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Abstract In this study, the microstructure and abrasive

wear properties of varying volume fraction of particles up

to 12% B4C particle reinforced 2014 aluminium alloy

metal matrix composites produced by stircasting method

was investigated. The density, porosity and hardness of

composites were also examined. Wear behaviour of B4C

particle reinforced aluminium alloy composites was

investigated by a block-on-disc abrasion test apparatus

where the samples slid against the abrasive suspension

mixture (contained 10 vol.% SiC particles and 90 vol.%

oil) at room conditions. Wear tests performed under 92 N

against the abrasive suspension mixture with a novel three

body abrasive. For wear behaviour, the volume loss and

specific rate of the samples have been measured and the

effects of sliding time and the content of B4C particles on

the abrasive wear properties of the composites have been

evaluated. The dominant wear mechanisms were identified

using SEM. Microscopic observation of the microstruc-

tures revealed that dispersion of B4C particles was gener-

ally uniform while increasing volume fraction led to

agglomeration of the particles and porosity. The density of

the composite decreased with increasing reinforcement

volume fraction but the porosity and hardness increased

with increasing particle content. Moreover, the specific

wear rate of composite decreased with increasing particle

volume fraction. The wear resistance of the composite was

found to be considerably higher than that of the matrix

alloy and increased with increasing particle content.

Introduction

Metal matrix composites (MMCs) are being increasingly

used in the aerospace and automobile industries because of

their improved strength, stiffness and increased wear

resistance over unreinforced alloys [1–5]. The commonly

used metallic matrices include light metals such as alu-

minium, magnesium, titanium and their alloys. The rein-

forcement can be in the form of fibres, whiskers and

particulates [4, 5]. Aluminium (Al)-based MMCs have a

very low coefficient of thermal expansion and high specific

strengths, wear resistance and heat resistance as compared

to the conventional Al alloys [6–8]. Al–MMCs can sub-

stitute for steel to some degree when reinforced with

ceramic particulate materials such as SiC, Al2O3, B4C, TiC

[9, 10]. Consequently, they have a great potential of

application in defense and automotive industries [11–14].

A number of particulate composites have been pro-

duced, either by adding particles externally [15, 16] or by

manipulating solidification as in rheocasting [17], to result

in spherical primary particles embedded in a matrix. Most

of the fabrication methods have employed stirring to create

a vortex. The negative pressure differential existing at the

vortex helps to suck externally added particles into the

liquid metal. However, the vortex also sucks in air bubbles

in the particle-melt slurry, resulting in large porosities in

the cast composites [18]. Broadly, there are two types of

foundry methods for producing composites with externally

added particles, depending on the temperature at which the

particles are introduced into the melt. In the liquid metal-

lurgy process [15], the particles are added above the liquid

temperature of the molten alloy whereas in compo-casting

the particles are introduced into the semi-solid slurry

temperature range. In both of these processes the vortex is

used and the composites have high porosity [18].
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Wear behaviour in MMCs can be divided into two

categories depending upon the nature of reinforcements.

These are metal/alloys containing: soft reinforcements

like graphite [19] or hard particles like SiC, Al2O3, TiO2

[20], etc. The presence of hard particles into the matrix

also influences its wear behaviour. The use of hard

ceramic particles like Al2O3, SiC, as reinforcements in the

metallic matrix have shown to reduce the wear loss more

as compared to the base alloys [21]. In general, it has

been observed [21–23] that the wear rate decreases both

by increasing the volume fraction of hard phase and the

particles size. Further, the use of hard phase helps in

pushing the seizure on the higher load at constant sliding

velocity.

The abrasive wear depends on various factors like

abrasive size [24–30], rake angle of abrasives [24, 31, 32],

applied load [21, 24, 29, 33] and shape, size and volume

fraction of the dispersoid phases [34–36]. In addition to

these factors the abrasive wear rate of a material also

depends on the surface hardness [29, 31, 33, 37] and

materials properties like fracture toughness [31, 33,

38–40].

The aim of the present study, therefore, was to: (a)

investigate the effect of B4C particles content on the

microstructure and porosity; (b) research the abrasive wear

behaviour of aluminium alloy and its composite under

three-body abrasive wear testing condition; (c) examine the

effect of B4C particles content and sliding time on the

abrasive wear behaviour of composites as compared to that

of the matrix alloy.

