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Èññëåäóåìûé êîìïîçèò ïîëó÷åí ïóòåì äîáàâëåíèÿ îò 0,5 äî 3,5 ìàñ.% ïîðîøêà TiO2 â

àëþìèíèåâûé ðàñïëàâ ïî òåõíîëîãèè òàê íàçûâàåìîé îáðàáîòêè ïîëóçàòâåðäåâøåãî ìåòàëëà,

èñïîëüçóåìîé äëÿ ïîëó÷åíèÿ àëþìèíèåâûõ ñïëàâîâ. Ëèòîé êîìïîçèò, ïîëó÷åííûé ïóòåì êðèñ-

òàëëèçàöèè ðàñïëàâà ñ ÷àñòèöàìè TiO2 â ôîðìå, èñïûòûâàëè íà èçíîñ ïðè ñóõîì òðåíèè ïî

òðèáîñõåìå äèñê–øïèëüêà. Èñïûòàíèÿ ïðîâîäèëè áåç óäàëåíèÿ ïðîäóêòîâ èçíîñà ñîãëàñíî

ñòàíäàðòíîé ñõåìå è ñ óäàëåíèåì òàêîâûõ ñ ïîìîùüþ âîëîñÿíîé êèñòî÷êè. Îáúåìíûé èçíîñ

êîìïîçèòà ëèíåéíî âîçðàñòàåò ñ óâåëè÷åíèåì äëèíû ñêîëüæåíèÿ, à ñêîðîñòü èçíîñà âîç-

ðàñòàåò áîëåå-ìåíåå ëèíåéíî ñ ïîâûøåíèåì íàãðóçêè. Ñ óâåëè÷åíèåì ñîäåðæàíèÿ ÷àñòèö TiO2

óìåíüøàåòñÿ ñêîðîñòü èçíîñà ïðè çàäàííîé íàãðóçêå. Îáúåìíûé èçíîñ êîìïîçèòà îêàçû-

âàåòñÿ çíà÷èòåëüíî âûøå, åñëè ïðîäóêòû èçíîñà óäàëÿþòñÿ â ïðîöåññå ñóõîãî òðåíèÿ. Íà

ýëåêòðîííûõ ìèêðîãðàôèÿõ èçíîøåííûõ êîíòàêòíûõ ïîâåðõíîñòåé êîìïîçèòîâ, ïîëó÷åííûõ

ïóòåì äîáàâëåíèÿ ïîðîøêà TiO2, ìîæíî íàáëþäàòü ÿðêî âûðàæåííûé óïëîòíåííûé ïåðå-

õîäíûé îêñèäíûé ñëîé. Ïðè áîëåå âûñîêèõ íàãðóçêàõ îêñèäíûå ïðîäóêòû èçíîñà ïðåäïîëî-

æèòåëüíî óìåíüøàþòñÿ è îáðàçóþò ïðîñëîéêó, êîòîðàÿ ðàñïðîñòðàíÿåòñÿ íà áîëüøóþ

ïëîùàäü ïîâåðõíîñòè ñêîëüæåíèÿ. Òàêèì îáðàçîì, óäàëåíèå îêñèäíûõ ïðîäóêòîâ èçíîñà

ïðèâîäèò ê áîëüøåìó èçíîñó êîìïîçèòà ïî ñðàâíåíèþ ñ ècïûòàíèÿìè áåç óäàëåíèÿ.

Êëþ÷åâûå ñëîâà: ïðîöåññ ïîëóçàòâåðäåíèÿ, ïîðîøîê TiO2, êîìïîçèò, èçíîñ
ïðè ñóõîì ñêîëüæåíèè, ïåðåõîäíîé ñëîé.

