
able to in-situ generate 5 and 10 wt% TiC
particles in the alloy matrix. The alloy melt
was stirred simultaneously with the help of a
stirring mechanism while adding pellets to the
melt. The composite melt was poured in a
metallic mould to solidify it in the form of 12
mm diameter and 120 mm long cylindrical
castings.

Samples for abrasion testing, hardness and
density measurement and microstructural
examination were prepared by machining the
castings. The samples for abrasion testing were
in the form of 8 mm diameter and 30 mm long
cylindrical pins with a fine hole near their flat
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ends. For hardness and density measurements,
12 mm diameter and 15 mm thick samples
were prepared. The samples were polished
well before conducting the tests/measurement.
The specimens for microstructural
examination were prepared in a manner similar
to those for hardness and density measurement
and etched with Keller’s reagent.

Measurement of Hardness and Density

Hardness of the samples was measured using a
Vickers hardness tester at an applied load of 30
Kg while density was determined employing
water displacement technique. A Mettler
microbalance with a precision level of 10-5 g
was used for weighing the samples in water
and air. An average of five observations has
been considered in this study.

Abrasion Tests

Two-body abrasion tests were carried out on
the (pin) samples. The apparatus used for
conducting the abrasive wear tests was a
DUCOM (Bengaluru, India) make pin-on-disc
(TR-20LE) machine with the disc covered with
the abrasive medium. The abrasive medium
consisted of 15 μm SiC particles firmly
adhering on to a strong paper base. The
abrasive paper base was pasted firmly with the
disc to prepare the (abrasive) counterface.
Figure 1 shows the morphology of the abrasive
particles fixed on the paper base. A magnified
view of the pin-on-disc test system/apparatus
is shown in Fig. 2. This test methodology/
configuration gives rise to a situation wherein
the abrasive particles are firmly held in
position against the specimen surface under the
applied load and do not enjoy the freedom to
move/roll freely in between the contacting
surface or bounce back into the counterface.
Under the circumstances, the abrasive particles
get highly stressed against the specimen
surface since the total applied load/stress is
transferred on to the specimen surface giving
rise     to     high-stress     loading    conditions.

(a)

(b)

Fig. 1 Fresh abrasive medium revealing the
features/ morphology of SiC particles fixed on the
paper base prior to abrasion testing

Accordingly, these tests are termed two-body
(high-stress) abrasion tests. All the tests were
conducted at the applied loads of 5 and 20 N at
a fixed traversal speed of 1 m/s while traversal
distance was varied in the range of 100-500 m.
Load on the samples was applied with the help
of a cantilever mechanism. Wear rate was
determined by weight loss measurement
technique. The samples were cleaned well and
weighed prior to and after conducting the
abrasion tests. Weighing was done using a
Mettler microbalance with a precision level of
10-5 g. Further, temperature rise was monitored
during the tests through a chromel-alumel
thermocouple inserted in the hole made near
the contacting surfaces of the specimens.
Moreover, friction force was also measured in
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Fig. 2 Photographic representation of the wear test apparatus and specimen

this study using a force transducer and then
converted into friction coefficient.

The methodology adopted during abrasion
testing involved fixing the abrasive medium on
to the disc surface and the sample in the
specimen holder. This was followed by
loading the sample to the desired extent against
the abrasive medium, allowing the sample to
travel the fixed traversal distance, removing
and cleaning the sample and measuring its
weight loss.

Microscopy

Microstructural features of the samples were
determined using computerized optical and
scanning electron microscopes attached with a
digital photographic and recording system.
The SEM used was JEOL, Japan Make (JSM-
5600) and SE detector was employed for the
microscopic investigations. The polished and
etched samples were sputtered with gold prior
to their SEM examination.

Wear surfaces and subsurface regions of the
tested samples and the abrasive medium were
examined using a scanning electron
microscope (SEM). The samples for the wear
surface examination were cleaned well,
mounted on brass studs and sputtered with
gold for their examination. In order to
characterize subsurface regions, transverse
sections in the direction of sliding were cut
from the tested samples, mounted in polyester

resin, polished according to standard
metallographic techniques, etched with
Keller’s reagent and sputtered with gold. The
abrasive medium prior to and after conducting
the abrasion tests was also mounted on brass
studs with the help of a double sided tape and
sputtered with gold to study the change in its
features as a result of abrading the samples.