Experimental procedure

In this study, AA2014 alloy with the theoretical density of

2.78 g/cm3 was used as the matrix material while B4C

particles with average particle size of 85 lm which varies

between 45 lm and 125 lm and a density of 2.52 g/cm3

were used as the reinforcements. The AA2014 alloy was

supplied by Seydişehir Aluminium Co located in Konya,

Turkey. The chemical composition (in wt%) of the

AA2014 alloy was as follows: 0.955% Si, 0.269% Fe,

5.570% Cu, 0.656% Mn, 0.742% Mg, 0.006% Zn, 0.019%

Ti, 0.002% Cr, with the balance being Al. The B4C parti-

cles were supplied from Wacker Ceramics Kempten GmbH

(Kempten, Germany) and the chemical composition was

given in Table 1 [41].

All samples used in this investigation were produced by

stircasting technique. Details of the experimental set-up

and production processes are reported in the previous study

[42]. Unreinforced 2014 Al matrix alloy sample was also

produced by the same method.

The experimental density of the composite samples was

measured using Archimede’s method. In this technique,

density is determined by measuring the difference between

the sample’s weight in air and when it was suspended in

distilled water at room temperature. The theoretical density

was calculated using the mixture rule according to the the

volume fraction of the B4C particles. The porosities of the

composites were then evaluated from the difference

between the expected and the observed density of each

sample.

The hardness of the samples was measured using Brinell

hardness method under a load of 31.25 kg.

The microstructures of the produced ingots were

examined using a SEM to determine the distribution of the

B4C particles in the matrix and presence of porosity. For

this purpose, the samples were first sectioned and then

prepared following the standard metallographic technique.

The three body wear tests were carried out on B4C

particles reinforced composites and matrix alloy samples

using a block-on-disc machine (Plint & Partners Wear

Tester) at ambient temperature in the laboratory conditions.

The Wear tester was modified for the three body wear tests,

as shown in Fig. 1. The apparatus consists of an electric

motor of 3 kW power, a data collector controller, a disc, a

sample holder, a supporter handle, and a pipe system giv-

ing the abrasive suspension mixture between sample

(block) and disc. The test samples were slid against a disc

(counterface) having the diameter of 60 mm and length of

12 mm. The disc material was 4140 grade steel with a

hardness of 60 HRC. The test samples were cut from the

composite ingot as shown in Fig. 2.

Wear tests were carried out under normal load of 92 N

and with total sliding time of 2080 s. The samples were

tested in five sliding times: 200, 670, 1140, 1610 and

2080 s. The weight loss during the sliding tests were cal-

culated using weight differences of samples before and

after tests to the nearest 0.1 mg. The wear test was inter-

rupted at regular intervals and the weight loss of the sample

was recorded. After each weight loss (and before weighing)

the sample and disc were first cleaned in an ultrasonic bath

with acetone and then dried below 100 �C. The weight loss

was converted into volume loss using the density of the

Table 1 The chemical composition of B4C particles (in wt%)

Particles B C B2O3 Fe O N Si

Macrogrits (F10-F220) min. 76 min. 19.5 max. 0.5 max. 0.15 max. 1.0 max. 1.0 max. 0.15
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samples. For each test condition, at least three tests were

performed and the average of them was used. The tests

were conducted at a rotational speed of 100 rpm (corre-

sponding to a linear velocity of 0.314 m s-1). The abrasive

suspension mixture used was fresh whereas the sample

remained unchanged throughout the entire range of sliding

times. The abrasive suspension mixture containing

10 vol.% SiC particles and 90 vol.% oil was used as

abrasion. The size of SiC particles range from 63 to

125 lm (average particle size 90 lm) were separately used

for conducting the abrasion tests. The feeding rate of the

abrasive suspension mixture was about 0.37 mL s-1. The

morphological feature of the SiC particles is shown Fig. 3,

where the particles are generally angular in shape with

sharp edges.

