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Abstract
Metal matrix composites are very inhomogeneous materials, and their properties depend on various parameters (produc-
tion process, constituents, their interfaces, etc.). The influence of SiC microparticles (40 μm) reinforcement and graphite 
macroparticles (200–800 μm) addition on the mechanical properties of Al–Si A356 alloy, produced by compocasting, has 
been assessed using macro- and nanoscale measurements of hardness and modulus of elasticity. The Al makes over 90 wt% 
of the A356 alloy, so the nanoscale measurements were performed on different α phase regions on each material (core of α 
phase, eutectic α phase, and α phase near the phase boundaries α phase/secondary phases). The results showed that there is 
no direct correlation between mechanical properties on macro- and nanoscale. The nanoscale results also showed that the 
secondary phases (SiC and graphite particles) can have significant effect on the mechanical properties on the atomic level, 
i.e. in the α phase regions very close to the secondary phases.

Keywords A356 alloy · Hybrid composites · Compocasting · SiC · Graphite · Hardness · Modulus of elasticity

1 Introduction

The A356 alloy is a hypoeutectic Al–Si alloy with a small 
amount of magnesium. It belongs to a group of cast-
ing alloys. The mechanical properties of the alloy can be 
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improved by the appropriate heat treatment (especially using 
the T6 regime). Due to a good combination of mechanical 
and physical properties, and high corrosion resistance, the 
A356 alloy is commonly used in the automotive and aircraft 
industry. The alloy solidifies in a relatively wide temperature 
range (615 to 555 °C) [1] and is suitable for semi-solid pro-
cessing [2]. Mechanical properties of semi-solid products of 
the A356 alloy can also be improved by the appropriate heat 
treatment regime [3].

The properties of the A356 alloy can also be improved by 
adding hard ceramic particles and fibres (SiC,  Al2O3, etc.) 
in the matrix alloy, using different casting techniques [4, 5]. 
In the compocasting method, under the influence of shear 
forces (due to mixing), the semi-solid melt of the matrix 
alloy behaves as pseudoplastic non-Newtonian fluid. The 
apparent viscosity of the melt can be optimised by control-
ling the mixing rate. As a result, a favourable distribution of 
added particles can be achieved [6]. Incorporation of the sec-
ondary phase during the compocasting process is carried out 
at a lower temperature than in the case of the production of 
composites through the liquid casting processes (e.g. Vortex 
method). This enables energy savings and the extended tool 
life [6], which reduces the production costs. The compocast-
ing method is suitable for the production of conventional 
A356/SiC or A356/graphite composites, as well as hybrid 
A356/SiC/graphite composites [7–9].

It has been shown, in our previous study [9], that the 
structure of hybrid A356/SiC/graphite composites is very 
complex, with a large number of phase boundaries matrix/
secondary phases, indicating that the interface in hybrid 
composites should be further studied. The main goal of this 
paper is to evaluate the influence of secondary phases (SiC 
and graphite) in the produced composites on their struc-
tural and mechanical properties. In order to achieve this 
goal, metallographic examinations were performed as well 
as the measurement of the modulus of elasticity and shear 
modulus at macroscale. Also, nanoindentation was carried 
out in α phase regions in the thixocasted A356 alloy and in 
produced composites, in order to determine the nanohard-
ness and modulus of elasticity in these regions.

2  Experimental details

2.1  Materials

The hypoeutectic Al–Si alloy A356 (EN AlSi7Mg0.3), 
slightly modified with 0.03 wt% strontium (Sr), was used 
as the matrix material for obtaining composites. Strontium 
was added to the A356 alloy melt to modify the eutectic sili-
con particles. The matrix material, obtained by semi-solid 
processing (thixocasting), was used as a reference material 
(designated as A356 thixo). Composites were produced by 

the compocasting process, using the silicon carbide (SiC) 
microparticles (average diameter 40 μm) and graphite (Gr) 
macroparticles (200–800 μm). The amount of incorporated 
silicon carbide was 10 wt%, while the amount of graphite 
was 1 and 3 wt%. The following three composite materi-
als were obtained: A356 thixo + 10 wt% SiC (designated as 
A356–10SiC), A356 thixo + 10 wt% SiC + 1 wt% Gr (des-
ignated as A356–10SiC–1Gr), and A356 thixo + 10 wt% 
SiC + 3 wt% Gr (designated as A356–10SiC–3Gr).

