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Abstract

The purpose of this paper is to provide a deeper understanding of the wear behavior of the sol–gel coated B4C particulate reinforced A356

matrix composites. A typical microstructure of the composite consists of relatively large primary phase globules which are surrounded by B4C

particles. In fact the globules themselves are B4C particles free and consequently the sample is not homogeneous on a scale smaller than the globule

size. The wear sliding test disclosed that the wear rate of the coated B4C reinforced composites is less than that of the unreinforced alloy and

decreases with increasing volume fraction of B4C particulates. As the hardness of the composites is higher, this reduces the cutting efficiency of the

abrasives and consequently the abrasion wear loss. Once the particles fracture or loosen from the matrix alloy, they can be removed easily from the

matrix, contributing to the material loss. Two kinds of debris present irregular-shaped flake, which has withstood a large of plastic deformation and

then pull off from the surface. During the sliding wear, Iron is transferred to the surface of the composites from the steel counterface forming the

iron-rich layer on the contact surfaces which increases with increasing the B4C content and is substantially harder than the bulk material largely

because it contains a fine mixture of Fe phase, Al and B4C.
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1. Introduction

Large amount of castings are made annually from Al–Si

alloy. This alloy is one of the most popular alloys used for

aerospace, automobile, marine and mining industries due to its

low density high specific strength, good corrosion properties,

high fluidity and good castability [1,2]. However, the low

hardness and poor wear resistance of aluminum alloys limit

their use in certain tribological applications. The addition of

high modulus refractory particles to a ductile metal matrix

produces a material whose mechanical and tribological

properties are intermediate between the matrix alloy and

ceramic reinforcement. The optimum properties of metal

matrix composites (MMCs) and enhanced performance from

these materials, however, depend on a judicious selection of the

metallic matrix material, reinforcing phase and the processing

technique/parameters. The commonly used metallic matrices
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include light metals such as aluminum, magnesium, titanium

and their alloys. Aluminum Matrix Composites (AMCs) which

account for 69% of the annual metal matrix composites

production by mass, have a very low coefficient of thermal

expansion and high specific strengths, wear resistance and heat

resistance as compared to the conventional Al alloys [3,4].

One of the major driving forces for the technological

development of aluminum-matrix composites reinforced with

ceramic whiskers/fibers/particles is a result of the fact that these

composites possess superior wear resistance and are hence

potential candidate materials for a number of tribological

applications [5,6]. The wear resistance of aluminum alloys is

improved as a consequence of the incorporation of ceramic

fibers or particles which act as the load bearing and abrasive

member. The enhancement in tribological properties of AMCs

has been effectively attainable by introducing the ceramic

particles, such as SiC, B4C, Al2O3, TiC and AlN. There are

excellent reviews on the tribology of aluminum-matrix

composites [3,5–8]. It is reported that the wear resistance of

the composite was found to be considerably higher than that of

the matrix alloy and increased with increasing particle content.
d.
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Table 1

Chemical composition of B4C.

Total boron Total carbon Total iron Total B + C

77.5% 21.5% 0.2% 98%
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However, there have been discrepancies among the reported

results. These discrepancies may come from the large number

of variables which can affect wear behavior, including

the applied load, test geometry, test duration, materials

properties, and environmental factors, such as temperature,

humidity, etc.

Researchers reported that the addition of hard ceramic

particles as a reinforcement to aluminum alloys supported

and protected the aluminum matrix from wear and

minimized sever surface shear strain that was associated

with the unreinforced alloys. The matrix structure also

influences the wear and friction behaviors of MMCs, so that

the processing route and/or heat treatment conditions can

enhance the wear resistance of these materials via their

effects on the matrix microstructure, distribution of particles,

porosity content, particle matrix bonding and mechanical

properties [9–13].

In the present study, Boron carbide powder was chosen as

reinforcement because of its higher hardness than the

conventional and routinely used reinforcement such as SiC,

Al2O3. Further its density is very close to Al alloy matrix. This

specific property comes along with other attractive properties

such as high impact and wear resistance, low density, high

melting point, and excellent resistance to chemical agents as

well as high capability for neutron absorption [14].