After wear tests, the specific wear rates were calculated

using the equation [43] given below:

W ¼ Dm

q � Fn � v � t
¼ V

Fn � v � t
ð1Þ

where W (mm3/Nm), Dm (g), q (g/mm3), V (mm3), Fn (N),

v (m/s), and t (s) are the specific wear rate, the mass loss,

the density, the volume loss, the normal load, the sliding

velocity and the sliding time, respectively.

The worn surfaces of samples subjected to both abrasive

and sliding wear tests were examined using the SEM.

The roughness of the composite surfaces was evaluated

by surface texture measurements using a stylus-type

instrument. The surface texture parameter Ra (lm) was

used to indicate the surface roughness after each of the

abrasive wear tests. The surface roughness values were

measured before and after the sliding tests. Before the wear

tests, each sample surface was ground with a 800 grade

abrasive paper for being comparison of surface roughness

of each sample.

Results and discussion

The compositions and properties of the AA2014 alloy and

its composite reinforced with B4C particles are given in

Table 2.

Fig. 1 Schematic diagram of the abrasion wear test apparatus for

the three body wear tests. (1) Electric motor, (2) data collector

controller, (3) pin, (4) loading rod, (5) the abrasive suspension

mixture, (6) stirrer, (7) stirrer motor, (8) sample holder, (9) sample,

(10) disc, (11) swivel joint, (12) supporter handle, (13) weight,

(14) bottom table, (15) clutch, (16) pipe system giving the abrasive

suspension mixture between sample and disc, (17) concentration

container of the abrasive suspension mixture

Fig. 2 The wear test sample

Fig. 3 Scanning electron micrographs of SiC abrasive particles
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The graphs of theoretical and experimental densities and

porosities of the composites according to the volume

fractions of B4C particles are shown in Figs. 4 and 5,

respectively. Figure 4 shows that the theoretical density

values of the composites decrease linearly (as expected

from the rule of mixtures). Although a linear decrease was

also seen in the experimental densities, the values are lower

than those of the theoretical ones. The density measure-

ments showed that composites contain some porosity, and

the amount of porosity in the composites increased with the

increasing volume fraction of the particles (Fig. 5), as

observed in the previous investigations [44–51].

The Brinell hardness of the composites and matrix alloy

was given in Table 2. The relation between the particle

volume fraction and the hardness of the composites is

plotted in Fig. 6. It was seen from Fig. 6 that the hardness

of the composites increased with increasing particle vol-

ume fraction. As compared to the 2014 Al matrix alloy, the

hardness of the MMCs was found to be greater, and

addition of B4C particles increase the hardness of the Al

alloy [45, 52].

Typical microstructures of the B4C/2014 Al alloy

composites are shown in Fig. 7. The most important factor

in the fabrication of MMCs is the uniform dispersion of the

reinforcements. Such distribution of B4C particles was only

achieved under the optimum process conditions given in

the previous study [42]. It can be seen that the most of B4C

particles were dispersed throughout the matrix (Fig. 7a–b),

but there exist macro or microgas blows and shrinkage

porosity near B4C particles (Fig. 7c). Irrespective of

attempts to optimise the fabrication parameters, these

Table 2 Material properties of the Al alloy and reinforced-composite samples

Code Composition Theoretical

density (g cm-3)

Experimental

density (g cm-3)

Porosity (%) Brinell hardness

(BHN)

AA2014-0 AA2014 2,800 2,720 2.86 79

AA2014-2 AA2014 ? 2 vol.% 2,794 2,700 3.36 85

AA2014-3 AA2014 ? 3 vol.% 2,791 2,667 4.44 89

AA2014-6 AA2014 ? 6 vol.% 2,783 2,615 6.04 93

AA2014-9 AA2014 ? 9 vol.% 2,774 2,598 6.34 99

AA2014-12 AA2014 ? 12 vol.% 2,765 2,537 8.25 107
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defects are very difficult to overcome except using vacuum

stirring techniques such as the Duralcan process [53].

Reasonably, uniform distribution of B4C particles in the

AA 2014 matrix can be seen in Fig. 7a–b. The small-scale

clustering of the reinforcing phase and agglomeration were

clearly shown in Fig. 7b. Such phenomenon was also

observed in different types of particles containing com-

posites [54]. At typical higher magnification micrograph of

composites clearly indicated a good interface bonding

between B4C particle and the metallic matrix (Fig. 7c). No

reaction product and no interfacial decohesion between the

matrix and the B4C particles was found in the previous

study [42].