Apparatus used for the semi-solid processing of matrix 
alloy and composites is described elsewhere [10]. Param-
eters of the thixocasting and compocasting process, for the 
purpose of comparison, were similar in production of A356 
thixo and composites samples. Detailed description of the 
materials producing procedure is presented elsewhere [9]. 
All specimens were subjected to modified T6 heat treat-
ment with the following parameters: solution heat treating 
at 540 °C for 4 h with water quenching and artificial ageing 
at 160 °C for 5 h with water quenching.

2.2  Macroscale characterisation

Determination of modulus of elasticity and shear modu-
lus was performed on the non-destructive testing system 
Buzz-o-sonic Lab Kit 5.9 on specimens with dimensions 
30 × 15 × 6 mm, using the impulse excitation technique 
(according to ASTM E1876). This technique is also known 
as: Impulse excitation of vibration; Resonant vibration; 
Impact acoustic resonance; Ping test; and Eigen frequency 
method. A schematic diagram of impulse excitation tech-
nique testing is shown in Fig. 1.

The procedure of testing was as follows: a test specimen 
is tapped lightly with a impulser (flexible polymer rod with 
steel ball) causing a standing wave to be generated in the 
solid; the resulting vibration (sound) is captured by a non-
contact transducer (microphone attached to a PC); the sound 
is analysed using a fast Fourier transform algorithm, and 
the fundamental resonant frequency is isolated and meas-
ured by the signal analyser. The modulus of elasticity and 
shear modulus are calculated from the known densities, 

Fig. 1  A schematic diagram of impulse excitation technique testing 
(out-of-plane flexure)
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dimensions and Poisson’s ratios of the specimens and 
obtained fundamental resonant frequencies.

2.3  Nanoscale characterisation

Specimens for the nanoscale characterisation were prepared 
in a standard way applying grinding and polishing [9]. 
Nanoindentation tests of the produced materials included 
hardness and modulus of elasticity measurements. These 
tests were carried out on a nanomechanical test instru-
ment TI 950 TriboIndenter, using instrumented indentation 
method (according to ISO 14577-1) under the assumption 
that all tested regions have Poisson’s ratio of 0.33 [1]. The 
following indentation parameters were used to produce sev-
eral multicycle indents on each sample: diamond Berkovich 
indenter (modulus of elasticity 1141 GPa, Poisson’s ratio 
0.07); ambient air; room temperature 22 °C; constant load-
ing/unloading rate 2.5 mN/s; maximum load 5 mN; pause 
at maximum load 2 s; pause at unloaded condition 0 s; and 
number of cycles 10 cycles (Fig. 2a). With the multicycle 
mode, which is used in tests, indentation is repeated in the 
same place 10 times (cycles) producing one single indent. 
The measured values of the hardness and modulus of elastic-
ity differed for each cycle (Fig. 2b), and the average values 
were calculated for each indent.

Nanoidentation measurements were performed on up to 
5 different α phase regions on each material, i.e. core of 
α phase; α phase in eutectic; α phase near SiC particles; 
α phase near graphite particles; and α phase near SiC and 
graphite particles. Each region is measured on several loca-
tions (several indents), and the results for each material and 
region are averaged and presented. Distance between the 
individual indents in the same region was at least 12 μm. 
After the testing of each region, position of indents is 
recorded with the optical microscope (OM) image and with 
scanning probe microscope (SPM) image at higher magni-
fication. The main purpose of these images was to show the 
position of the indents, although some were also used for the 
concise analysis of the obtained material microstructures.