Introduction. Over the last two decades, a lot of research has been focused on
aluminum metal matrix composites (Al MMCs). A wide variety of fabrication
techniques have been explored for Al MMCs, which include vapors state methods,
liquid phase methods (infiltration of preforms, rheocasting/thixoforming, melt
stirring and squeeze casting) and solid state methods (powder forming and
diffusion bonding). Recently, the preponderance of research studies on Al MMCs
has been aimed at developing particle reinforced aluminum matrix composites,
based on liquid methods, because they can be used to produce components by
casting processes. The fabrication of the composite using casting techniques is
particularly attractive since it permits a low-cost and net-shape fabrication,
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adaptability of casting processes to existing production practices and flexibility in
designing the structure through controlled solidification [1–5]. Discontinuously
reinforced metal matrix composites [6] have received much attention because of
their improved specific strength and modulus, good wear resistance and modified
thermal properties [7]. Composite materials have widened the horizon of engineering
materials beyond natural combinations by introducing man-made combinations,
even across different categories of materials, metals, ceramics and polymers. The
topologically continuous major phase in the composite is called matrix, in which
the other minor phase or phases may be discontinuously/continuously distributed
to impart/reinforce certain properties. There are many metallic components where
wear resistance is the primary consideration for application. Normally, aluminum
alloys have excellent mechanical properties coupled with good corrosion resistance
but often possess poor resistance to wear and seizure. It is possible to reinforce
aluminum alloys by various hard and soft particles such as SiC, Al2O3, flyash,
glass, WC, graphite, mica, coconut shell char, TiO2, etc. to impart resistance to
wear and seizure [8–10]. Synthesis of aluminum based lightweight composites by
economic route of solidification processing [9] has received considerable attention
due to significant improvements in the tribological properties of such composites
including sliding and abrasive wear resistance, and also, seizure resistance [10–12].
Aluminum based metal matrix composites (AMCs) are promising materials for
automotive, aerospace, deep ocean, nuclear energy generation, and other structural
applications because of their low density, high stiffness and low wear rate [12, 13].
The wear resistance of the components in the three different materials was ranked.
Moreover, analysis of particle distribution and optical and scanning electron
microscope observations of reaction products were also performed. Results show
that components in aluminum alloy with SiC as reinforcement have a uniform
distribution of ceramic particles, sound interface without fragile compounds and
wear resistance higher than that of components reinforced with B4C particles. In
recent years, interest in controlling attributes such as coefficient of thermal
expansion, thermal conductivity, friction characteristics and wear resistance has
arisen. The investigated case study is the production of a pick-holder of a power
loom machine. This component is a typical example of a class of products coming
from unexplored sectors, which can take advantages of the light weight and high
wear resistance of the composite. Indeed, the pick-holder has to be light since
during the working of the loom it is moved very fast. Moreover, the surface
holding of the pick, which is continually moved up and down, requires high wear
resistance. On the contrary, despite its high wear resistance properties, studies
dealing with the stir casting method to obtain composite based on B4C are very
scarce. Using the double stir procedure, a variant of the stir casting method, both
ceramic carbides are forced to be absorbed by liquid aluminum. Then, the
traditional investment casting process, already used to produce the pick-holder in
unreinforced aluminum alloy, is extended to obtain the component in composite.
Aluminum matrix composites have a wide range of applications where high
specific strength and high modulus as well as good wear resistance are the
important aspects. Owing to the low density, low melting point, high thermal
conductivity of aluminum, a variety of ceramic particulates such as SiC, Al2O3,
and TiC have been reinforced into it to form the composites. Among these
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particulates, titanium diboride, TiB2, has emerged as an outstanding reinforcement
due to the fact that TiB2 has high hardness and superior wear resistance, and more
importantly, it does not react with aluminum to form any reaction product at the
interfaces between the reinforcement and the matrix [14, 15]. Aluminum alloys
have been gaining great importance as structural materials, but for many applications
it is necessary to improve their wear resistance. In particular, uses of aluminum
alloys in automotive applications have been limited due to their inferior strength,
rigidity and wear resistance, as compared to those of ferrous alloys. Particle
reinforced aluminum composites, nevertheless, offer reduced mass, high stiffness
and strength and improved wear resistance. Specifically, the possibility of
substituting iron-base materials for Al metal matrix composites (MMCs) in
automotive components provides the potential for considerable weight reduction
[16]. In this study, the sliding velocity (estimated from the sample rotating speed)
and the total sliding distance for all alloys tested were maintained constant at
0.0060 m/s and 16.5 m, respectively. Analysis of the wear tracks was performed
using JEOL-JSM 5410 LV and JEOL-JSM 6100 scanning electron microscopes
(SEM) equipped with electron dispersive spectroscopy (EDS) capabilities. Back-
scattered electron imaging (BEI) was used to analyze the wear track topography
and composition in both centrifugally cast and gravity cast composites. This
technique was preferred since at low magnification, BEI provides a better view of
the surface topography than secondary electron imaging. The wear volume was
calculated from topographical analysis of the wear track, using a Nikon SMZ 1500
stereoscope, a Nikon Epiphot 2 optical microscope, and a Nano surf easy Scan TM
atomic force microscope (AFM). From this information, the wear coefficient, K ,
was determined as defined by Eq. (1):