According to the type of reinforcement, the fabrication

techniques can vary considerably. These techniques include

squeeze casting, liquid metal infiltration, spray decomposition

and powder metallurgy [15]. In order to overcome some of the

drawbacks associated with the conventional stir casting

techniques, semisolid agitation processes which are often

referred to as compocasting can be employed. The benefits

include reduced solidification shrinkage, lower tendency for hot

tearing, suppression of segregation, settling or agglomeration

and faster process cycles.

These advantages are accompanied with lack of superheat

(lower operating temperatures) as well as a lower latent heat

which results in a longer die life together with a reduced

chemical attack of the reinforcement by alloy, also a globular,

non-dendritic structure of the solid phase which then explains

the thixotropic behavior of the material [16,17].

The wettability of B4C particles represents a very important

issue which is poor at temperatures near the melting point of

aluminum (660 8C) [18]. In this study, attention was paid to the

fact that B4C powders coated with some of Ti-compounds

might have reasonable wettability with aluminum [19–22].

The coated reinforcement is added to a semisolid matrix

alloy and the mixture is agitated vigorously. The presence

of the primary solid phase in the viscous semisolid imposes

an abrasive action on clumps of undispersed reinforcement in

the slurry which assists the incorporation of the ceramic

particles. The solidified metallic particles also prevent the

non-metallics from settling, floating or agglomerating,

resulting in a more homogeneous particle distribution as

compared with a fully molten alloy. Finally, the microstructure

and wear properties of the composites have been experimen-

tally investigated.
2. Experimental procedure

In this study, a commercial casting-grade aluminum alloy

(A356) {(wt.%): 7.5 Si, 0.38 Mg, 0.02 Zn, 0.001 Cu, 0.106 Fe,

and Al (balance)} was employed as the matrix material. This

alloy has been selected because of its good fluidity as well as the

presence of silicon and magnesium. Since the silicon content of

A356 alloy is sufficiently high, it can be maintained in the

liquid state at typical casting temperatures for certain periods of

time without giving rise to the extensive formation of Al4C3.

The liquidus temperature of this alloy is 615 8C and its

relatively large semisolid interval makes it suitable for

semisolid processing. The presence of Mg in this alloy is

thought to improve the wetting of the reinforcement by the

liquid alloy.

The conventional reinforcement materials for A356 are SiC

and Al2O3. Due to the higher cost of B4C powder relative to SiC

and Al2O3, limited research has been conducted on B4C

reinforced MMCs. In this study, specific quantities of B4C with

average particle sizes of 1, 10, 21, 33, 42 and 55 mm were added

to the matrix alloy.

The chemical composition of B4C is represented in Table 1.

The grain size of B4C particles was analyzed using a Malvern

laser size analyzer. Attempts were made to coat the B4C

powders with TiB2 via a sol–gel process and incorporate them

into the A356 alloy by a mechanical stirrer. This treatment

helps the incorporation of the particles while reducing

undesired interfacial reactions. Indeed in a preliminary

experiment, uncoated B4C particles were mostly rejected from

the melt.

Titanium tetraisopropoxide (TTIP) or Ti[OCH(CH3)2]4 with

the purity of 97% was selected as a sol–gel precursor and

diluted with ethanol (C2H5OH). For coating of the titanium

oxide, boron carbide powders were dispersed in ethanol, stirred

well, and then TTIP and distilled water were added to the stirred

suspension. The processing was conducted at room temperature

at a solution pH of 7. Distilled water for hydrolysis was

previously diluted by ethanol to inhibit the rapid hydrolysis of

TTIP. Approximately, 0.1 M concentration of Titanium

tetraisopropoxide (TTIP) solution was prepared and added to

1 g of B4C. The amount of water was adjusted to 4 times that of

TTIP. The solution was then aged for 105 min at room

temperature, with constant, gentle stirring. When TTIP is used

as the precursor, TiO2 can be produced by hydrolysis and heat

treatment. The reactions occur as follows:

Ti½OCHðCH3Þ2�4þ 4H2O ¼ TiðOHÞ4þ 4C3H7OH (1)

TiðOHÞ4¼ TiO2þ 2H2O (2)

Titanium oxide does not support good wettability for alumi-

num. However, it is converted to TiB2 when heated with boron



Fig. 1. Heat treatment cycle on B4C powders after sol–gel process.