3  Results and discussion

3.1  Macroscale properties

Macrohardness values of the A356 thixo alloy and 
the composites A356–10SiC, A356–10SiC–1Gr and 
A356–10SiC–3Gr [9] are shown in Table 1, together with 
the measured values of the modulus of elasticity and shear 
modulus. The mechanical properties of the thixocasted A356 
alloy and the composites with the A356 alloy matrix can 

Fig. 2  Multicycle mode nanoindentation testing (typical shapes): a load versus penetration depth curve and b dependence of the measured val-
ues on number of cycles

Table 1  Macrohardness, 
modulus of elasticity and shear 
modulus of thixocasted A356 
alloy and composites

SD: standard deviation

Mechanical property Material designation

A356 thixo A356–10SiC A356–10SiC–1Gr A356–10SiC–3Gr

Macrohardness HV 5 69.5 (SD = 1.32) 72.0 (SD = 2.21) 76.5 (SD = 4.83) 77.0 (SD = 5.63)
Modulus of elasticity, GPa 65.0 (SD = 1.06) 79.8 (SD = 1.41) 71.9 (SD = 1.39) 56.3 (SD = 1.23)
Shear modulus, GPa 24.4 (SD = 0.40) 30.0 (SD = 0.53) 27.0 (SD = 0.52) 21.2 (SD = 0.46)
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be compared with the mechanical properties of the conven-
tionally casted A356 alloy [1]. However, the morphological 
differences between the cast A356 alloy and the thixocast 
A356 alloy [9] should be considered.

Macrohardness value of the A356 thixo alloy (which is 
heat-treated according to the modified T6 regime) is very 
close to the typical hardness value of the sand-casted A356 
alloy, heat-treated according to the conventional T6 regime 
(70 HB) [1]. The values of modulus of elasticity and shear 
modulus of the A356 thixo alloy are also slightly lower 
than the typical modulus of elasticity (72.4 GPa) and shear 
modulus (27.2 GPa) values of the conventionally casted 
and T6 heat-treated A356 alloy [1]. With the addition of 
SiC particles (composite A356–10SiC), there was a slight 
increase in hardness, but the values of the modulus of elas-
ticity and shear modulus increased significantly (approx. 
24%). In the case of hybrid composites (A356–10SiC–1Gr 
and A356–10SiC–3Gr), the hardness values were increased, 
while the values of the modulus of elasticity and shear mod-
ulus were reduced.

The mechanical properties of the cast A356 alloy depend 
on the casting process due to the influence of the cool-
ing rate of the alloy melt during solidification. The A356 
alloy belongs to a group of hypoeutectic Al–Si alloys (with 
6.5–7.5 wt% silicon). According to the Al–Si phase dia-
gram [11], solidification of this alloy begins with the for-
mation of the α phase crystallites in the form of dendrites, 
in real casting conditions. The size of dendrites and the rate 
of dendritic growth depend on the cooling rate. The finest 
structure is obtained in the case of fast solidification (pres-
sure casting). The structure of the eutecticum is important 
for the mechanical and tribological properties of the A356 
alloy. The eutecticum of the A356 alloy consists of silicon 
needles or plates placed in the interdendritic space of the α 
phase [12]. Beside silicon, the presence of magnesium in the 
A356 alloy is also important for achieving good mechanical 
properties of the alloy. Because of the reactivity of magne-
sium, the intermetallic compound  Mg2Si is formed before 
the solidification of the alloy melt. The solubility of this 
compound in the lattice of α phase is limited. Therefore, heat 
treatment of the A356 alloy requires long solutionising and 
long-term artificial ageing. In addition, various intermetal-
lic compounds can be formed in the alloy melt due to the 
presence of impurities (Cu, Mn, Fe, Ti, etc.). Some of these 
compounds have been identified in our previous study [9].