K
W

F SN

� , (1)

where W is the wear volume (mm3), FN is the applied load (N), and S is the

sliding distance (m) [17].
It has been observed that wear rate increases with increasing normal load but

decreases with increasing volume fraction of particles if the bonding between the
matrix and the particles is adequate. The main goal of this study is to determine dry
sliding wear behavior in the context of formation of transfer layer on the sliding
surface of cast Al–5 wt.% Cu composites synthesized by TiO2 introduced in melt
before solidification of the resulting slurry [18].

Experimental Procedures. The liquidus temperature of this alloy was
calculated by Pro-Cast software based on chemical composition. By using this
software, it is possible to predict the liquidus temperature of aluminum alloys,
based on their chemical compositions [19, 20]. Pieces of Al–Si of composition
given in Table 1, have been heated in a graphite crucible kept in a vertical electric
resistance muffle furnace to attain molten state. When the temperature of the melt
reaches 750�C, melt was mechanically stirred to create a vortex in the melt. Then
TiO2 particles with characteristics described in Table 2 are added into the vortex
for their transfer into the melt, and magnesium pieces are also added to the melt to
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help wetting of in-situ generated particles by molten aluminum and retain them
inside the melt. Melt-particle reaction is allowed to continue for 20 min. To
improve the dispersion of the TiO2 particles in the base metal, mechanical stirring
was instituted. This was accomplished by using as a stirrer, a disk of stainless steel,
2 inches in diameter, cut at the radius in 4 or 5 places with the blades bent so that
they formed a multi-bladed fan. The stirring unit was mounted at the end of an
18-inch-long, 3/8-inch-diameter rod driven by the stirrer motor operating at
200–1300 rpm. The next step is the addition of TiO2 particles as the reinforcement.
The liquid metal was stirred under a hot argon atmosphere at about 100�C and the
maximum flow of 2360 cm3/min. Argon was directly injected inside the melt to
control the oxidation during the foaming process.

The resulting slurry of melt containing oxide particles is then cast into a steel
mould by bottom pouring. The cast in-situ composite ingot is made to cool very
fast by cooling them in water immediately after casting. The Brinell hardness tests
of the composites have been carried out with a 2.5 mm diameter hardened steel ball
at a load of 31.25 kg to avoid excessive indentation. Molten aluminum was poured
in the sand mould with a cylindrical shape of 22 mm in diameter and a length of
350 mm. 2 mm of diameter is to be machined to a standard sample for tensile test
according to ASTM-B 577. Tensile test was conducted by the Universal Testing
Machine (Gotech) at a strain rate of 10 1� s�1 at room temperature. Dry sliding
wear tests of different cast in-situ composites and un-reinforced alloys have been
performed under the ambient condition of relative humidity in the range between
40 and 60% and the temperature between 17 and 25�C, using a pin-on-disk
machine, installed in the laboratory of Islamic Azad University of Yazd. The
experiments are conducted following ASTM G99-90 standard, using counter face
of steel disk 316L/EN-32 hardened to 62–65 HRC. The contact surface of the pin is
flat and polished using 1/0, 2/0, 3/0, and 4/0 grade emery papers before conducting
the sliding wear test of the pin under five different loads of 10, 20, 30 40, and 50 N
and a fixed sliding speed of 1 m/s [21]. The experimental setup is illustrated in
Fig. 1.
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T a b l e 1
Chemical Compositions of Al–Si before and after the Addition of TiO2