Fig. 3. Schematic diagram of the experimental set-up.
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carbide. As the temperature increases or the pressure decreases,

the reactions become more favorable.

B4C þ 2TiO2þ 3C ðgraphiteÞ ¼ 2TiB2þ 4CO (3)

The powders were heat treated in a graphite crucible and under

Argon atmosphere.

After the sol–gel process, the powders were paper-filtered

and dried at 140 8C. When needed, sucrose was introduced in

water solution. Fig. 1 shows the heat treatment cycle that was

implemented to eliminate the adsorbed water and to achieve a

TiB2 coating. Fig. 2 represents X-ray diffraction (XRD)

analysis of the coated powders.

A relatively simple experimental set-up was used in this

experiment which is depicted in Fig. 3. The main part allows

temperatures of up to 1000 8C to be reached. This is surrounded

by a 50 mm thick layer of kaowool insulator to minimize heat

loss. Inside the heater band is a graphite crucible of 2 kg

capacity for holding the materials, which has a lid. Batches of

the matrix alloy were melted in the graphite crucible using an

electrical resistance-heated furnace. The furnace is controlled

using a J-type thermocouple located inside the gas chamber.

The temperature of the alloy was first raised to about 700 8C
and then stirred at 800 rpm using an impeller fabricated from

graphite and driven by a variable ac motor. The temperature of
Fig. 2. XRD pattern of the coated B4C powders.
the furnace was gradually lowered until the melt reached a

temperature in the liquid–solid range (i.e. 590 8C) while stirring

was continued. Then the stirrer was positioned just below the

surface of the slurry and the coated particles were added

uniformly at a rate of 50 g/min over a time period of

approximately 1–3 min. At the conclusion of charging the

slurry was allowed to mix in the semisolid state isothermally for

another 30 min while the stirrer was positioned near the bottom

of the crucible. For manufacturing of the composites, 2.5, 5,

7.5, 10, 12.5 and 15 vol.% B4C particles were used. A

continuous purge of nitrogen gas is used inside and outside of

the crucible to minimize the oxidation of molten aluminum and

graphite parts. Magnesium additive in powder form was also

used as a wetting agent. The addition of 1 wt.% magnesium to

the melt promote wetting by reducing the surface tension of the

melt, decreasing the solid–liquid interfacial energy of the melt,

or inducing wettability by chemical reaction. The squeeze

casting was obtained by pouring composite slurry into

preheated permanent die and punch which was allowed to

solidify under squeeze pressure of 80 MPa for duration of

5 min. High temperature graphite powder was used in the die to

facilitate removal of cast blanks from the die after cooling. The

pressure applied during solidification in the squeeze casting

technique results in excellent feeding during solidification

shrinkage. For the purpose of comparison, unreinforced A356

alloy was also cast following the procedures which were

identical to those for the composite samples.

The experimental density of the composites was obtained by

the Archimedian method of weighing small pieces cut from the

composite cylinder first in air and then in water, while the

theoretical density was calculated using the mixture rule

according to the weight fraction of the particles. The porosities

of the produced composites were evaluated from the difference

between the expected and the observed density of each sample.

The microstructures of the produced ingots were examined

using a scanning electron microscope to determine the

distribution of the B4C particles.

The quantitative assessment of the B4C particle distribution

within composite samples was performed by considering the

distribution factor (DF) defined as:

DF ¼ S:D:

A f

In which Af is the mean value of the area fraction of the B4C and

S.D. is its standard deviation. The volume fraction of B4C



Fig. 4. Schematic diagram of the abrasion wear test.
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particles was measured via an image analyzer system attached

to an optical microscope.