RESULTS

Microstructure, Hardness and Density

Figure 3 shows microstructural features of the
matrix alloy and composites. The matrix alloy
revealed dendritic structure (Fig. 3a)
consisting of primary α dendrites surrounded
by the Al(α)-CuAl2 eutectic and iron rich phase
in the form of Chinese script (Fig. 3b, regions
marked by A, arrow and B respectively). A
detailed discussion about the Chinese script
Fe-rich phase is available elsewhere [93,94].
The matrix structure of the composites
remained practically unchanged due to TiC
addition (Fig. 3c). The presence of TiC
particles in the alloy matrix may be seen
clearly in the case of the composites (Fig.
3d&e).  The TiC particles were observed to be
in the size range of submicron to ~4 μm with
sound particle/matrix interfacial bonding (Fig.
3e, region marked by C).

Table 1 shows the density and hardness of the
samples. The presence of TiC particles led to
slightly    increased     density     and     limited
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(a) (b) (c)

(d) (e)
Fig. 3 Microstructural features of the (a&b) matrix alloy and (c-e) composites containing (c) 5%TiC and
(d&e) 10% TiC particles [A: primary α, arrow: Al-Cu eutectic, B: Chinese script phase and C: TiC

Table 1  Chemical  composition (wt%), hardness and density of  the AA 2014 matrix alloy and composites

Material Composition, wt % Hardness,
HV

Density,
g.cm-3Al Cu Mg Si TiC

Matrix alloy * 4.56 0.75 0.86 0 85 2.80

Composites Matrix alloy 5 90 2.88
10 92 2.90

* : remainder

improvement in hardness. An identical trend
was also observed with the increasing
concentration of TiC in the alloy matrix.

Wear Behaviour

Figure 4 shows the wear rate of the samples
plotted as a function of traversal distance. The
influence of TiC reinforcement and applied
load on the wear response of the matrix alloy
is also evident from the figure. The wear rate
decreased with increasing traversal distance.
Also, the rate of reduction in the wear rate was
high initially. This was followed by a lower
rate of decrease in the wear rate at longer
traversal distances. The samples attained

increasing wear rates at higher applied loads.
The composites delineated lower wear rate
compared to that of the matrix alloy; increasing
TiC content led to a further reduction in the
wear rate.

Temperature near the contacting surface of the
samples is shown in Fig. 5. The frictional
heating rose with increasing traversal distance.
The rate of temperature increase was high
initially followed by a reduced rate of
temperature rise at longer traversal distances.
The severity of frictional heating decreased in
the case of the composites over that of the
matrix alloy. Further, increasing TiC content
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Fig. 4 Wear rate plotted as a function of traversal
distance at different applied loads in the case of the
matrix alloy and composites containing TiC particles

brought about still less frictional heating.
Increasing load caused the realization of a
greater severity of frictional heating.
Moreover, the influence of TiC reinforcement
and its content as well as traversal distance on
temperature became more prominent at the
higher applied load.

Friction coefficient of the samples increased
significantly with the traversal distance at
lower distances (Fig. 6). The rate of increase in
the property became considerably small and
the samples rather attained a steady state
condition at longer traversal distances. In some
cases, it decreased slightly before attaining the
steady state friction coefficient.  The friction
coefficient reduced in case of the composites
over that of the matrix alloy, increasing TiC
content in the matrix leading to still less
friction coefficient. Moreover, increasing load
led to a reduction in the friction coefficient
except in the case of the composite containing
the highest concentration of TiC particles, the
trend reversed in the latter case.

