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Abstract Aluminum matrix composites reinforced with

SiC and graphite (Gr) particles are a unique class of

advanced engineered materials that have been developed to

use in tribological applications. The conventional tech-

niques for producing these composites have some draw-

backs. In this study, a new method, namely In situ Powder

Metallurgy (IPM), is applied for the preparation of Al6061/

SiC/Gr hybrid composites. In this method, the stir casting

and the powder metallurgy synthesizing processes are

combined into an integrated net shape forming process.

0–40 vol.% of SiC particles with an average size of 19 lm,

along with 9 vol.% of uncoated Gr particles, were intro-

duced to the molten 6061 aluminum alloy. Then, the

slurries were stirred in a specified time–temperature regime

resulting in mixtures of the SiC, Gr, and aluminum powder

particles. The powder mixtures were cold pressed in six

different pressures (between 250 and 750 MPa) and sin-

tered. Finally, the produced composites were heat treated

and their hardness and wear properties were investigated.

Homogenous distribution of the SiC and Gr particles within

the powder mixtures and the hybrid composites is clear

from the SEM images. The results also show that the SiC

particles decrease the compressibility of the hybrid pow-

ders and improve the hardness of composites. The best

wear resistance is achieved in the hybrid composite con-

taining 20 vol.% SiC particles.

Introduction

Particulate-reinforced aluminum matrix composites have

gained extensive applications in automotive and aerospace

industries due to their specific characteristics. These include

low density, high specific strength and stiffness, good fati-

gue properties, dimensional stability at high temperatures,

and acceptable tribological properties [1–12]. Among these

materials, hybrid composites reinforced with SiC and

graphite (Gr) particles have attracted considerable attention

due to their high wear resistance combined with a low

friction coefficient [11–14]. The specimen-die wall friction

and the friction between particles play a critical role in the

compaction process and may result in non-uniform packing

densities within samples [15–17]. Adding a certain amount

of solid lubricant to the powder mixture can decrease the

density gradient and increase the density of green compacts

by promoting more uniform pressure transmission [16–18].

Gr is frequently used as the solid lubricant, but it deterio-

rates the mechanical properties of composites. The presence

of hard SiC particles improves the hardness and the strength

of Al/SiC/Gr hybrid composites, and compensates for the

weakening effects of Gr [10, 13, 19].

The main problem of hybrid composites is associated

with their fabrication processes [14]. The stir casting is one

of the most important liquid phase methods for processing

of metal matrix composites. Poor wettability of reinforcing

particles by liquid metal, and density differences between

the matrix alloy and these particles result in non-uniform

distribution of the reinforcement phase within the matrix

alloy [7–9, 14, 20]. Moreover, the segregation of particles

due to pushing effects during solidification, and formation

of brittle compounds and porosity at the ceramic/matrix

interface cause deterioration of the mechanical and tribo-

logical properties of the composites [6, 7, 14, 21]. Among
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the solid-state methods, powder metallurgy (P/M) is an

important processing technique for metal matrix compos-

ites. The need for a relatively long mixing time to achieve a

uniform distribution of ceramic particles within the alu-

minum powders, the re-distribution of the particles during

pressing, and high processing costs are some of the draw-

backs of this method [19, 20, 22, 23]. The In situ Powder

Metallurgy (IPM) method is a new processing technique for

metal matrix composites. In this technique, the non-wetting

ceramic particles are added to the molten alloy. Then, the

mixture is stirred in a specified time–temperature regime,

resulting in a mixture of aluminum droplets and ceramic

particles. This blend is cooled in air and the resultant

mixture of aluminum and ceramic particles is consolidated

to produce the final component. In this method, there are no

typical limitations of the stir casting and the P/M methods.

Producing dense (pore-free) aluminum powders and low

processing costs are some of the other advantages of this

method [20, 24–27].