Specimens for the wear tests were solution treated at 540 8C
for 4 h, quenched into warm water (40 8C) and then peak aged

to T6 condition (155 8C for 9 h).

Dry sliding wear tests were performed using a pin-on-disc

type wear apparatus. The slider disc was case hardened steel

with 63 HRC to a depth of 3 mm. Fig. 4 shows Schematic

diagram of the abrasion wear test. Test specimens were cut and

shaped in the form of pins having 6 mm in diameter and 25 mm

in height. Before the abrasion tests, each specimen was

polished to 0.5 mm. Wear tests were carried out at room

temperature (21 8C, relative humidity 55%) with water as

lubricant. The test parameters were: normal load of 10 N and

total sliding distance of 2000 m. The weight losses were

calculated from the differences in weight of the specimens

measured before and after the tests to the nearest 0.1 mg using

an analytical balance. A separate specimen was used to measure

the weight loss for each sliding distance. The wear test was

interrupted at regular intervals and the incremental weight loss

of the sample was recorded. After each increment and before

weighing, the disc and the pin were cleaned in an ultrasonic

bath with acetone and hot wind dried below 100 8C.

3. Results and discussion

The XRD pattern of the B4C reinforced composites is

displayed in Fig. 5. It can be seen that B4C and aluminum are

present and various reaction products are formed in the system,

including the deleterious Al4C3 phase. The maximum solubility

of boron and carbon in aluminum is relatively low, thus these

two elements rapidly dissolute and saturate the melt.

Subsequently, other products nucleate on impurity seeds or

at the B4C surface from the supersaturated melt. Growth
Fig. 5. XRD pattern of the composite with 10 vol.% coated B4C. 
continues via a classical dissolution–precipitation mechanism.

In all the samples, the peaks for the TiB2 phase and the low

amount of reaction products were noted. Thus, most of initial

boron carbide and aluminum remain unreacted, indicating

phases are conserved for desirable applications [14].

The uniformity in distribution of particles within the sample

is a microstructural feature which determines the in-service

properties of particulate AMCs. A non-homogeneous particle

distribution in cast composites arises as a consequence of

sedimentation (or flotation), agglomeration and segregation.

The subject of particle distribution in particulate MMCs has

been studied by several investigators either qualitatively or

quantitatively. The macroscopic particle segregation due to

gravity (settling) has also been studied both experimentally and

theoretically, the latter of which generally involves the

correlation of particle settling rate within the composite slurry

with the Stocks’ low [23–27].

The microstructures of the composites were examined using

an optical microscope to determine the distribution of the B4C

particles and presence of porosity. It is reported that the high

viscosity of the semisolid alloy slurry imparts shear force over

the agglomerates and aids in better separation of the

dispersoids. The volume fraction of B4C particles was

measured by means of an image analyzer system attached to

the optical microscope. A typical microstructure of an Al/B4C

composite is presented in Fig. 6 which consists of relatively

large primary phase globules, surrounded by B4C particles. The

distribution of the B4C particles within the matrix alloy was

characterized by a distribution factor (DF). Fig. 7 shows the

gradual improvement in the uniformity of the B4C particle

distribution (as reflected by decreased DF) for the composites

when the particle content increased. These results can be

attributed to the restricted movement of particles within the

melt during solidification as a consequence of the increased

effective viscosity of the slurry and the less pronounced

coarsening effects resulting in a finer matrix microstructure

which in turn causes a more uniform ceramic particle
Fig. 6. Typical optical microscope micrograph of the composites.



Fig. 7. The distribution factor versus the B4C particles content.
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distribution. Fig. 7 shows that for composites containing a fixed

B4C content, there is an improvement in the particles

distribution corresponding to a decrease in particle size. In

compocast composite, due to the presence of some primary

solid phase at the instant of casting, the extent of particle

pushing is reduced. Thus, when finer particles are used, the

more refined microstructure is influential to obtain more

uniform particle distribution. In fact, a careful control on

temperature, shear rate and processing conditions is required to

produce defect-free castings with fine spheroidised micro-

structure which in turn may exhibit a more uniform particle

distribution.

