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Abstract—Composite materials based on alloys of the Al–Si–Mg system have been obtained via the intro-
duction of 5, 10, and 15 wt % of SiC particles into the alloy melt and the solidification under a pressure. As a
result of solidification under pressure, the porosity of the composite materials decreased substantially. An
increase in the content of SiC particles in the composites enabled a smaller size of dendritic cells to be
obtained. It has been shown by the X-ray diffraction method that, in the process of solidification under pres-
sure, an interaction occurred between the matrix and reinforcing SiC particles. The presence of SiC particles
in the structure of composites led to the acceleration of the aging process and to an increase in the peak hard-
ness in comparison with the matrix alloy.
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1. INTRODUCTION
In recent decades, alloys based on light metals have

found increasing use in the transport engineering
industry because of the significant reduction in their
weight and, as consequence, for increasing the energy
efficiency of constructions. The ecological aspect of
the use of these materials is also of great importance,
since aluminum alloys can be reprocessed with rela-
tively low power expenditures. Due to their high cast-
ing and mechanical properties, the alloys of the
Al‒Si–Mg system are the most promising casting
alloys [1–3]. However, recently, composite materials
based on light metals, such as titanium [4, 5], alumi-
num [6–9], etc., have also found increasingly wide
applications. These materials possess enhanced
mechanical properties compared with the usual alloys,
e.g., the high modulus of elasticity, high strength and
fatigue strength, and high heat resistance and wear
resistance. For example, Beffort et al. [2] revealed that
the mechanical properties of composites with a metal-
lic matrix and high volume fraction of SiC particles
obtained by solidification under pressure are improved
significantly because of strengthening due to the pres-
ence of ceramic particles and heat treatment. Ranga-
nath et al. [10] and Seah et al. [11] have shown that,
with an increase in the content of the reinforcing par-

ticles from 2 to 6 wt %, mechanical characteristics,
such as the ultimate strength, yield stress, and hard-
ness, increase substantially, whereas the plasticity and
impact toughness are reduced.

Liquid-phase methods of obtaining composite
materials are currently among the most widely appli-
cable due to their low cost and high productivity.
Among these methods, the process of the mixing of
particles into the melt is one of the most economically
advantageous and, therefore, widespread methods of
the production of composites reinforced by particles
[12–15]. Solidification under pressure makes it possi-
ble to obtain minimum gas and shrinkage porosity,
excellent surface quality, and low material losses. Fur-
thermore, an increase in the rate of cooling in the pro-
cess of solidification under pressure leads to the for-
mation of finely dispersed structure [16]. Thus, solid-
ification under pressure is one of the most promising
methods of obtaining composites in short periods with
low expenditures [3, 17].

It is known that the properties of composites with a
metallic matrix reinforced by particles depend mainly
on the volume fraction and size of particles. The com-
posites with a high volume fraction of particles usually
show high porosity and nonuniformity of the particle
distribution in the matrix. A uniform particle distribu-
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tion in the matrix is necessary to reduce stresses that
arise upon loading and, as a consequence, to improve
the mechanical properties [18].

2. EXPERIMENTAL

As the matrix material, we selected an aluminum
Al–9.1Si–0.58Mg alloy. To prepare the alloy, the fol-
lowing commercial materials have been used: alumi-
num (99.85 wt %), silicon (99.9 wt %), and magne-
sium (99.9 wt %). The matrix alloy was obtained by
melting in a muffle furnace and casting into a graphite
mold. To obtain composites, particles of SiC with sizes
of 35–45 μm were introduced into the melt (Fig. 1) in
amounts of 5, 10, and 15 wt %.

The composites were obtained by mixing particles
into the melt and subsequent solidification under
pressure using the following technology: 500 g of the
matrix alloy were placed into a crucible and heated to
a temperature that was 100 K higher than the liquidus
temperature of the alloy. After melting, ceramic parti-
cles were introduced and mixed using a titanium blade
that was rotated at a rate of 850 revolutions per minute
for 1 min. After this, the melt was cast into a graphite
mold. The process of the solidification under pressure
was implemented at a temperature of 620°C using a
hydraulic press with a maximum effort of 100 tons.
The finished alloy was placed into a cylindrical form
with a diameter of 50 mm and a length of 100 mm.
After reaching a required temperature, the form with
the melt was loaded until a stress of 100 MPa was
reached and held under pressure for 1 min, after which
the solidified casting was cooled and extracted from
the form.

An analysis of the microstructure of samples was
carried out using a Bruker D8 Advance diffractometer
in a monochromated Cu Kα radiation, a Carl Zeiss
Axiovert 200 optical microscope, and a Tescan Vega 3
LMH scanning electron microscope equipped with an
X-max 80 energy-dispersive detector. The samples
were polished mechanically using a Struers LaboPol-5
grinding-polishing machine.