The variations in volume loss with sliding time for

unreinforced stircasting AA2014 alloy as well as for Al/

B4C composites containing different volume percentages

of B4C particles are summarized in Fig. 8. This figure

shows the effect of sliding time on the average wear vol-

ume loss of the composites. It can be clearly seen from the

figure that the volume loss increases with increasing sliding

time and with decreasing particle content of B4C. The

volume loss of the unreinforced alloy was found to be

much higher than that of the composites and it almost

increased linearly with the sliding time. It can be observed

that the composites show lower volume loss indicating the

beneficial effect of the addition of B4C particles. This

contribution may be attributed to the hardness of the

material which is a dominating factor affecting the wear

resistance. The decrease in wear volume loss may also be

attributed to higher load bearing capacity of hard rein-

forcing material [55], which is similar to the observations

obtained in some previous studies [56, 57].

The specific wear rates of the matrix alloy and com-

posite containing B4C particles are plotted as a function of

sliding time in Fig. 9. Generally, the specific wear rate

decreased with sliding time and attained steady-state value.

The wear behaviour of the samples was tested using an

abrasive suspension mixture at room conditions. It was

observed that the specific wear rate decreased rapidly

during the initial stage and then decreased gradually with

sliding time in the case of monolitic alloy. The composite

showed superior wear resistance (inverse of specific wear

rate) to that of the matrix alloy. Some researchers [58–60]

mentioned that the wear rate of composites decreased

Fig. 7 Microstructural characteristics of 2014 Al-B4C composites. a AA2014-3, b AA2014-9, c interface between B4C particle and matrix
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Fig. 9 Specific wear rate of the matrix and the composite at 92 N
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considerably with increasing reinforcement volume frac-

tion. At the same time, the specific wear rate of composites

decreased with increasing reinforcement volume fraction

as seen in Fig. 9.

The hardness and roughness of the worn surfaces of Al

alloy and composites were given in Table 2 and in Fig. 10,

respectively. It is seen from these values that the surface

roughness parameters (Ra) decreased with increasing par-

ticle volume fraction in Fig. 10 whereas the hardness val-

ues increased with increasing particle volume fraction in

Fig. 6. This means that, the higher the volume fraction of

B4C particles added to the aluminium alloy matrix, the

better the wear resistance of the composites, similar to the

observations of Lee et al. [61] and Yilmaz and Bultoz [62].

As a result, the abrasive suspension mixture is becoming

more ineffective with sliding times because of the resis-

tance offered by the hard disporsoid B4C particles in the

composite. This leads to faster and greater decrease in the

surface roughness with increasing volume fraction in the

composites as compared to the alloy. The abrasive wear of

a material depends on the elastic and plastic contact of the

abrasives with the sample surface. During abrasive wear,

the abrasive particles penetrate first into the specimen

surface and then move over the surface due to reciprocating

motion. Thus, continuous grooves are generated and these

abrasive wear of a material primarily depends on the extent

of the depth and width of the wear grooves and the number

of grooves made by the abrasives. This is again dependent

on the relative hardness of the abrasives with respect to the

hardness of the sample. The composite exhibits almost

36% higher hardness than the alloy and hence the depth

and width of the wear grooves are reduced significantly.

Additionally, the hard ceramic dispersoid acts as a pro-

trusion over the matrix and carries a major portion of the

applied load. Such dispersoid particles protect the abrasives

from penetration into the specimen surface [34, 63]. As a

consequence, the depth and width of cut and the number of

wear grooves produced in the composite surface are

expected to be lower. It was observed that surface rough-

ness increased rapidly with sliding time up to 200 s and

then slowly increased or virtually standed with the sliding

time for all samples after 200 s (Fig. 10).

Scanning electron micrographs of the worn surfaces of

the composites and the matrix alloy are given in Figs. 11,

12, respectively. Mainly three body rolling wear that is

characterized by multiple indentations and very short

ploughing or cutting grooves was reported [64, 65]. The

worn surface of the unreinforced 2014 Al matrix alloy was

characterized by extensive plastic deformation and obvious

evidence of ploughing, cutting and smearing (Fig. 11a–b).