A sedimentation experiment was conducted on the

composites containing 12.5 vol.% of 33 mm sized particles.

Fig. 8 shows the B4C concentration as a function of the distance

from the bottom of the mould (D), representing an even

macroscopic particle distribution. The semisolid slurry showed

no particle settling. In fact, the relatively high viscosity of the

semi molten alloy did not allow the movement of reinforcement

particles due to gravity.

The microstructures of the coated composites were also

examined by Scanning Electron Microscope in order to
Fig. 8. The B4C concentration versus the distance from the bottom of the

mould (D).
determine the distribution of the B4C particles and presence

of porosity. Typical SEM micrographs of the compocast B4C

reinforced Al alloy composites are shown in Fig. 9. It is

observed that fabrication of these composites via compocasting

technique lead to reasonably uniform distribution of particles in

the matrix and minimum clustering or agglomeration of the

reinforcing phase.

One of the major problems associated with the cast AMCs is

porosity formation which has been studied by several authors

[28,29]. In the processing of these composites a considerable

portion of the slurry is already solidified at the instant of

casting, so that porosity arising from the solidification

shrinkage is reduced. However, due to a relatively high

viscosity, the semisolid composite slurry cannot vent air as a

fully molten alloy. Also the lower latent heat and a high solid

fraction in the semisolid metal provide quicker melt

solidification. This effect in turn reduces the available time

for gas escape and thereby increases the porosity level. The
Fig. 9. Typical SEM micrographs of the composites with (a) 7.5 vol.% coated

B4C, (b) 12.5 vol.% coated B4C.



Fig. 10. The variation of porosity content versus volume percent of B4C. Fig. 11. Typical variations of wear loss as a function of sliding distance

(10 mm).

Fig. 12. Effect of sliding distance and particle sizes on friction coefficient (m):

(a) Unreinforced 2024 Al alloy; Composites with 7.5 vol.% B4C (b) 1 mm, (c)

10 mm, (d) 21 mm, (e) 42 mm and (f) 55 mm.
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variation of porosity with the B4C content is shown in Fig. 10. It

can be seen that for composites containing a fixed size of B4C

particles, there is an increase in the vol.% porosity

corresponding to an increase in the vol.% B4C incorporated.

The porosity is normal, because of the increasing effective

viscosity of suspension and the increase in surface area in

contact with air caused by increasing the particle content.

Fig. 10 shows that for a fixed content of B4C particles, the

porosity of both composite samples decreases with increasing

size of B4C particles. This trend is also reported by the early

works [30–32] and is attributed to increasing surface gas layers

surrounding particles and porosity associated with the particle

clusters. Decreasing the particle size for a fixed volume fraction

of particles increases the probability for B4C particle clustering.

The air trapped in the cluster of particles as well as the hindered

liquid metal flow inside them in turn contribute to the formation

of porosity. In this study, the pressure immediately applied after

the casting, has reduced the porosity in the composites, and

improved the bonding force between the Al alloy and B4C

particles.

The tribological behavior of particulate reinforced AMCs

has been generally found to be a function of the applied load as

well as the reinforcement volume fraction, particle size, and the

shape and nature of the reinforcing phase. The matrix structure

also influences the wear and friction behaviors of MMCs, so

that the processing route and/or heat treatment conditions can

enhance the wear resistance of these materials via their effects

on the matrix microstructure, distribution of particles, porosity

content, particle matrix bonding and mechanical properties

[3,5–13].