Under the influence of the shear forces during mixing 
of A356 alloy semi-solid melt (thixocasting process), the 
α phase particles have been transformed from dendritic to 
the non-dendritic form and elliptical α phase particles were 
formed. In the case of the applied mixing parameters [9], 
there was an increase in the α phase region in relation to 
the eutectic region, with an increase in size of α phase par-
ticles in the structure of the thixocasted A356 alloy. It was 

found that the structure of the A356 thixo alloy is coars-
ened compared to the structure of the cast A356 alloy [9]. 
Consequently, significantly less hardness of the A356 thixo 
alloy could be expected. However, the hardness values for 
the A356 thixo alloy (Table 1) and sand cast A356 alloy 
[1] are very close. This is probably due to the reduction 
in the porosity of the A356 thixo alloy during hot press-
ing, which was carried out in a solid state. The reduction in 
porosity is estimated on the basis of previously performed 
structural analysis [9]. Our other research [13] shows that the 
significantly higher hardness of the thixocasted A356 alloy 
was achieved after hot pressing in a semi-solid state, which 
resulted in better mechanical and tribological properties of 
the alloy.

After the incorporation of reinforcement (SiC) particles 
in the matrix alloy, a complex structure is formed, which 
affects the hardness of the composites. The presence of rein-
forcement particles leads to the matrix strengthening (mostly 
due to different coefficients of thermal expansion for ceramic 
particles and metal matrix, which shows a beneficial effect 
on composite hardness). However, an increase in the num-
ber of phase boundaries leads to an increase in the poros-
ity of the composites. Also, the clusters of reinforcement 
particles have adverse effects on the composite hardness. 
These phenomena are more significant in hybrid composites 
(A356–10SiC–1Gr and A356–10SiC–3Gr), which leads to a 
greater dissipation of hardness values (Table 1).

Modulus of elasticity and shear modulus are mechani-
cal properties that depend on the bond strength between the 
atoms in the material. Structure, heat treatment regime or 
cold plastic processing has little influence on these values 
[14]. As example, the hardness values are different for cast 
A356 alloys subjected to various heat treatments, while the 
modulus of elasticity and shear modulus are the same for all 
these cases [1]. Incorporation of SiC particles in the matrix 
alloy resulted in an increase in the values of the modulus of 
elasticity and shear modulus of the composite A356–10SiC, 
compared to the values of the A356 thixo alloy (Table 1) 
and the values of the cast A356 alloy [1]. This indicates a 
change in the nature of the material (composite A356–10SiC 
in relation to the matrix alloy), which led to an increase in 
the stiffness of the material. This means that a good bond 
between the SiC particles and the matrix has been achieved. 
Because of the addition of graphite particles, the modulus 
of elasticity and shear modulus of the hybrid composites 
(A356–10SiC–1Gr and A356–10SiC–3Gr) were reduced 
(Table 1), indicating that the stiffness of these hybrid com-
posites is lower than the stiffness of the composite with 
ceramic reinforcements (A356–10SiC). With the increase 
in the amount of graphite particles, the modulus of elas-
ticity and shear modulus values become lower due to the 
increase in the number of phase boundaries, which leads to 
an increase in the porosity of the composites.
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3.2  Nanoscale properties

Microstructure of the tested materials was briefly analysed 
by using the OM images, since the detailed analysis of the 
materials microstructures is presented elsewhere [9]. Posi-
tion of indents in each tested region of the α phase is denoted 
with arrow on OM images or with numbers on SPM images. 
In some cases, when nanoindentation was performed on 
intermetallic compounds or silicon particles in the α phase, 
very high values of nanohardness and modulus of elasticity 
were obtained. These values were not taken into account 
when analysing the nanoscale properties of the α phase, 
although they have influenced the overall macrohardness of 
the material to a certain extent. On the other hand, at some 
indents in the α phase regions, very low values of the nano-
hardness and modulus of elasticity were obtained. This is 
probably due to the presence of micropores in the material, 
so these results are also not taken into account when analys-
ing the nanoscale properties of the tested materials.