Fig. 5 Temperature near the contacting surface of the
samples plotted as a function of traversal distance at
different applied loads in the case of the matrix alloy
and composites containing TiC particles

Fig. 6 Friction coefficient plotted as a function of
traversal distance at different applied loads in the
case of the matrix alloy and composites containing
TiC particles
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Fig. 7 Features of the abrasive medium after testing the matrix alloy for 500 m traversal distance at the applied
loads of (a&b) 5 and (c&d) 20 N

(a) (b)

(c) (d)
Fig. 8 Features of the abrasive medium after testing the composite containing 10%TiC particles for 500 m
traversal distance at the applied loads of (a&b) 5 and (c&d) 20 N [Arrow: fracture of abrasive particles]

(a) (b)

(c) (d)
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Abrasive Medium

Figure 7 shows the abrasive medium after
testing the matrix alloy. Sticking of debris on
and around the abrasive particles was noted in
general. Magnified views clearly show these
events (Fig. 7b&d). Blunting of the abrasive
particles was also noted after abrading the
samples (Fig. 7a&c versus 1a and 7b versus
1b). The degree of blunting and severity of
sticking/entrapment of debris increased
significantly with increasing load (Fig. 7c
versus a). A practically similar trend was also
observed as far as the characteristics of the
abrasive medium after testing the composites
is concerned (Fig. 8). However, the degree of
blunting in the case of abrading the composites
was somewhat higher than that of the matrix
alloy (Fig. 8d versus 7d). A magnified view
reveals fracturing/cracking of the (abrasive)
particles (Fig. 8b, regions marked by arrow) in

addition to that of debris sticking and
entrapment.

Wear Surfaces

Wear surfaces of the alloy are shown in Fig. 9.
Sticking of debris/ fragmented abrasive
particles was there on the wear surfaces (Fig.
9c, regions marked by arrow). Similar were the
features of the wear surfaces of the composites
(Fig. 10). However, the wear surfaces of the
composites were relatively smoother than that
of the matrix alloy (Fig. 10a versus 9a).
Further, the depth of the wear grooves was
relatively less in the regions containing the
reinforcement TiC particles (Fig. 10c). The
dispersoid TiC particles were observed to be
exposed on to the abraded surfaces (Fig.
10b&d, regions marked by A). Moreover, the
grooves became coarser with increasing load
(Fig. 10c versus a).

(a) (b)

(c)

Fig. 9 Features of the abraded surfaces of the matrix alloy after testing for 500 m traversal distance at the
applied loads of (a) 5 and (b&c) 20 N [Arrow: entrapped abrasive/debris particles]
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(a) (b)

(c) (d)
Fig. 10 Features of the abraded surfaces of the composite containing 10%TiC particles after testing for 500
m traversal distance at the applied loads of (a&b) 5 and (c&d) 20 N [A: exposed reinforcement phase]

Subsurface Regions

Figure 11 shows the regions below the abraded
surfaces of the matrix alloy. Regions in a
process of being separated from the bulk were
observed in general (Fig. 11a&c, regions
marked by single arrow). A magnified view
shows negligible wear induced plastic
deformation of the regions in the nearest
vicinity of the wear surface as evident from
their identical microstructural features to that
of the bulk (Fig. 11d, regions marked by A and
B respectively). The presence of microcracks
was also observed (Fig. 11b-d, regions marked
by double arrow). Entrapment of a fragmented
abrasive particle may be noted in Fig. 11b
(region marked by triple arrow). The thickness
of the region attached to the bulk became
greater with increasing load (Fig. 11c&d
versus a&b respectively). A similar trend was
also observed in case of the composite (Fig.
12). Fragmented abrasive particles entrapped
in the near vicinity of the wear surface were

observed in this case too (Fig. 12b, region
marked by A).