Weight (%)

Si Cu Zn Fe Mg Ti Mn Ni Sn Pb

6.00 3.50 1.54 0.78 0.15 0.10 0.10 0.02 0.001 0.001

T a b l e 2
Details of Nano TiO2 Powders Used in Processing of Cast In-Situ Composite

Powder Purity (%) �, g/m3 Size Supplier

Nano TiO2

(anatase)

99.95 0.4 � 15 nm Atoor Sanat Abtin Industrial Group,
Tehran, Iran.



Results and Discussion. Figure 2 shows the SEM microstructures of
composite, as typical examples of composite synthesized by dispersion of TiO2 in
Al–Si alloy. With increasing the addition of oxide particles, there are more bright
particles appearing as fine spots, indicated in the microstructure. The bright
elongated and faceted precipitates of CuAl2 are shown in the matrix which is
surrounded by TiO2 particles. Here, with increasing TiO2 content, the surface
becomes rougher (due to an increase in pigment population on the surface) and
thus the mechanical interlocking as well as adhesion strength is increased.

It can be seen that as the TiO2 content increases up to 3.5 wt.%, the grain size
of the composite material decreases to 10 �m. This decrease in grain size is related
to the formation of TiAl3 phase due to the reaction between Al melt and TiO2

particles as observed elsewhere [22]. In aluminum alloys, finely dispersed TiAl3

particles can be derived from the reduction of TiO2 during thermal processing,
which react with the Al matrix to form TiAl3 in-situ [23]. This phase is formed
prior to solidification of Al–Si alloy. Due to its better lattice compatibility with
solid aluminum, makes it an efficient nucleation site for aluminum grains upon
solidification. The TiAl3 grains dissolve upon solidification of aluminum and most
probably responsible for the enhanced nucleation of aluminum grains [24]. There
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Fig. 1. The experimental set up for ultrasonic treatment of Al–Si TiO2 composite making.

a b

c d

Fig. 2. SEM microstructure of Al–Cu composite with increase in TiO2 content: (a) 0.5 wt.%; (b) 1.5
wt.%; (c) 2.5 wt.%; (d) 3.5 wt.%.



are some reinforcement characteristics that influence the mechanical properties of
the composites, such as the volume fraction and the shape, size and dispersion of
the reinforcement. The strength of Al–TiO2 composite is strongly dependent on the
volume fraction and the particle size of TiO2. Composites containing larger TiO2

particle size show increased wear resistance, but reduced tensile strength by
comparison with small particle size reinforced composites [25]. Figure 3 shows the
variation of hardness with increasing particle content in the composites developed
by the addition of TiO2. The hardness varies more or less linearly with TiO2

content. The porosity content is shown within bracket. Although in both the
systems the hardness varies more or less linearly despite differing porosity content.
It can be seen that as the TiO2 content increases, the hardness of the composite
material increases monotonically by significant amounts if other factors are kept
constant. Quantitatively, as TiO2 content is increased from 0.5 to 3.5%. This
increase in hardness is due to the fact that TiO2, being a very hard dispersoid,
contributes positively to the hardness of the composite. As is well known, hardness
is the resistance to indentation, wherein there will be localized plastic deformation
under standardized conditions. The increased hardness is attributable to the hard
TiO2 particles acting as barriers to the movement of dislocations within the matrix.