Cold pressing of powder mixtures is widely used in

industry, because of simplicity and high efficiency [28]. It

also plays an important role in mechanical properties and

dimensional tolerances of final components. The com-

pressibility of composite powders is considerably lower

than that of the unreinforced alloy. Hard-reinforcing par-

ticles complicate the compaction behavior of powder

mixtures [23, 29]. In addition, the type, amount, size, and

geometry (shape) are important factors for achieving the

optimum combination of properties [23, 30, 31]. Moreover,

amount of the applied pressure, particles size ratio in the

powder mixtures, and temperature are also effective on the

strength of green compacts. Hence, optimizing of these

parameters has been considered by several researchers

[22, 23, 28]. This study investigates applicability of IPM

method for processing of the Al6061/SiC/Gr hybrid com-

posites, effect of SiC content on the compressibility, sin-

tering, hardness, aging behavior, and finally, tribological

behavior of the hybrid composites.

Experimental procedures

Al 6061 with nominal chemical composition as given in

Table 1 was used as the matrix alloy. SiC particles with

average size of 19 lm together with flake Gr particles with

average size of 75 lm were also used as the reinforcing

particles. The size distribution of the SiC and Gr particles

was quantified using a laser particle size analyzer (Cilas

1064). The results are shown in Fig. 1. The SEM micro-

graphs of these powders are shown in Fig. 2. For prepa-

ration of each powder mixture, the appropriate weights of

Al ingot, SiC powders, and uncoated Gr particles were

charged in a clay-bonded Gr crucible. Given density values

for Al, SiC, and Gr (2.7, 3.2, and 2.2 g/cm3), the crucible

charge was determined to obtain the following five dif-

ferent powder mixtures: 0, 10, 20, 30, and 40 vol.% of SiC

particles all having 9 vol.% Gr. The crucible was heated in

a resistance furnace and after melting the aluminum, the

mixture was stirred at 1400 rpm for 8 min using a spiral-

shaped Gr stirrer at a constant temperature of 710 �C.

During stirring the mixture, molten aluminum alloy was

disintegrated to droplets due to the non-wettability of SiC

and Gr particles with molten aluminum alloy, and the shear

forces induced by the impeller. Figure 3 schematically

shows the powder mixture condition in the different steps

of the stirring process. The mixture was evacuated from the

crucible onto a steel flat plate and the alloy was allowed to

solidify at ambient temperature and atmosphere. This

procedure was performed using different volume fractions

of the SiC particles. Coarse alumina particles ([710 lm)

were also used to produce the base alloy powder particles

using IPM method. After producing the powder mixtures of

the aluminum alloy and alumina particles at the same

condition with those previously produced by the SiC and

Table 1 Chemical composition (wt%) of Al 6061 alloy

Mg Si Fe Cu Cr Al

1.12 0.64 0.48 0.33 0.04 Remaining
Fig. 1 The size distribution of a SiC and b Gr particles
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Gr particles, the coarse alumina particles were sieved out

from aluminum alloy–alumina powder mixtures. The

resultant aluminum alloy powders were used to produce the

base alloy samples. The five different batches of the

powder mixtures along with the Al 6061 powders were

cold pressed at six different pressures from 250 to 750 MPa

in a rigid steel die on a single acting 45t hydraulic press

into cylindrical compacts. The dimensions of the compacts

were 25 mm in diameter and 10 mm in height. The green

compacts, which were compacted at maximum pressure

(750 MPa), were sintered at 620–630 �C for 60 min in a

tubular furnace and under nitrogen atmosphere to provide

protection against oxidation of the aluminum matrix. In the

next step, all samples were solution treated at 550 �C for

2 h prior to cold water quenching and artificially aged at

170 �C for 7 h before air cooling to room temperature.

The size distribution of the resultant powder mixtures

was determined using the conventional mechanical sieving

technique. Then the size distribution and the average par-

ticle size of the produced aluminum powders were calcu-

lated by considering the size distribution of the SiC and Gr

powder particles. The densities of base alloy compact and

the Al/Gr/SiC composites with different SiC contents were

determined using Archimedes’ principle in accordance

with specifications in ASTM standard B-325. Hardness

measurements were carried out on a Brinell hardness

testing machine, using a load of 300 N. The mean values of

at least five measurements conducted on different areas of

each sample were considered. Pin-on-disk wear tests were

done at different sliding distances of 250, 500, 750, and

1000 m. A steel pin (1.5Cr, 1C, 0.35Mn, 0.25Si) with the

hardness of 64HRC having the diameter of 5 mm and

height of 20 mm was employed. The imposed load and

pressure on the disk were 20 N and 1 MPa, respectively.

Sliding velocity in this research was 0.5 m/s. The mor-

phology of the powder mixtures and the polished surfaces

of the composites were examined using a scanning electron

microscope (SEM).

Results and discussion

Produced powder mixtures

The SEM micrographs of the as-produced powder mixture

containing 9 vol.% Gr and 40 vol.% SiC particles, within

the range of \125 lm, are shown in Fig. 4. It is seen that

the SiC and the Gr particles are distributed uniformly

within the non-spherically shaped aluminum powders.

Thus, there is no need to any additional mixing processes

to obtain a uniform distribution of the reinforcing particles

within the matrix alloy using IPM method. Moreover, EDX

studies on the produced aluminum particles did not reveal

the presence of thick aluminum oxide skins on these par-

ticles (Table 2). These results are consistent with the pre-

vious observations [24–26].

Size distribution and median size of the produced

aluminum particles

Cumulative size distribution of the produced aluminum

particles in the different mixtures containing 9 vol.% Gr

Fig. 2 SEM micrographs of a SiC and b Gr particles
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and 0–40 vol.% SiC particles are graphically presented in

Fig. 5a. The data for these plots are based on the sieve

analysis of the as-produced powder mixtures and by con-

sidering the size distribution data of the used SiC and Gr

particles. The figure shows that the size distribution plots

shift toward the finer sizes by increasing the SiC content.

Hence, the median size of the produced aluminum particles

is also decreased (Fig. 5b). These results are consistent

with previous observations [24–27]. In fact, the number

and the surface area of the cutting elements, which cut the

molten aluminum into the droplets, are increased by

increasing the SiC content. Therefore, the amount of col-

lision between the SiC particles and the molten aluminum

is increased and the median size of the produced aluminum

powders is decreased at the constant producing condition.

Compaction behavior

The die compaction behavior of the aluminum alloy pow-

ders and the hybrid powder mixtures containing different

amounts of SiC particles are shown in Fig. 6. It can be seen

that relative density is increased with a decreasing slope by

increasing the applied pressure. Increasing the SiC content

is also leading to a lower densification extent. These results

are consistent with the trends reported by some investiga-

tors [23, 30, 32]. The mechanisms of densification in cold

compaction are rearrangement of powder particles, plastic

deformation of soft particles, and fracture of hard (brittle)

particles, respectively [8, 17, 22, 23, 30, 33, 34]. The

rearrangement of particles and local plastic deformation are

occurred at the first stages of compaction process and cause

considerable increasing of the relative density. However,

more displacement and rearrangement of powder particles

are restricted by more plastic deformation of the aluminum

particles with increasing of the compacting pressure. At

this stage, the plastic deformation of the soft particles is the

main process of densification, and needs the introduction of

high pressures. Hence, the increasing of density is negli-

gible at this stage.

The compressibility of aluminum matrix is decreased by

increasing the SiC content in the powder mixtures. As a

result, it is seen that the 40 vol.% SiC contained composite

has the worst densification behavior (Fig. 6). The SiC

particles are not deformable and they support a part of the

applied pressure elastically. Amount of pressure is also

wasted because of the friction between the SiC particles.

Therefore, the transferred load to the aluminum (plastic

phase) is decreased. In fact, the compressibility is reduced

Fig. 3 Schematic picture of the

molten aluminum fragmentation

by SiC and Gr particles in the

a initial, b middle, and c final

step of the stirring process
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by the necessity of more deformation of the aluminum

particles to fill the pores at the contact points with SiC

particles. Movement and rearrangement of the aluminum

particles are also more limited by increasing the SiC con-

tent in the powder mixtures, and cause retarding the den-

sification mechanism. In addition, finer aluminum particles

are resulted by increasing the SiC content at the powder

mixture producing stage of IPM method (Fig. 5). Finer

aluminum particles in the powder mixtures are associated

with a larger surface area, which in turn, increases friction

between the particles and reduces the densification extent.

On the other hand, finer aluminum particles imply larger

Fig. 4 Typical SEM micrographs of the as-produced powder mixture

containing aluminum powders, 9 vol.% Gr and 40 vol.% of SiC

particles. a Low-magnification micrograph, and b high-magnification

micrograph

Table 2 EDX analytical results of the produced aluminum particles

Element Al Mg O

Weight percent 98.33 0.80 0.87

Fig. 5 Effect of SiC content in presence of 9 vol.% Gr on the size of

as-produced aluminum particles with IPM method: a cumulative size

distribution and b median size

Fig. 6 Compressibility curves of different powder mixtures
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yield stresses which cause the compressibility decline.

Thus, beside of direct effects of the SiC particles in

reduction of the relative density, they deteriorate the den-

sification behavior of the mixtures by decreasing the size of

produced aluminum powders.

It is clear from Fig. 6 (by comparison of Al–9 vol.%Gr

and Al–10 vol.%SiC–9 vol.%Gr composites with unrein-

forced alloy compact) that Gr, to some extent, is a

compensation for destructive effects of the SiC particles

in the compressibility of hybrid powder mixtures. Gr

reduces the particles–die wall friction and the friction

between particles, and facilitates movement and rear-

rangement of the aluminum powders during cold pressing.

Hence, the die is better filled and higher densities are

attainable.

Microstructure

The typical SEM micrographs of the polished surfaces of

the Al–9 vol.%Gr composites containing 0 and 20 vol.% of

SiC particles are presented in Fig. 7a–d. Figure 7 shows

that the SiC and Gr particles have been distributed uni-

formly within the matrix alloy. This uniform distribution of

the reinforcing particles is the characteristic of IPM method

improving the mechanical and the tribological properties of

the composites due to lack of the ceramic particle clusters.

The dark regions in this pictures are the Gr particles or the

pores that formed by evacuation of Gr particles during

polishing the surface. Gr as a solid lubricant material is

abraded easily during polishing of the hybrid composites,

and therefore reduces the coefficient of friction.

Fig. 7 Typical SEM micrographs of the polished surfaces of Al–9 vol.%Gr composites containing a, b 0 and c, d 20 vol.% of SiC particles
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Porosity

The amount of porosity after sintering is a function of

initial green density and it is increased by increasing the

SiC content in the hybrid composites. However, it is

obvious from Fig. 8 that the amount of porosity after sin-

tering is decreased compared with the green compacts. This

decline is due to the elimination of inter-particular voids

and shrinkage after sintering. The same trend after sintering

under nitrogen atmosphere has also been reported by other

investigators [35, 36].

Hardness

Improvement in hardness with increasing the SiC content

in the as sintered Al–9 vol.%Gr composites, as presented in

Fig. 9, is attributable to increasing hard SiC particles in the

hybrid composites. These particles also cause more

deformation of the aluminum matrix and increase in dis-

location density. Similar results have been reported by

other investigators [10, 37–41]. The volume fraction of

porosity and probability of agglomeration of the SiC par-

ticles are also increased by increasing the SiC content.

However, it seems that the effects of SiC particles in

hardness improvement are superior to their effects in

reducing of density and decreasing of hardness values.

Gr leads to decline in hardness values. This is approved

with reference to the hardness value of the 9 vol.% Gr

contained composite with no SiC addition and Al 6061

sample represented in Fig. 9. Dislocation density within

the matrix alloy is increased by the addition of the Gr

particles, because of mismatch in coefficients of thermal

expansions of Gr and aluminum alloy. Therefore, hardness

value of Al–9 vol.%Gr composite should be higher than

that of unreinforced alloy, but due to the soft nature of Gr,

its lowering effect on hardness is more remarkable.

Heat treatment

The strength of Al 6061 matrix composites can be

improved using T6 age hardening heat treatment. Using

higher amount of reinforcement content in the hybrid

composites brings about a decrease in the amount of alu-

minum alloy (age-hardenable phase). Therefore, increase

in hardness after heat treatment should be higher in the

composites containing lower amounts of reinforcements.

However, there is an optimum aging time for each com-

posite sample containing different percentages of rein-

forcing particles. As mentioned, the mismatch of

coefficients of thermal expansions in aluminum matrix and

reinforcing phases causes formation of dislocation in the

reinforcement–matrix interface. The higher dislocation

density promotes diffusion of the alloying elements, which

leads to higher nucleation and growth rate of the precipi-

tates [40–42]. The aging kinetic is also accelerated by the

possibility of heterogeneous nucleation of metastable

phases on the SiC particles [41]. Thus, obviously, the aging

kinetics of composite samples is faster than that of unre-

inforced alloy sample. Figure 10 shows the amount of

increasing of hardness of the Al–9 vol.%Gr composites

Fig. 8 Porosity variations after sintering of samples containing

9 vol.% Gr and different percents of SiC particles. The values of

the Al 6061 powder compact (with no Gr addition) is also presented

for comparison

Fig. 9 The variation of hardness with SiC content for Al–9 vol.%Gr

hybrid composites containing different percentages of SiC particles.

The values for the matrix alloy (made from Al 6061 powders with no

Gr addition) are also presented for comparison

Fig. 10 Percent of increase in hardness after aging heat treatment for

different samples
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containing different percentages of SiC particles after

aging heat treatment. The maximum increase in hardness is

achieved at the Al 6061–20 vol.%SiC–9 vol.%Gr hybrid

composite. Considering the same condition for aging heat

treatment of the all samples, it reveals that aging time for

this composite may be closer to the optimum condition

(peak-aged), and in the other composites the peak hardness

may not be obtained because of under-aged or over-aged

conditions. Therefore, the difference between the hardness

values of the hybrid composites containing 20, 30, and

40 vol.% SiC particles is reduced after aging heat treat-

ment (Fig. 9).

Tribological behavior

Effect of the SiC content on the volume loss and the wear

rate of 9 vol.% Gr contained composites and unreinforced

aluminum alloy is shown in Fig. 11. It is seen that the dry

sliding volume loss of all hybrid composites is lower than

that of the base alloy. However, the volume loss and the

wear rate of Al–9 vol.%Gr composite in higher than that of

the base alloy and the hybrid composites, as reported by

several researchers [12, 25, 27, 43–45]. Gr is a solid

lubricant material. It comes onto the surface resulting in the

formation of a lubricating film, which prevents metal-to-

metal contact of the sliding surfaces [10, 46, 47]. However,

Gr is a weak phase that deteriorates the hardness and

mechanical properties of composites [10, 27]. It seems that

the destructive effects of 9 vol.% Gr in deterioration of

mechanical and wear properties of Al–Gr composite is

more than its beneficial effects in formation of lubricating

film.

Figure 11 reveals that the volume loss and the wear rate

of hybrid composites are decreased by increasing the SiC

content to 20 vol.%, and after that any increase in SiC

content leads to their increases. The wear rate of the hybrid

composite containing 20 vol.% SiC particles is about eight

times lower than that of the base alloy sample. These

results are in line with the trends reported by other inves-

tigators [3, 4]. According to the Archard theory, wear

resistance is proportional to the hardness of material [48].