Since the unreinforced matrix alloy was much softer than

the slider, the slider penetrated and cut deeply into the

surface, causing extensive plastic deformation of the sur-

face (Fig. 11a–b), and resulting in a great amount of

material loss. For the composites investigated, the most

important feature is the presence of B4C particles having

hardness value that is much greater than the matrix alloy.

The B4C particles in the matrix alloy protect the softer
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Fig. 10 Variation of surface roughness of test samples with sliding

time (normal load, 92 N; sliding speed, 0.314 m.s-1)

Fig. 11 Wear surface of the matrix alloy (AA2014) tested at the applied load of 92 N over a sliding time of 2080 s a low and b high

magnification
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matrix during abrasive sliding and strengthen the alumin-

ium matrix. These paticles also resist the penetration and

cutting of the slider into the surface of the composite, thus

limiting the deformation. The wear resistance of the com-

posites is therefore improved in comparison with the

matrix alloy. The wear resistance of the particle reinforced

composites are basically related to the wear resistance and

hardness of the particles [66]. The worn surface of the

sample AA2014-3 was somewhat analogous to that of the

unreinforced matrix alloy, and was characterized by mainly

plastic deformation with some ploughing and cutting

effects (Fig. 12a–b). When the particle content was

increased from 2 to 12 vol.%, the worn surface was char-

acterized by localized grooves and fine scratches

(Fig. 12a–h). On worn surface of the sample AA2014-9,

the plastic deformation significantly reduced with increas-

ing the B4C particle volume fraction from 2% to 9%, and

the worn surface was characterized by localized shallow

grooves and very fine scratches (Fig. 12e–f). Very little

apparent plastic deformation was present on the worn

surface of the sample AA2014-12 (Fig. 12g–h), and instead

very fine scratches formed. Similar results have also been

reported in some previous studies [46, 67].

Conclusions

The following conclusions can be drawn from the present

investigation:

1. Microstructural examination showed that the B4C

distributions were generally homogeneous in the

AA2014 matrix while some particle clustering and

the particle-porosity clustering were observed at

Fig. 12 Wear surface of the composite tested at the applied load of

92 N over a sliding time of 2080 s a AA2014-3 (low magnification),

b AA2014-3 (high magnification), c AA2014-6 (low magnification),

d AA2014-6 (high magnification), e AA2014-9 (low), f AA2014-9

(high magnification), g AA2014-12 (low magnification), h AA2014-

12 (high magnification)
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relatively high particle containing composites. The

density of the composite decreased with increasing

particle volume fraction, but the porosity and hardness

of the composite increased with increasing particle

content.

2. The abrasive wear properties of the 2014 Al alloy were

considerably improved by the addition of B4C parti-

cles, and the abrasive wear resistance of the compos-

ites was found to be much higher than that of the

unreinforced 2014 aluminium alloy.

3. The composite experienced lower materials loss than

the matrix alloy under all test conditions employed.

The wear volume loss of the matrix alloy and the

composites slightly increased with increasing sliding

time. However, the change of the wear volume loss for

the composites with increasing particle volume frac-

tion was smaller than that of the matrix alloy.

4. The specific wear rate of samples swiftly decreased

with increasing sliding time until a steady-state value

of 670 s. Decreasing in the specific wear rate of

samples above this value was very slow. Moreover, for

composites containing the high amount of B4C parti-

cles, the specific wear rate of samples was found to be

almost stable.

5. Plastic deformation (micro cutting and micro plough-

ing) was identified as the main wear mechanism

operating on the worn surfaces of the composites

investigated. For the samples having by the addition of

B4C particles, it was entensive plastic ploughing and

cutting decreased. The depth and number of grooves in

composites decreased with increasing volume fraction

of B4C particles, and the worn surfaces of composites

were relatively smooth.

6. The surface roughness of the samples increased rapidly

with sliding times up to 200 s and then increased

slowly or virtually standed firm with the sliding time

for all samples after 200 s. The surface roughness of

the composites decreased generally with increasing the

volume fraction of particles.
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