Figure 4 shows the variation of cumulative volume loss with sliding distance
at different normal loads of 10, 20, 30, 40, and 50 N and a fixed sliding speed of
1.0 m/s for different cast in-situ composite designated as 0.5, 1.5, 2.5, and 3.5 wt.%
containing the particle and porosity contents of (1.83, 3.45), (1.98, 4.12), (2.4,
5.13), (3.3, 6.88), respectively. The solid lines represent the results of pin-on-disk
tests normally carried out, allowing the wear debris to get between the sliding
surfaces contributing to three body wear and formation of transfer layer. The dotted
lines indicate the results of the tests when the wear debris has been removed
continuously by using a camel brush. For a given normal load, the cumulative
volume loss increases linearly with increasing sliding distance following Archard’s
law as commonly observed for metal matrix composites [26] although in dry
sliding wear the mechanism is not merely adhesion. Interestingly, the same trend is
observed when the wear debris is removed during the test. By comparing Fig. 4a
and 4c, it may be observed that the accumulated volume loss increases with
increasing particle content. The lines, both solid and dotted, are drawn by linear
least square fit and the corresponding load is indicated in the figures. There is no
load-induced wear transition in the load range investigated. However, the lines at
different normal loads with and without arrangement for the removal of wear
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Fig. 3. Variation of hardness of cast composites with increasing TiO2 particle content.



debris appear to diverge with increasing sliding distance, and there is significant
increase in cumulative volume loss in wear when the wear debris is continuously
removed from the wear track.

The variation of wear rate with load in composites (0.5, 1.5, 2.5, and 3.5 wt.%
TiO2) having different particle contents is shown in Fig. 5 for tests with and
without removal of wear debris. The wear rates for the composites tested without
removal of debris, increase more or less linearly with increasing the load, but their
magnitude is relatively close in composites with different particle content. This is
because of the difference in particle contents and porosities in composites designated
as composites (1.5, 2.5, and 3.5 wt.% TiO2). The cast composite with a lower
particle content as in 0.5 wt.% is generally compensated by a lower porosity. At a
given particle content, the wear rate increases with increasing porosity content due
to its combined effect on real area of contact and subsurface cracking. The wear
rate will be largely controlled by the rate at which particles decohere. On the other
hand, when the reinforcing particle are poorly bonded and undergoes decohesion,
the contact will be eventually between the matrix and the material counterface and
the wear rate of the composite will be comparable or even greater than that of the
matrix alloy. The slope of the variation of wear rate with load is less when the wear
debris is not removed.

The wear coefficients have been estimated by multiplying the slope of
variation of wear rate with load. The wear rate estimated by dividing normal load
applied during dry sliding by the hardness of the material. Therefore, a lower real
area of contact due to higher hardness may result in a higher wear coefficient
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Fig. 4. Variation of accumulated volume loss with sliding distance for the composites designated as
(a) 0.5 wt.%, (b) 1.5 wt.%, (c) 2.5 wt.%, and (d) 3.5 wt.% TiO2 tested at different loads with (dashed
line) and without (solid line) removal of wear debris during the test.



although the wear rates may be similar. Thus, wear coefficient cannot be accepted
as a discriminating parameter for wear behavior [27]. The wear coefficient in
composites tested without removal of wear debris is between 3 25 10 6. � � and

4 25 10 6. .� � However, in tests carried out while removing wear debris, it increases

to a level between 6 10 6� � and 7 10 6� � as shown in Fig. 6a. The increase in wear

coefficient in tests conducted while removing the debris compared to that observed
in tests without removal of debris is a reflection of the enhanced wear rate in the
former case as the estimated real area of contact remains the same in a given
composite. However, the actual real area of contact may be significantly different
because of the dynamic nature of the contact and the formation of transfer layer on
the sliding surface in oxidative wear.
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Fig. 5. Variation of wear rate with load or tests carried out with and without removal of wear debris,
as observed in the composites designated as (a) 0.5 wt.%, (b) 1.5 wt.%, (c) 2.5 wt.%, and (d) 3.5 wt.%
TiO2 [(�) debris removed; (�) with debris].

a b

Fig. 6. The variation of wear coefficients with increasing oxide addition in composites developed by
addition of TiO2 (a) while removing debris and (b) without debris removal.



Al–Si alloy and the composites containing oxides have been examined for
their friction behavior determined by the variation of coefficient of friction during
tests of dry sliding wear under different loads as shown in Fig. 7. The friction force
rises in the initial period and then fluctuates around a mean during dry sliding. The
mean has been determined from the individual values of coefficient of friction
excluding the initial rising part, and it has been observed that the mean coefficient
of friction decreases with increasing load for the Al–Si alloy and the composites
containing TiO2 as shown in Fig. 7. At a higher load, the frictional force increases
with greater dissipation of energy leading to a higher temperature at contact, which
may help better compaction and spread of transfer layer of oxides resulting in
lowering of coefficient of friction with increasing load. But higher coefficient of
friction with increasing oxide content in the composite is surprising as these
particles are supposed to create weak junctions with the asperities of the counter
face because of low oxide-metal interfacial energy and also, contribute in the
formation of a greater cover of transfer layer which should make relatively weak
junctions. Therefore, the only inescapable conclusion is that ploughing of the
sliding surface and micro-cutting during three body wears is contributing to higher
frictional forces in composites containing more hard oxide particles. However, it
may be remembered while interpreting the friction behavior that the coefficient of
friction has been fluctuating during dry sliding wear and the trends should be
interpreted with caution particularly when the difference between average coefficient
of friction is small.

The wear debris of composite and cast aluminum have been compared in
Fig. 8. Both debris show smaller oxide particles apart from agglomerates which
could be flaked off the transfer layer. The agglomerates are relatively smaller for
the composites as shown in Fig. 8a, compared to those observed for cast aluminum
illustrated in Fig. 8b.

Increase in hardness is expected to decrease the real area of contact. The
accumulated loss of volume in dry sliding wear linearly increases with sliding
distance in both types of composite developed by the addition of TiO2 as shown in
Fig. 4 for different amounts of oxide addition. It may also be observed that the
accumulated volume loss decreases with increasing the particle content. This may
be attributed to decreasing the real area of contact during dry sliding due to
increasing the hardness of the composites with increasing the particle content. This
figure also shows that the accumulated volume loss is considerably higher when
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Fig. 7. Coefficient of friction with increasing load in composites developed by addition of TiO2

along with those of cast commercial aluminum, without debris removal.



wearing debris is removed during dry sliding wear. Under the conditions used in
dry sliding, the wear is primarily oxidative although some metallic chip-like
particles are also observed as shown in Fig. 8. The chip-like particles may become
generated by ploughing by the asperities of the counter face or by three body wears
due to micro-cutting by trapped hard oxides between the sliding surfaces. These
hard oxide particles get locked between the sliding surfaces and promote three
body wears, which should enhance volume loss in wear. At the same time, these
particles get compacted on the sliding surface to form a protective transfer layer, so
hard that there are no scoring marks on it. Since the accumulated volume loss in
wear is relatively more when the wear debris is removed during dry sliding wear
test as shown in Fig. 5, it may be inferred that the beneficial role of wear debris in
promoting wear resistance through the formation of transfer layer is more prominent
than its contribution to increased volume loss through three body wears. At higher
loads, the oxide debris is expected to get better compacted to form transfer layer
and spread over a larger area of the sliding surface. However, the volume loss
under such circumstances takes place also by flaking of the transfer layer during
sliding, apart from the processes of adhesion, micro-cutting and abrasion. At higher
loads, the wearing process could be more aggravated by the transfer layer flaking
off as indicated by the presence of a chunky sheet of oxide agglomerates in the
wear debris as observed in Fig. 8. The present study clearly demonstrates the
beneficial role of the transfer layer as evident from the enhanced volume loss in
wear and wear rate observed in Figs. 4 and 5, when the debris particles are
continuously removed during wear test. It is observed that the higher addition of
oxide results in lower accumulated volume loss in wear for the composites
developed by the addition of TiO2 as shown in Fig. 4, and the wear rate also
decreases almost linearly with increasing the addition of oxides as shown in Fig. 5.
The observed increase in hardness with higher oxide addition is expected to
decrease the real area of contact and also, there will be a relatively higher cover of
transfer layer. Thus, the higher oxide addition results in decreased wear rate under
similar conditions of dry sliding wear. The cover provided by the transfer layer on
the sliding surface depends on the load, and it is really surprising that the variation
of wear rate with increasing load is still linear in spite of this complication. The
lowering of slope with removal of debris may indicate that without the formation
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a b

Fig. 8. SEM micrographs of typical samples of wear debris generated during dry sliding of pin
samples of (a) Al–Si composite and (b) cast aluminum.



of transfer layer, the variation may have satisfied the limiting behavior of zero
wear rates in the limit of load approaching zero. The wear coefficients, which may
be considered as wear rate per unit real area of contact, have been estimated for the
two types of composites developed by the addition of TiO2 by multiplying with
hardness the slope of variation of wear rate with load. Although the wear rate
decreases significantly with increasing the particle content but decreasing the real
area of contact in these composites counteracts it to make the wear coefficient
relatively insensitive to the increasing of the particle content. The increase in wear
coefficient in tests conducted while removing the debris compared to that observed
in tests without removal of debris is a reflection of the enhanced wear rate in the
former case as the estimated real area of contact remains the same in a given
composite. For the manufacturing approach, this composite, besides its normal
age-hardenability property, has improved wear resistance. Products made from this
Al–Si TiO2 composite seem to be very suitable for aerospace applications. The
composite can be processed to various product forms, for example, sheet, thin
plate, thick plate, and extruded or forged products. Products made from this
composite can also be used as a cast product, ideally as a die-cast product.
Designers and manufacturers, particularly in the aerospace industry, are constantly
trying to improve fuel efficiency, product performance and are constantly trying to
reduce manufacturing, maintenance and service costs. One way to achieve these
goals is by improving the relevant properties of the used aluminum alloys,
especially strength and wear resistance, so that a structure made from a particular
constituent can be designed more effectively or will have a better overall
performance. Further, by improving the relevant material properties for a particular
application, the service costs can be significantly reduced by longer inspection
intervals of the structure such as an aero plane.

C o n c l u s i o n s

1. The hardness of composites, developed by addition of TiO2, increases with
increasing the particle content resulting from the increased reaction between the
added oxide and the molten alloy during the processing of the composite.

2. During dry sliding against the counter face of the hardened steel disk under
conditions of load and sliding speed, the wear is primarily oxidative as evident
from wear debris although there also have been some metallic fragments.

3. The accumulated loss of volume in composites linearly increases with
sliding distance during both types of tests conducted with and without removal of
wear debris. However, in tests conducted while removing wear debris continuously,
the accumulated volume loss is significantly more than that in corresponding tests
carried out under similar conditions without removal of wear debris. This clearly
establishes the beneficial role of the formation of transfer layer, initiated by
compaction of the wear debris along the wear track and then spreading around to
cover a significant extent of sliding surface, much greater than that observed in cast
aluminum.

4. Increasing the addition of oxides, resulting in higher particle content in
composites, decreases the accumulated volume loss and the wear rates also
decrease almost linearly with increasing the addition of oxides in composites

ISSN 0556-171X. Ïðîáëåìû ïðî÷íîñòè, 2013, ¹ 2 145

Friction and Wear of the Aluminum Alloy ...



developed by addition of TiO2. This has been attributed to the increased hardness
with increasing oxide addition causing a lower true area of contact and also, to a
higher amount of oxide available in the debris for the formation of relatively higher
covers of transfer layer on the sliding surface.