3.2.1  A356 thixo alloy

Microstructure of A356 thixo alloy is shown in Fig. 3, 
where the eutectic areas can be seen between the ellipti-
cal regions of the α phase. Nanoidentation measurements of 
the A356 thixo alloy were performed on 2 different α phase 
regions, i.e. core of α phase and α phase in eutectic (eutectic 
α phase). Position of indents in the core of α phase region 
is shown in Fig. 4a. Seven of eight performed indents were 
selected to determine the nanoscale properties. The average 
value of nanohardness is 97.9 HV, while the average value 
of modulus of elasticity is 94.7 GPa.

Eutectic area with silicon particles in the form of nod-
ules and irregular ellipses can be noticed in Fig. 4b. On a 
higher-magnification image (Fig. 4c), silicon particles can 
be seen as convex elements in relief, as well as particles of 
intermetallic compounds in the form of long irregular fibres. 
Position of indents in the eutectic α phase region is shown 
in Fig. 4b, c. Seven of ten performed indents were selected 
to determine the nanoscale properties. (Indents no. 0, 1 and 
2 were not taken into account in averaging the values.) The 
average value of nanohardness is 110.1 HV, while the aver-
age value of modulus of elasticity is 102.5 GPa.

3.2.2  Composite A356–10SiC

Microstructure of composite A356–10SiC (Fig. 5) consists 
of the elliptical regions of α phase and eutectic areas. Most 
of the SiC particles are found in eutectic regions, along with 
silicon particles. Some of the SiC particles are in the cores 
of eutectic zones, while the other SiC particles are placed at 
α phase/eutecticum phase boundary. Nanoidentation meas-
urements of the composite A356–10SiC were performed on 
3 different α phase regions, i.e. core of α phase, α phase 
in eutectic (eutectic α phase) and α phase near SiC parti-
cles. Position of indents in the core of α phase region is also 
shown in Fig. 5. Six of nine performed indents were selected Fig. 3  Microstructure of A356 thixo alloy, OM image

Fig. 4  Position of indents in A356 thixo alloy: a core of α phase, OM (146 × 146 μm) image and b, c eutectic α phase, OM (146 × 146 μm) and 
SPM (40 × 40 μm) image
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to determine the nanoscale properties. The average value of 
nanohardness is 88.6 HV, while the average value of modu-
lus of elasticity is 82.3 GPa.

Eutectic area with silicon particles, SiC particles, α phase 
areas and position of indents in eutectic α phase is shown 
in Fig. 6a. Position of indents in the eutectic α phase region 
is more clearly visible on a higher-magnification image 

(Fig. 6d). Four of eleven performed indents were selected 
to determine the nanoscale properties. (Indents no. 0, 1, 3, 
4, 7, 9 and 10 were not taken into account in averaging the 
values.) The average value of nanohardness is 103.0 HV, 
while the average value of modulus of elasticity is 85.7 GPa.

Nanoidentation measurements of the α phase near SiC 
particle were performed in two areas, as shown in Fig. 6b, c. 
On both areas, the SiC particles were in the eutectic region. 
Position of indents in the α phase near SiC particle region 
is more clearly visible on higher-magnification images 
(Fig. 6e, i, f). All five indents were selected to determine 
the nanoscale properties. The average value of nanohardness 
is 89.3 HV, while the average value of modulus of elasticity 
is 85.4 GPa.

3.2.3  Hybrid composite A356–10SiC–1Gr

Microstructure of the hybrid composite A356–10SiC–1Gr 
is shown in Fig. 7. The regions of the α phase (bright fields) 
and eutectic regions with silicon particles and SiC particles 
can be seen, as well as some small graphite particles. Most 
of the SiC particles are found in eutectic regions, along with 
silicon particles. Nanoidentation measurements of the hybrid 
composite A356–10SiC–1Gr were performed on 5 different 
α phase regions, i.e. core of α phase, α phase in eutectic 
(eutectic α phase), α phase near SiC particles, α phase near 

Fig. 5  Microstructure of composite A356–10SiC and position of 
indents in core of α phase, OM image