The typical variation of the composites weight loss with

sliding distance is shown in Fig. 11. It is clear that the weight

losses of the composites are less than that of unreinforced alloy

and has a declining trend with increasing the particles volume

fraction. The hard particles resist against destruction action of

abrasive and protect the surface, so with increasing its content,

the wear resistance enhances. This result is consistent with the

rule that in general, materials with higher hardness have better

wear and abrasive resistance.
Fig. 12 shows the changes in the friction coefficient (m) with

sliding distance. The coefficient of friction is a composite

function of the extent to which the energy is dissipated in the

pin and the disc. It can be seen that the friction coefficient of the

composite specimen is lower than that of the unreinforced alloy.

In the composite, the reinforcement particles support the load,

so as to lessen the touch area between the pin and counter disc

surface, decrease the friction coefficient and can prevent the

scratch and cut from the surface [7]. This is probably the main

reason for the observed enhancement in wear resistance of the

composite. It is reported in literature that good dispersion and

better interface of the particle in matrix leads to a lower value of

coefficient of friction. In addition, the higher formation of Fe

rich layer on the worn surface may contribute to lower the

coefficient of friction (by acting as a lubricant) [8,11]. Iron, and

possibly other alloying elements, from the steel counterface are

transferred to the surface of the composites during sliding wear.

The formed layer on the worn surfaces of the pins is stable and

compacted layer called mechanically mixed layer (MML).

MML is substantially harder than the bulk material largely

because it contains a fine mixture of Fe phase, Al and B4C.



Fig. 13. Variations of the Fe content on the worn surface with B4C content.
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Fig. 13 shows the Fe content variation on the worn surface with

B4C content. It is observed that the formation of iron-rich layers

on the contact surfaces increases with increasing the B4C

content. The source of iron in the layer is obviously the steel

disc against which the pins have been slid during the wear test.

It is very likely that during the initial stages of sliding, the B4C

particulates present in the composite pin plough into the steel

disc and thus create a debris mostly containing iron. Iron may

be present either as iron or as iron oxide. It is reported that iron

might get oxidized during this process and oxide layers, in

particular Fe2O3 layers generated during wear, act as solid

lubricants and help to reduce the wear rates [33–36].

It can be noted that not only volume fraction of the B4C

particles, but also average size of them plays a significant role

on wear behavior of composites. In Fig. 14 which also

represents the variation of the composites weight loss with

sliding distance, a transition from severe to mild wear is

observed. This transition can be attributed to the formation of

MML. It was reported in the previous research that when the

applied load induces stresses that exceed the fracture strength

of carbide particles, the particles fracture and largely lose their

effectiveness as load bearing components. The shear strains are

transmitted to the matrix alloy and wear proceeds by a
Fig. 14. Variations of wear loss as a function of sliding distance (55 mm). 
subsurface delamination process. In this case, the lower

ductility of Al–B4C composites appears to control the wear

rates rather than the hardness of particles, resulting in wear

rates almost similar to those observed in Al alloys without B4C

reinforcement. On the other hand, when the nominal load

induces stresses lower than the strength of particles the particles

act as load bearing components. In this case, the B4C particles

remain intact during wear in order to support the applied load

and act as effective abrasive elements. The particles protruding

from the surface of the composite bear most of the wear load,

and the surface hardness of the composite is mainly a result of

the hardness of the particles [35,36].

Wear debris can be generated by microcutting, plastic

deformation as well as material transfer from one surface to

another [6]. Fig. 15 depicts the propagation of cracks and

formation of wear debris which is loosely bound to the wear

surface. As the hardness of the composites is higher, this

reduces the cutting efficiency of the abrasives and consequently

the abrasion wear loss. Once the particles fracture or loosen

from the matrix alloy, they can be removed easily from the

matrix, contributing to the material loss. Fig. 16 shows typical

SEM micrographs of wear debris of the unreinforced and

composite samples. Two kinds of debris present irregular-

shaped flake, which has withstood a large of plastic

deformation and then pull off from the surface. A typical

flaky morphology of debris of the unreinforced alloy is shown

in Fig. 16(a), indicating the process of delamination. Fig. 16(b)

shows that the debris of the composites comprised of a mixture

of the fine particles and small shiny metallic plate-like flakes.

The shape and size of these loose wear debris denotes that a

mild wear regime was dominant during its generation process.