The density of the samples was determined by the
method of hydrostatic weighing on a Vibra AF analyt-
ical balance. The theoretical density of the composites
was calculated according to the rule of mixture; the
densities of the matrix alloy and of the SiC particles
were accepted to be ρmat = 2.67 g/cm3 and ρSiC =
3.21 g/cm3, respectively [13]. The porosity was calcu-
lated via the formula

(1)
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where ρtheor is the theoretical density, kg/m3; ρexper is
the experimental density, kg/m3; and VSiC is the vol-
ume fraction of the SiC particles.

The heat treatment of the composites was per-
formed in a Nabertherm furnace in two stages: the first
stage is the annealing at 580°C for 8 h and quenching
into warm water; the second stage is aging at 155°C
with different holding times. After aging, measure-
ments of hardness were performed on an IT5010 hard-
ness meter under a load of 5 kg.

3. RESULTS AND DISCUSSION

3.1. Density of the Matrix Alloy and Composites

The values of the density of samples with the differ-
ent contents of SiC in the cast state and after solidifi-
cation under pressure are given in Fig. 2a. As can be
seen, in the process of solidification under a pressure
of 100 MPa, the density of both the base alloy and
composites on its basis increases. Furthermore, it can
be noted that, with an increase in the content of SiC,
both the experimental and theoretical density increase
because of the higher density of the reinforcing parti-
cles (3.21 g/cm3) compared with the base alloy. As can
be seen from Fig. 2b, as a result of solidification under
pressure the porosity of samples is reduced signifi-
cantly. This is connected with the fact that the pressure
acting on the liquid metal before and during solidifica-
tion leads to a reduction of the amount of gas that was
dissolved in the process of the incorporation of the
particles. It has been established that the porosity of
the composites in the cast state increases with an
increase in the content of SiC particles because of the
larger amount of incorporated gases; therefore, the use
of the second technological process, solidification
under pressure, is especially necessary for obtaining
composites with a small volume fraction of voids.

Fig. 1. Microstructure of the initial powder of SiC (SEM).
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3.2. Study of the Microstructure of the Alloys

The microstructure of the base alloy in the cast
state and after solidification under pressure is shown in
Fig. 3. The structure of the base alloy mainly consists
of an aluminum solid solution (Al) and a eutectic
(Al)–(Si). Figure 4 shows the microstructure of com-
posites with different contents of SiC particles. The
quantitative analysis of the microstructure in the cast
state (Figs. 4a, 4c, 4e) has shown that an increase in
the quantity of SiC particles in the alloy leads to a
decrease in the average size of dendritic cells. Thus,
the average size of a dendritic cell for the base alloy was
26 ± 1.2 μm; in the alloy with 5% SiC, it was 22 ±
1.1 μm; at the content of 10% SiC, it was 19 ± 0.9 μm;
and, at the content of 15% SiC, the average size was
18 ± 0.7 μm. The decrease in the average size of den-

dritic cells can be explained by the action of SiC parti-
cles as barriers for the growth of dendrites in the pro-
cess of solidification. In [16], it was shown that solidi-
fication under pressure leads to the formation of a
finely dispersed structure due to the higher solidifica-
tion rate. However, as can be seen from Table 1, the
average size of dendritic cells hardly changes after
solidification under pressure for all of the investigated
alloys, which may indicate that the solidification rate
changes insignificantly.

The microstructure of composites subjected to
solidification under pressure is characterized by a
more uniform distribution of particles and by a smaller
porosity (Figs. 4b, 4d, 4f). As a rule, a uniform particle
distribution inside the matrix leads to a reduction in
the number of stress concentrators and to an improve-

Fig. 2. Dependence of (a) the density and (b) the porosity on the content of the reinforcing particles in the composites in the cast
state and after solidification under pressure.
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Fig. 3. Microstructure of the base alloy (a) in the cast state and (b) after solidification under pressure.
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Fig. 4. Microstructure of composites in the cast state ((a) Al–9.1Si–0.58Mg/5% SiC; (c) Al–9.1Si–0.58Mg/10% SiC; (e) Al–
9.1Si–0.58Mg/15% SiC) and after solidification under pressure ((b) Al–9.1Si–0.58Mg/5% SiC; (d) Al–9.1Si–0.58Mg/10%
SiC; (f) Al–9.1Si–0.58Mg/15% SiC.
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ment of the mechanical properties. As was shown ear-
lier [19], the application of high pressures in the pro-
cess of solidification virtually excludes the appearance
of shrinkage and gas porosities, interfacial micropores,
and also ensures a good coupling at the interfaces
between the particles and the matrix, which agrees
with the results obtained in our work.