Fig. 6  Position of indents in composite A356–10SiC: a, d eutectic α phase, OM (146 × 146 μm) and SPM (40 × 40 μm) image and b, c, e, f α 
phase near SiC particle, OM (146 × 146 μm) and SPM (40 × 40 μm) images
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graphite particles and α phase near SiC and graphite par-
ticles. Position of indents in the core of α phase region is 
shown in Fig. 8a, b. Eight of nine performed indents were 
selected to determine the nanoscale properties. (Indent no. 
4 was not taken into account in averaging the values.) The 
average value of nanohardness is 109.1 HV, while the aver-
age value of modulus of elasticity is 40.2 GPa.

Eutectic area with position of indents in eutectic α phase 
is shown on a higher-magnification image (Fig. 8c). Four 
of six performed indents were selected to determine the 
nanoscale properties. (Indents no. 0 and 4 were not taken 
into account in averaging the values.) The average value 
of nanohardness is 115.3 HV, while the average value of 
modulus of elasticity is 49.7 GPa.

Nanoidentation measurements of the α phase near SiC 
particle were performed in the eutectic region (α phase and 
silicon particles), as shown in Fig. 9a. Position of indents in 
the α phase near SiC particle region is more clearly visible 

on a higher-magnification image (Fig. 9d). All five indents 
were selected to determine the nanoscale properties. The 
average value of nanohardness is 109.2 HV, while the aver-
age value of modulus of elasticity is 44.6 GPa.

Microstructure of the α phase near graphite particles 
region and position of performed indents is shown in Fig. 9b. 
A large graphite particle can be seen near the α phase. One 
part of this graphite particle is placed in the eutectic region. 
Position of indents in the α phase near graphite particle 
region is more clearly visible on a higher-magnification 
image (Fig. 9e). All three indents were selected to determine 
the nanoscale properties. The average value of nanohardness 
is 113.8 HV, while the average value of modulus of elasticity 
is 53.5 GPa.

Microstructure of the α phase near SiC and graphite par-
ticles region and position of performed indents is shown in 
Fig. 9c. In addition to one large particle of graphite, sev-
eral SiC particles can be seen near the α phase. Position of 
indents in the α phase near SiC and graphite particle region 
is more clearly visible on a higher-magnification image 
(Fig. 9f). All four indents were selected to determine the 
nanoscale properties. The average value of nanohardness is 
93.3 HV, while the average value of modulus of elasticity 
is 49.1 GPa.

3.2.4  Hybrid composite A356–10SiC–3Gr

Microstructure of hybrid composite A356–10SiC–3Gr 
is shown in Fig. 10. The regions of the α phase (bright 
fields) and eutectic regions with silicon particles and SiC 
particles can be seen, as well as part of one large graphite 
particles. Most of the SiC particles are found in eutectic 
regions, along with silicon particles. Nanoidentation meas-
urements of the hybrid composite A356–10SiC–3Gr were 
also performed on 5 different α phase regions, i.e. core of 
α phase, α phase in eutectic (eutectic α phase), α phase 
near SiC particles, α phase near graphite particles and α 

Fig. 7  Microstructure of hybrid composite A356–10SiC–1Gr, OM 
image

Fig. 8  Position of indents in hybrid composite A356–10SiC–1Gr: a, b core of α phase, OM (146 × 146 μm) and SPM (40 × 40 μm) image and c 
eutectic α phase, SPM (40 × 40 μm) image
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phase near SiC and graphite particles. Position of indents 
in the core of α phase region is shown in Fig. 11a. All nine 
indents were selected to determine the nanoscale proper-
ties. The average value of nanohardness is 98.6 HV, while 
the average value of modulus of elasticity is 26.6 GPa.

Eutectic area with silicon particles, SiC particles, α phase 
areas and position of indents in eutectic α phase is shown in 
Fig. 11b. Position of indents in the eutectic α phase region 
is more clearly visible on a higher-magnification image 
(Fig. 11c). