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Ìåõàíè÷åñêèå ñâîéñòâà êîìïîçèòîâ ñ ìàòðèöåé èç ñïëàâà A356,
óïðî÷íåííûõ íàíî÷àñòèöàìè êàðáèäà êðåìíèÿ
À. Ìàçàõåðè, Ì. Î. Øàáàíè
Èñëàìñêèé óíèâåðñèòåò Àçàä Êàðàäæ, Êàðàäæ, Èðàí
Êîìïîçèòû ñ ìåòàëëè÷åñêîé ìàòðèöåé îáðàçóþò ãðóïïó íîâûõ èñêóññòâåííî ñïðîåêòèðîâàííûõ ìàòåðèàëîâ, â ìåòàëëè÷åñêóþ ìàòðèöó êîòîðûõ ââîäÿòñÿ êåðàìè÷åñêèå óïðî÷íÿþùèå
êîìïîíåíòû ñ öåëüþ óëó÷øåíèÿ åå ìåõàíè÷åñêèõ ñâîéñòâ, âêëþ÷àÿ óäåëüíóþ ïðî÷íîñòü è
óäåëüíóþ æåñòêîñòü, à òàêæå èçíîñîñòîéêîñòü, è îáåñïå÷åíèÿ âûñîêîé êîððîçèîííîé óñòîé÷èâîñòè è âûñîêîãî ìîäóëÿ óïðóãîñòè. Ìåòîä êîìïîçèöèîííîãî ëèòüÿ èñïîëüçîâàëñÿ äëÿ
ââåäåíèÿ íàíî÷àñòèö SiC â àëþìèíèåâûé ñïëàâ è èçãîòîâëåíèÿ íàíîêîìïîçèòîâ ñ ìåòàëëè÷åñêîé ìàòðèöåé è îäíîðîäíûì ðàñïðåäåëåíèåì óïðî÷íÿþùèõ êîìïîíåíòîâ. Ìèêðîñòðóêòóðíûé àíàëèç êîìïîçèòîâ, ïîëó÷åííûõ ìåòîäîì êîìïîçèöèîííîãî ëèòüÿ, ïîêàçàë îäíîðîäíîå
ðàñïðåäåëåíèå íàíî÷àñòèö, óìåíüøåíèå ðàçìåðîâ çåðåí ìàòðèöû èç àëþìèíèåâîãî ñïëàâà è
ìèíèìàëüíóþ ïîðèñòîñòü ìàòåðèàëà. Óñòàíîâëåíî, ÷òî íàëè÷èå íàíî÷àñòèö êàðáèäà êðåìíèÿ ñóùåñòâåííî ïîâûøàåò òâåðäîñòü, óñëîâíûé ïðåäåë òåêó÷åñòè è ïðåäåë ïðî÷íîñòè ïðè
ñîõðàíåíèè èñõîäíîé ïëàñòè÷íîñòè àëþìèíèåâîé ìàòðèöû.

Êëþ÷åâûå ñëîâà: ìàòðèöà èç àëþìèíèåâîãî ñïëàâà, êàðáèä êðåìíèÿ, íàíîêîìïîçèòû ñ ìåòàëëè÷åñêîé ìàòðèöåé, ïðî÷íîñòü.
Introduction. There has been a great upsurge in using aluminum alloys for
structural applications, particularly in aerospace and automotive industries, owing
to their low density, high thermal conductivity and high specific strength, which
leads to the weight reduction resulting in a considerable economic advantage.
However, their low hardness and poor wear resistance are the main obstacles for
their high performance tribological applications. To overcome this problem, hard
reinforcement phases such as particulates, fibres, and whiskers are introduced into
Al-based matrix in order to improve their high specific strength, stiffness, wear
resistance, fatigue resistance and elevated temperature applications [1–3].
Aluminum matrix composites (AMCs) have been transformed from a topic of
scientific and intellectual interest to a material of broad technological and
commercial significance. Important AMC applications in the ground transportation
(auto and rail), thermal management, aerospace, industrial, recreational and
infrastructure industries have been enabled by functional properties that include
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high structural efficiency, excellent wear resistance, and attractive thermal and
electrical characteristics. While in composites reinforced with continuous fibers,
strengthening is associated with load transfer from the matrix to the fiber, it is
associated with the high dislocation density in the matrix of composites reinforced
with whisker and particulate [4–7].
Microsize ceramic powders and fibers were widely used in fabrication of
Al-based composites to improve the ultimate tensile and the yield strengths of the
metal. However, the ductility of the metal matrix composites (MMCs) deteriorates
significantly with high ceramic particle concentration. Application of nano-sized
ceramic particles is increasing since it strengthens the MMCs and maintains the
ductility of the matrix alloy. The most popular nano-sized reinforcements are
silicon carbide and alumina. Aluminium, titanium and magnesium alloys are
commonly used as the matrix phase. However, it is extremely difficult to obtain
uniform dispersion of nano-sized ceramic particles in liquid metals due to high
viscosity, poor wettability in the metal matrix, and a large surface-to-volume ratio
[6–8].
Currently, there are several fabrication methods of metal matrix
nanocomposites (MMNCs), including in situ technique [1, 2], disintegrated melt
deposition [3] powder metallurgy [4, 5], vortex process [6], ultrasonic method [7,
8]. SiC nano-particles (np) have been added to the Al 356 alloy using the ultrasonic
method [8]. Experimental results showed a relatively uniform distribution of
nano-particles and more than 50% improvement in yield strength of A356 alloy
only with 2.0 wt.% of nano-sized SiC particles. Zhao characterized the properties
and deformation behavior of (Al2O3+Al3Zr)np/Al nanocomposites produced by
magneto-chemical melt reaction. It is reported that elongation, ultimate tensile
strength and yield strength of nanocomposites are enhanced with increasing of
particulate volume fraction, and are markedly higher than that of Al composites
synthesized by micro size particles [2]. Solidification processing such as stir
casting that utilizes mechanical stirring is a widely used technique of producing Al
matrix composites that are reinforced by micro ceramic particles. However, it is
extremely challenging for the conventional mechanical stirring method to distribute
and disperse nano-scale particles uniformly in metal melts because of the poor
wettability and higher specific surface areas of nano-particles which lead to
agglomeration and clustering.
From the available literature on MMNCs, it is clear that the morphology,
distribution and volume fraction of the reinforcement phase, as well as the matrix
properties, are all factors that affect the final properties of the composites, but as
yet relatively few works related to the optimization of the productivity process
have been published [9–12]. In the present article, we will evaluate and report the
experimental results of mechanical properties in nano-SiC reinforced A356 matrix
composites.
Experiments. Nano-SiC particles with average particle size of 50 nm was
used as the reinforcement. The metal matrix composites have been produced by
using both vortex and compocating method. Experiments were carried out using a
relatively simple experimental set-up which consists of several parts. The main
part, which allows temperatures of up to 1000°C to be reached, is surrounded by a
50 mm thick layer of kaowool insulator to minimize heat loss. Inside the heater
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band is a graphite crucible for holding the materials, which has a lid. Weighed
quantity of Al alloy was charged into the crucible and heated up to 750°C (above
the alloy liquidus temperature) for melting. The mixture of nano-particles were
then added into the melt. There is a nitrogen supply to the crucible in order to
minimize the oxidation of molten aluminum, and a graphite stirrer mounted on a
graphite shaft passes through small hole out of the crucible lid.
For the comparison, semi-solid agitation was also employed. The temperature
of the alloy was first raised to about 700°C and then stirred at 800 rpm using an
impeller fabricated from graphite and driven by a variable ac motor. The
temperature of the furnace was gradually lowered until the melt reached a
temperature in the liquid solid range (i.e., 590°C) while stirring was continued.
Then the stirrer was positioned just below the surface of the slurry and the particles
were added uniformly at a rate of 50 g/min over a time period of approximately
3 min. 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.
The slurry was then heated to 750°C to properly maintain the fluidity of the molten
metal and kept at this temperature for 5 min while being continuously stirred.
To examine the morphology of the grains and reinforcement distribution,
macro- and microstructural characteristics the materials were investigated. The
specimens were prepared by grinding through 120, 400, 600, and 800 grit papers
followed by polishing with 6 mm diamond paste, and etched with Keller’s reagent
(2 ml HF (48%), 3 ml HCl (conc.), 5 ml HNO3 (conc.) and 190 ml water). TEM
specimens were machined to 0.5 mm thickness and cut using a wire electro
discharge machine. The specimens were then ground down (350 to 1200 grit) and
perforated using double spew with methanol solution. The porosity of the cast
alloy and the composite was determined by comparing the measured density with
that of their theoretical density.
The tensile tests were used to assess the mechanical behavior of the
composites. The tensile specimens were machined from composite rods according
to ASTM B 557 standard. For each volume fraction of SiC particles, three
specimens were tested. To study the hardness, the Brinell hardness values of the
specimens were measured on the polished specimens using a ball with 2.5 mm
diameter at a load of 31.25 kg.
Results and Discussions. Comparison of the measured density of the cast
alloy and the composites with their theoretical density determined the material
porosity. Figure 1 shows the variation of porosity with the volume fraction of
nano-SiC particles. It is noted that compocast composites have less porosity than
the sir cast ones. Stir casting of MMNCs is an attractive processing method for
these advanced materials since it is relatively inexpensive, and offers a wide
variety of material and processing condition options. Generally, these composites
consist of a metal matrix, which is melted during casting, and ceramic
reinforcement added to the molten matrix material by a mechanical stirrer. In order
to overcome some of the drawbacks associated with the conventional stir casting
techniques, semisolid agitation processes 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
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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. Figure 1 also shows higher degree of defects and micro-porosity at higher
SiC content which is the result of increase in the amount of interface area [11, 12].

Fig. 1. Variations of porosity with the nano-SiC content.

The mechanical properties of the nano-SiC reinforced Al-matrix composites
have been also investigated in this study. Good wetting between the solid ceramic
phase and the liquid metal matrix is an essential condition for the generation of a
satisfactory bond between these during casting and creating high mechanical
properties. Hardness tests were performed using a Brinell hardness machine. In
order to obtain the average values of hardness, areas predominant in the soft matrix
or the hard reinforcing phase should be avoided so that the average values of
hardness are attained from these measurements. The variation in hardness with
volume fraction for Al/nano-SiC composites is depicted in Fig. 2. It is clear from
the graph that the hardness of the composites is higher than that of the
non-reinforced alloy. The higher hardness of the composites could be attributed to
the fact that SiC particles act as obstacles to the motion of dislocation. The
hardness increment can also be attributed to reduced grain size. As shown,
hardness increases with the amount of SiC present particles. It is believed that
since SiC particles are harder than aluminum alloy, their inherent property of
hardness is rendered to the soft matrix [13, 14].

Fig. 2. Variation of hardness as a function of vol.% SiC particulates.
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Fig. 3. Flow curves in tensile deformation of the composites.

Figure 3 displays the tensile flow curves of the stir cast composites. It could
be noted that the flow curves do not show any sharp yield point irrespective of the
material and the strength values increase with the addition of nano-SiC particles. It
is believed that the great enhancement in tensile flow stress observed in these
composites is due to good distribution of the nano-SiC particles and low degree of
porosity which leads to effective transfer of applied tensile load to the uniformly
distributed strong SiC particulates. The grain refinement and strong multidirectional thermal stress at the Al/SiC interface are also important factors, which
play a significant role in the high strength of the composites. SiC particles have
grain-refined strengthening effect, since they act as the heterogeneous nucleation
catalyst for aluminum which is improved with increase in the volume fraction
[9–15]. The difference between the coefficient of thermal expansion (CTE) values
of matrix and ceramic particles generates thermally induced residual stresses and
increases dislocations density upon rapid solidification during the fabrication
process. The interaction of dislocations with the non-shearable nano-particles
increases the strength level of composite specimens. According to the Orowan
mechanism, the nano-SiC particles act as obstacles to hinder the motion of
dislocations near the particles in the matrix. This effect of particles on the matrix is
enhanced gradually with the increase of particulate volume fraction [2, 10].
Figures 4 and 5 display yield strength and UTS of the composites, respectively.
According to the results of this experiment, quite significant improvement in
strength is noted initially when particles are added; however, further increase in
SiC content leads to reduction in strength values of stir cast composites. The
weakening factors of mechanical properties might be responsible for this including
particles clusters and porosity. Hereby, it is believed that strengthening and
weakening factors of mechanical properties could neutralize the effect of each
other and thus, the stir cast composite containing 3.5 vol.% SiC exhibits the
maximum tensile yield stress. Normally micron-sized particles are used to improve
the ultimate tensile and yield strengths of the metal. However, the ductility of the
MMCs deteriorates significantly with high ceramic particle concentration [16–18].
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Fig. 4. Variations of yield strength as a function of vol.% nano-SiC particulates.

Fig. 5. Variations of UTS as a function of vol.% nano-SiC particulates.

Fig. 6. Variations of elongation as a function of vol.% nano-SiC particulates.

It is of interest to use nano-sized ceramic particles to strengthen the metal
matrix, while maintaining good ductility [6, 19]. It is inferred from Fig. 6 that the
addition of nano-particles deteriorates the ductility of A356 alloy. The stir casting
method that is used in the present work to produce the nanocomposites can most
probably create different interfaces between nano-particles and matrices and thus,
encourage crack initiation and propagation [10]. It is also noted that the elongation
remains constant with the addition of nano-particles. This is consistent with the
findings of Hassan and Gupta [20, 21].
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The uniformity in distribution of particles within the specimen is a
microstructural feature which determines the in-service properties of particular
AMCs. A non-homogeneous particle distribution in cast composites arises as a
consequence of sedimentation (or flotation), agglomeration and segregation. Optical
micrographs of stir and compocast composites reinforced with SiC particles are
shown in Fig. 7. Dendritic microstructure, as the result of casting process, is clearly
revealed in this figure. This trend was observed in previous works [9, 10].

a

b

Fig. 7. Optical photomicrographs: (a) stir cast A356 reinforced with 4.5 vol.% SiC; (b) compo cast
A356 reinforced with 4.5 vol.% SiC.