DISCUSSION

Dispersion of fine second phase particles in
alloy matrices has been a matter of great
concern in view of associated problems like
segregation of the dispersoid phase and
generation of more porosity. There are other
issues involved in the case of fine dispersoid
phases such as handling problems and health
hazards due to limitation of arresting their
inhalation during handling/operation as
discussed earlier. In this context, the presently
adopted hybrid in-situ technique [95] for
synthesizing the composites seems to be useful
since it incorporates the benefits of both the
powder and liquid metallurgy routes. Good
dispersoid/matrix bonding and the formation
of  fine  TiC  particles   in  the   size   range  of
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(a) (b)

(c) (d)

Fig. 11 Features of the subsurface regions in case of the matrix alloy after testing for 500 m traversal distance
at the applied loads of (a&b) 5 and (c&d) 20 N [Single arrow: regions in a process of being separated from
the bulk, double arrow: microcracks, triple arrow: entrapped abrasive particle, A: region in the nearest
vicinity of the wear surface and B: bulk region away from the wear surface]

(a) (b)

(c) (d)

Fig. 12   Features of the subsurface regions in case of the composite containing 10%TiC particles after testing
for 500 m traversal distance at the applied loads of (a&b) 5 and (c&d) 20 N [A: entrapped abrasive particle]

15 TRIBOLOGIA - Finnish Journal of Tribology 1-2 vol 36/2019



B.K. Prasad et al. Two-Body Abrasive Wear Behaviour of In-Situ Al-TiC Particle Composites:
Influence of TiC Reinforcement and Content in the Alloy Matrix and Experimental Parameters

submicron to ~4 μm in the matrix (Fig. 3c&d)
suggests the attainment of desirable results.

During two-body abrasion, the abrasive
particles are firmly bonded on to the strong
paper base that in turn is rigidly fixed on the
counterface/disc. In the event of abrading
MMCs, the abrasive particles have to
encounter the reinforcement particles in view
of the fixed depth condition maintained in such
cases since the former do not have the freedom
to bounce back [78-80,89,90]. Accordingly,
the depth of penetration becomes the same
irrespective of the hardness of the constituent
phases of the samples. This enables the
reinforced hard microconstituents/
reinforcements to protect the softer phases
against the penetrating action of the abrasive
particles more effectively. The abrasive
particles behave as a cutting tool in this case in
view of their firm bonding on the paper base
and also on the counterface. In the process of
penetration against the material surface, the
debris particles get entrapped/ stuck on and
around the abrasive particles, the processes
being known as capping and clogging
respectively [79,96]. The abrasive particles
also get blunted because of the rubbing action
while their fragmentation takes place as a
result of the two-body (high-stress) condition
generated therein [79,96]. Cracking and
fragmentation of the abrasive particles
generate sharp corners and edges while their
degree of protrusion reduces [78,96]. Thus,
fragmentation leads to a mixed influence on
the extent of wear loss in the sense that the
generation of sharp corners causes higher loss
in view of larger depth of penetration while a
reduction in the degree/level of protrusion
produces a reverse effect because of the
decreased severity of penetration.
Accordingly, the net effect of fragmentation
and cracking on the wear loss depends on
whether the influence of the generation of
sharp corners and edges on the decreased level
of protrusion dominates or vice versa. To
summarize, processes like capping, clogging

and blunting (attrition) lead to less material
loss while fragmentation produces a mixed
effect [78-80,89,90,96]. Work hardening of the
subsurface regions has also been reported to
cause less wear loss/rate [82,83]. However,
this factor does not seem to play any effective
role in the present investigation in view of
practically identical microstructural features of
the regions in the near vicinity of and away
from the wear surface (Fig.11d, region marked
by A and B respectively), thus signifying
negligible wear induced plastic deformation/
work hardening.