Given hardness values of samples after aging heat treat-

ment (Fig. 9), the improvement in the wear resistance of

the hybrid composites resulted from increasing the SiC

content to 20 vol.% can be attributed to the increasing of

the hardness of the composites. However, the hardness

values of the hybrid composites containing 20, 30, and

40 vol.% SiC particles are near together. In this case, the

main causes of increased wear loss and wear rate with

increasing of the SiC content are the increasing of porosity

(Fig. 8), as well as the deterioration of particles bonding.

The worn surface morphology of the hybrid composites

containing 20 and 40 vol.% SiC particles is shown in

Fig. 12. It is seen that the non-clear grooves and fine

scratches were formed on the worn surface of both com-

posites. The hybrid composite containing 20 vol.% SiC has

a smooth worn surface, but some dimples could be seen on

the worn surface of the 40 vol.% SiC contained hybrid

composite. The number of weak SiC–SiC contacts and thus

the possibility of debonding would be higher with increase

of the SiC content to 40 vol.%.

The friction force may originate from asperity defor-

mation, plowing, and adhesion. It may also be influenced

by the wear debris entrapped between two moving surfaces

[49]. The variation in coefficient of friction with SiC

content is shown in Fig. 13. Sharp decline in coefficient of

friction of 9 vol.% Gr contained composites compared to

the base alloy shows the observable effect of the formation

of Gr-rich lubricating film on the tribosurface. The figure

also reveals a decrease in the coefficient of friction by any

increase in the SiC content up to 30 vol.%. The Gr layer

will not be an effective lubricant if the adhesion force

between the aluminum surface and Gr layer be less than the

interlamellar shear strength of Gr [14, 47]. Addition of the

SiC particles to the Al–9 vol.%Gr composite results in

improvements in strength, hardness, and so, a better

Fig. 11 The variation of a wear loss with sliding distance and b wear

rate with SiC content for the hybrid composites containing 9 vol.% Gr

particles

J Mater Sci (2011) 46:1502–1511 1509

123



support for the lubricating film. Increase of porosity also

causes reduction in the friction coefficient [50], and the

amount of porosity is increased using more SiC content in

the hybrid composites (Fig. 8). However, the SiC particles

removed from the matrix and entrapped between the

sample and pin. This causes higher coefficient of friction of

the 40 vol.% SiC contained hybrid composite.

Conclusions

The results of this investigation can be summarized as

follows.

1. The IPM method is a new processing technique for

hybrid composites which has some advantages over

the conventional P/M method. In this new technique,

aluminum ingot is used and no any additional mixing

processes is necessary, because the production of

aluminum powder particles and mixing process are

done simultaneously. Therefore, it is more economical

method than conventional P/M.

2. The SiC and Gr particles are distributed uniformly

within the matrix alloy using this method. Finer

aluminum powders are also produced by increasing

the SiC content in the powder mixture producing stage.

3. The increasing of relative density is fast at the first

stages of compaction process but it is retarded by

continuing the cold pressing of composites at high

pressures. This is due to the unavoidable plastic

deformation of aluminum particles for more increasing

of relative density at higher compaction pressures.

4. The compressibility of hybrid powder mixtures is

decreased by increasing of the SiC content. Therefore,

the worst compaction behavior is observed in the

powder mixture containing 40 vol.% of SiC particles.

5. The wear resistance of the hybrid composite contain-

ing 20 vol.% SiC and 9 vol.% Gr is superior to the

unreinforced alloy and the other hybrid composites.

Increase in the SiC content to 20 vol.%, after a

distance of 1000 m, causes decline of the volume loss

and wear rate about 88%. More increasing of the SiC

content from 20 to 40 vol.% causes increase in the

volume loss and wear rate by 76%.

6. The friction coefficient of all composites is lower than

that of the base alloy sample. The coefficient of

friction is decreased by increasing of the SiC content

Fig. 12 Typical SEM micrographs from the worn surface of hybrid

composites having a 20 and b 40 vol.% SiC content

Fig. 13 The variation of friction coefficient with SiC content
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up to 30 vol.%, and it will be minimum at 30 vol.%

SiC contained hybrid composite.
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