The influence of the process of the solidification of
the composite with 15% SiC under pressure on its
microstructure is demonstrated in Figs. 4e and 4f; it
can be seen that there is a more uniform distribution of
particles and a decrease in the amounts of agglomer-
ates and pores. The analysis of the microstructure has
shown that the nucleation of the primary aluminum
solid solution occurs in the liquid between the parti-
cles rather than on the surface of the particles. This
can be explained by a smaller thermal conductivity of
SiC particles compared to the matrix alloy. The SiC
particles cannot cool down so rapidly as the melt; as a
result, the temperature of the particles proves to be
higher than the temperature of the liquid alloy. There-
fore, the process of solidification is retarded near the
surface of the particles and the nucleation of the pri-
mary crystals of the aluminum solid solution occurs at
a distance from the particles, where the temperature is
lower [19, 20].

3.3. Phase Composition of the Composites
As follows from the results of the X-ray diffraction

analysis (Fig. 5), the structure of the composites sub-
jected to solidification under pressure contains solid
solutions (Al) and (Si) and compounds Mg2Si,
MgAl2O4, and SiC. The presence of magnesium in the
alloy not only leads to an improvement of mechanical
properties, but also has a strong effect on the structure
formation in the process of the mixing of particles into
the melt and upon the subsequent solidification under
pressure [2]:

—magnesium favors an increase in the wettability
of SiC particles by the aluminum melt, which is espe-
cially important for the process of solidification under
pressure;

—magnesium favors the formation of MgAl2O4 or
MgO on the surface of the oxidized SiC particles
according to Eq. (2), which prevents SiC particles
from interacting with Al according to Eq. (3) as fol-
lows:

2Al + 5Mg + 2SiO2 → MgAl2O4 + 2Mg2Si; (2)

4Al + 3SiC → Al4C3 + 3Si. (3)

The appearance of new phases in the interfaces as a
result of the process of solidification under pressure
can indicate an improvement in the wettability
between the aluminum matrix and SiC particles,
which leads to an increase in the coupling between
them and, as a consequence, to an improvement of the
mechanical properties. This agrees well with the
results of other researchers [21–23] obtained earlier.

3.4. Hardness of Composites after Heat Treatment
Figure 6 displays a change in the hardness of the

base alloy and composites obtained as a result of solid-
ification under pressure, upon aging at a temperature
of 150°C. Upon the aging, there are consecutively pre-
cipitated and dissolved coherent (Si/Mg clusters,
Guinier–Preston (GP) zones) and semicoherent
(β'' phase, β' phase) particles, which leads to the presence
in the aging curve of several local maxima [24–27]. As
can be seen from Figs. 6 and 7, the values of the hard-
ness in the composites are higher than in the base alloy
both after quenching and in the maximum in the aging
curve. This is related to the presence in their structure
of SiC particles, the hardness of which is greater than

Average size of dendritic cells in the alloys in the cast state and after solidification under pressure

Material Average size of a dendritic cell
in the cast state, μm

Average size of a dendritic cell after 
solidification under pressure, μm

Al–9.1Si–0.58Mg 26 ± 1.2 25 ± 0.9
Al–9.1Si–0.58Mg + 5% SiC 22 ± 1.1 22 ± 0.8
Al–9.1Si–0.58Mg + 10% SiC 19 ± 0.9 19 ± 1.0
Al–9.1Si–0.58Mg + 15% SiC 18 ± 0.7 17 ± 0.8

Fig. 5. XRD pattern of the Al–9.1Si–0.58Mg/15% SiC
alloy after solidification under pressure.
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that of the aluminum solid solution, as well as to the
strengthening of the matrix by dislocations that are
generated near the particles in the process of solidifi-
cation. In this case, the maximum value of the hard-
ness is attained considerably more rapidly in the com-
posites compared to the base alloy. This effect, which
is connected with the presence in the materials with
reinforcing particles of an enhanced dislocation den-
sity generated in the process of solidification, was also
shown to take place in the Al–SiC/Al2O3 composites
[28]. However, because of the enhanced density of dis-
locations, more rapid softening occurs during the pro-
longed aging of composites. The most significant drop
in the hardness after 16-h aging is observed in the
composite with 15% SiC (by about 30 HV relative to
the maximum value) and in the composite with 10%

SiC (by about 25 HV). The drop in the hardness of the
base alloy was only 5 HV.

CONCLUSIONS
(1) Composite materials based on the alloy of the

Al–Si–Mg system reinforced by 5, 10, and 15 wt %
SiC particles have been obtained by the method of
introducing particles into the melt and by subsequent
solidification under pressure.

(2) The microstructure of the composites after
solidification under pressure is characterized by a
smaller porosity and by a more uniform distribution of
SiC particles as compared to the composites obtained
by casting after the introduction of particles into the
melt. As was shown by the XRD analysis, the applica-
tion of a high pressure during solidification increases
the wettability and the interaction between the parti-
cles and matrix at their interface.

(3) The introduction of particles into the structure
of the matrix alloy leads to an acceleration of the aging
process. The maximum in the kinetic curve of aging is
achieved in 12 h for the base alloy and in 3 h for the
composite containing 15 wt % SiC particles. The
acceleration of the aging process is connected with a
considerable increase in the dislocation density in the
composites reinforced by particles.
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