In general, displacement of material at the edges of the wear

grooves resulted in the liberation of sheet-like wear debris and

adhesive wear could produce irregularly shaped debris. The

process of delamination leads to flaky morphology of debris

which involves the nucleation of subsurface cracks and their

propagation parallel to the surface and finally generation of
Fig. 15. The formation of wear debris on the worn surface.



Fig. 16. SEM micrographs and EDS analyses of the wear debris: (a) Unrein-

forced A356 alloy, (b) A356–15% B4C particles (44 mm).

Fig. 17. SEM micrographs of worn surfaces: (a) Unreinforced A356 alloy, (b)

Al–15% B4C particles (42 mm).
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wear debris [35]. It is interesting to be noted that during the

wear process, the flaky shaped debris are formed essentially by

the joining of longitudinal and the transverse cracks.

Aluminum, oxygen and traces of iron were detected by EDS

analysis. This observation confirms the presence of oxidized

material which is the typical of an oxidative wear mechanism.

The presence of oxidized material suggests the formation of an

oxide tribolayer or MML. The transfer of material between the

mating surfaces, the existence of fragments of oxide material

and/or oxide layers and the mechanical mixture and compac-

tion of these fragments on the surface promotes the formation

of a MML. Delamination of the MML suggests the continuous

destruction and formation of this layer of material on the wear

track. Also, the previously discussed load-bearing action of the

particles can help the accommodation of material and

subsequent formation of MML.

The worn surface of the composite materials sliding against

steel counterpart is evaluated in order to elucidate the wear

mechanisms. Generally, the worn surfaces of all specimens

were covered with grooves parallel to the sliding direction and

some plastic deformations. These grooves are typical features

associated with abrasive wear, in which hard asperities on the

steel counterface or hard particles between the pin and disc,

plough or cut into the pin causing wear by the removal of the

material. Plastic deformation, material smearing, cavities and
craters imply adhesive wear [35]. Fig. 17(a) shows a typical

worn surface of the unreinforced alloy. The unreinforced A356

alloy is seized at loads lower than the applied load of 10 N and

therefore the wear surface is characterized by the flow of

materials along the sliding direction, generation of cavities due

to delamination and tearing of surface. It is noted that the slider

could penetrate and cut deeply into the surface and cause an

extensive plastic deformation on the surface, resulting in a great

amount of material loss. The worn surface of samples was

characterized by plate like plastic flow and plastically deformed

grooves along sliding direction, which were the consequence of

abrasive action by hard asperities or particles. The wear surface

of the composite with 15 vol.% B4C at the applied load of 10 N

is shown in Fig. 17(b). It indicates the formation of continuous

wear grooves and patches of damaged regions. However, the

degree of cracks formation on the wear surface is not much.

Unlike the worn surface of the unreinforced alloy, the number

of scratches by abrasives or hard asperities was small. Worn
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surfaces of the composites were smoother with shallower

grooves along the sliding direction. Therefore, it was reason-

able that wear resistance of composites was higher than that of

the unreinforced alloy.

4. Conclusion

In order to overcome some of the drawbacks associated with

the conventional stir casting techniques, semisolid agitation

process is employed to incorporate the TiB2 coated B4C

powders into the aluminum matrix. XRD patterns show that

most of initial boron carbide and aluminum remain unreacted,

indicating phases are conserved for desirable applications.

Analysis of particles distribution revealed a gradual improve-

ment in the uniformity of the B4C particles when the particle

content increased. The wear resistance of the composite was

found to be considerably higher than that of the matrix alloy and

increased with increasing particle content. Based on the weight

loss data, composites with 15 vol.% B4C particles have the

highest wear resistance among all the tested samples and

unreinforced aluminum alloys give the lowest wear resistance.

The friction coefficient of the composite specimen is seen to be

lower than that of the unreinforced alloy. The results show that

with an increase in the particle size, the wear weight losses of

the composites are substantially reduced in comparison with the

matrix alloy.
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