Fig. 8. TEM bright field image of composites with 3.5 vol.% nano-SiC particles.

High-magnification bright field TEM of compocast composites shows the
uniform distribution of SiC particles through the matrix alloy (Fig. 8). It is reported
in previous studies that during the solidification process of the composite slurries,
the reinforcing particles are pushed to the interdendritic or intercellular regions and
tend to segregate along the grain boundaries of matrix alloy. Figure 9 shows the
grain morphology results of the composites. It is assumed that the uniform
dispersion of nano-particles provides some heterogeneous nucleation sites during
solidification, resulting in a more refined microstructure. Higher grain refinement
of compocast composites can be attributed to the restricted movement of particles
within the melt during solidification as a consequence of the increased effective
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Fig. 9. Results of grain morphology.

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
distribution.
Conclusions. It is concluded that a careful control of processing conditions is
required to produce defect-free castings with fine microstructure which, in turn,
may exhibit a more uniform particle distribution. In this research, nano-sized SiC
particles were successfully incorporated into the aluminum matrix. Optical
microscope examination revealed the grain refining effect of nano-particles. A
reasonably uniform distribution of SiC nano-particles in the Al matrix was
observed by electron microscope. Porosity level increased slightly with increasing
particulate content which can be attributed to the increased surface area of the
nano-SiC particles. The addition of nano-particles resulted in significant
improvements in hardness, yield strength and UTS of the composites. Different
strengthening mechanisms contributed in the obtained strength improvements
including Orowan strengthening, grain refinement, accommodation of CTE
mismatch between the matrix and the particles, and the load-bearing effects.
Ðåçþìå
Êîìïîçèòè ç ìåòàë³÷íîþ ìàòðèöåþ óòâîðþþòü ãðóïó íîâèõ øòó÷íî ñïðîåêòîâàíèõ ìàòåð³àë³â, ó ìåòàë³÷íó ìàòðèöþ ÿêèõ ââîäÿòüñÿ êåðàì³÷í³ çì³öíþâàëüí³ êîìïîíåíòè ç ìåòîþ ïîêðàùàííÿ ¿¿ ìåõàí³÷íèõ âëàñòèâîñòåé, âêëþ÷àþ÷è ïèòîì³ ì³öí³ñòü ³ æîðñòê³ñòü, à òàêîæ çíîñîñò³éê³ñòü, òà çàáåçïå÷åííÿ
âèñîêî¿ êîðîç³éíî¿ ñò³éêîñò³ ³ âèñîêîãî ìîäóëÿ ïðóæíîñò³. Ìåòîä êîìïîçèö³éíîãî ëèòòÿ âèêîðèñòîâóâàâñÿ äëÿ ââåäåííÿ íàíî÷àñòèíîê SiC ó àëþì³í³ºâèé ñïëàâ òà âèãîòîâëåííÿ íàíîêîìïîçèò³â ³ç ìåòàë³÷íîþ ìàòðèöåþ é îäíîð³äíèì ðîçïîä³ëîì çì³öíþâàíèõ êîìïîíåíò³â. Ì³êðîñòðóêòóðíèé àíàë³ç êîìïîçèò³â, ùî îòðèìàí³ ìåòîäîì êîìïîçèö³éíîþ ëèòòÿ, ïîêàçàâ îäíîð³äíèé
ðîçïîä³ë íàíî÷àñòèíîê, çìåíøåííÿ ðîçì³ð³â çåðåí ìàòðèö³ ç àëþì³í³ºâîãî
ñïëàâó òà ì³í³ìàëüíó ïîðèñò³ñòü ìàòåð³àëó. Óñòàíîâëåíî, ùî íàÿâí³ñòü íàíî÷àñòèíîê êàðá³äó êðåìí³þ ñóòòºâî ï³äâèùóº òâåðä³ñòü, óìîâíó ãðàíèöþ
òåêó÷îñò³ ³ ãðàíèöþ ì³öíîñò³ ïðè çáåðåæåíí³ ïî÷àòêîâî¿ ïëàñòè÷íîñò³ àëþì³í³ºâî¿ ìàòðèö³.
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