5. The wear coefficients in composites developed by addition of TiO2 are
relatively insensitive to increasing the particle content since decreasing the true
area of contact compensates the effect of decreasing the wear rate.

6. The coefficient of friction in composites increases with increasing the
addition of TiO2, which has been attributed to the ploughing increase of the sliding
surface and micro-cutting during three body wears.

Acknowledgments. The author wishes to express his gratitude to Islamic Azad
University Yazd Branch (Grant title: Semisolid Mechanical Alloying of Al–6%Si)
for the support of this work.

Ð å ç þ ì å

Äîñë³äæóâàíèé êîìïîçèò îòðèìàíî øëÿõîì äîäàííÿ â³ä 0,5 äî 3,5 ìàñ.%
ïîðîøêó TiO2 â àëþì³í³ºâèé ðîçïëàâ çà òåõíîëîã³ºþ òàê çâàíî¿ îáðîáêè
íàï³âçàòâåðä³ëîãî ìåòàëó, ùî âèêîðèñòîâóºòüñÿ äëÿ îòðèìàííÿ àëþì³í³ºâèõ
ñïëàâ³â. Ëèòèé êîìïîçèò, îòðèìàíèé øëÿõîì êðèñòàë³çàö³¿ ðîçïëàâó ç ÷àñòèí-
êàìè TiO2 ó ôîðì³, âèïðîáîâóâàëè íà çíîñ ï³ä ÷àñ ñóõîãî òåðòÿ çà òðèáî-
ñõåìîþ äèñê–øïèëüêà. Âèïðîáóâàííÿ ïðîâîäèëè áåç âèëó÷åííÿ ïðîäóêò³â
çíîñó çã³äíî ç³ ñòàíäàðòíîþ ñõåìîþ ³ ç ¿õ âèëó÷åííÿì çà äîïîìîãîþ âîëîñÿ-
íîãî ïåíçëèêà. Îá’ºìíèé çíîñ êîìïîçèòà ë³í³éíî çðîñòàº ç³ çá³ëüøåííÿì
äîâæèíè êîâçàííÿ, à øâèäê³ñòü çíîñó çðîñòàº á³ëüø-ìåíø ë³í³éíî ç ï³äâè-
ùåííÿì íàâàíòàæåííÿ. Ç³ çá³ëüøåííÿì âì³ñòó ÷àñòèíîê TiO2 çìåíøóºòüñÿ
øâèäê³ñòü çíîñó ï³ä ÷àñ çàäàíîãî íàâàíòàæåííÿ. Îá’ºìíèé çíîñ êîìïîçèòà
áóäå çíà÷íî âèùèì, ÿêùî ïðîäóêòè çíîñó âèëó÷àþòüñÿ â ïðîöåñ³ ñóõîãî
òåðòÿ. Íà åëåêòðîííèõ ì³êðîãðàô³ÿõ çíîøåíèõ êîíòàêòíèõ ïîâåðõîíü êîìïî-
çèò³â, îòðèìàíèõ øëÿõîì äîäàííÿ ïîðîøêó TiO2, ìîæíà áà÷èòè ÿñêðàâî
âèðàæåíèé óù³ëüíåíèé ïåðåõ³äíèé îêñèäíèé øàð. Çà á³ëüø âèñîêèõ íàâàí-
òàæåíü îêñèäí³ ïðîäóêòè çíîñó ³ìîâ³ðíî çìåíøóþòüñÿ, â ðåçóëüòàò³ ÷îãî
âèíèêàº ïðîøàðîê, ÿêèé ïîøèðþºòüñÿ íà á³ëüøó ïëîùó ïîâåðõí³ êîâçàííÿ.
Òàêèì ÷èíîì, âèëó÷åííÿ îêñèäíèõ ïðîäóêò³â çíîñó çóìîâëþº á³ëüøèé çíîñ
êîìïîçèòà ïîð³âíÿíî ç âèïðîáóâàííÿìè áåç âèëó÷åííÿ.
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