Improved wear resistance (inverse of wear
rate) of the composites could be attributed to
the resistance offered by the TiC particles
(reinforced in the alloy matrix) against the
destructive action of the abrasive (SiC)
particles. The relatively smoother wear
surfaces of the composites than that of the
matrix alloy (Fig. 10a versus 9a) and a
somewhat higher degree of attrition of the
abrasive particles in the case of testing the
composites (Fig. 8d versus 7d) further
substantiate the observed wear response of the
samples. Higher wear rate of the samples with
increasing applied load could be due to larger
depth of penetration of the abrasive particles as
also observed in terms of deeper/coarser wear
grooves (Fig. 10c versus a).  A higher degree
of frictional heating with rising load (Fig. 5)
could be attributed to the increasing severity of
wear condition and greater depth of
penetration as also evident from the deeper
wear grooves (Fig. 10c versus a). However, a
corresponding decrease in friction coefficient
with more severe loading condition (Fig. 6)
could be owing to the reduced cracking
tendency of the material system [97] under the
condition of higher frictional heating (Fig. 5).
It may be mentioned that the interfacial
cracking tendency dominates at low
temperatures leading to the additional abrasive
action of the removed mass that gets entrapped
in between the sliding surfaces subsequent to
its fragmentation and release and hence higher
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friction coefficient [97,98]. On the contrary,
the trend reverses at higher temperatures
(within limits) in view of improved
compatibility of the matrix with the dispersed
phases thus reducing the cracking tendency of
the material system [97]. Under the
circumstances, the severity of removal of the
dispersoid phase decreases thus causing
improved protection to the softer matrix and
less abrasive action and hence reduction in the
friction coefficient at higher loads (Fig. 6). A
high rate of increase in the severity of frictional
heating and friction coefficient with traversal
distance initially (Fig. 5 and 6 respectively)
could be attributed to a higher degree of
abrasive action caused by the highly
protruding fresh abrasive particles (Fig. 1) as
well as additional abrasive action caused by the
fragmented abrasive/ hard debris particles
[99]. With the increasing traversal distance, the
degree of attrition (blunting) of the abrasive
particles increases, thus bringing about a
relatively less severity of increase in the
properties. The net influence of fragmentation
of the abrasive particles depends on the nature
of predominance of the counterbalancing
effects of the two parameters as discussed
earlier. Rest of the factors like capping and
clogging actions taking place as a result of
covering by and entrapment of the debris in
between the abrasive particles (Fig. 7&8)
brings about a reduction in the cutting
efficiency of the abrasive medium and hence
less severity of material removal. It has been
observed that capping, clogging and attrition
play a more dominant role in controlling the
severity of material loss/ damage compared to
that of the matrix work hardening, the latter
playing a secondary role in view of limited
wear induced plastic deformation (Fig. 11&12)
as also evident from a correspondingly low
overall rise in frictional heating (Fig. 5).

The presence of entrapped hard debris particles
on the abraded surfaces of the samples (Fig. 9c,
arrow marked region) produces additional
cutting action leading to more severe damage

to the surface. Further, the exposure of the
dispersed TiC particles on the abraded surfaces
of the composites (Fig. 10d) suggests their
active participation towards resisting the
destructive action of the abrasive medium and
hence improved wear resistance (inverse of
wear rate) compared to that of the matrix alloy
(Fig. 4).

Negligible wear induced plastic deformation in
the near vicinity of the wear surface, as evident
from practically identical microstructural
features of the regions in a process of
separation from the bulk and the bulk below
(Fig. 11c&d) results from the fast cutting
action of the abrasive particles thus not
allowing the material to interact well with the
(abrasive) medium. This is also in agreement
with correspondingly limited increase in
frictional heating (Fig. 5).

CONCLUSIONS

1. The in-situ process adopted in this study
enabled to disperse fine TiC particles in
the Al alloy matrix with sound
dispersoid/matrix interfacial bonding.

2. The composites attained decreased
abrasive wear rate and frictional heating
over that of the matrix alloy. Moreover,
increasing dispersoid (TiC) content proved
to be further beneficial in this context.

3. Increasing load brought about a reduction
in the friction coefficient except in     the
case of the composite with the highest TiC
content; the trend reversed in the latter
case.

4. The wear rate decreased with increasing
traversal distance while applied load
produced a reverse effect.

5. The frictional heating (temperature near
the contacting surface of the samples)
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increased with rising traversal distance.
Also, the severity of the increase became
more prominent at a higher applied load.

6. The friction coefficient generally
increased with increasing traversal
distance. However, a practically steady
state condition was attained at longer
traversal distances while a reduction in
friction coefficient after attaining the peak
was noticed in some cases.

7. Capping, clogging and attrition were
found to be important material removal
mechanisms. Cracking and fragmentation
of the abrasive (SiC) particles were also
noticed to a limited extent while the
dispersoid (TiC) particles remained intact
in the alloy matrix protecting the specimen
surface during the process of abrasion.
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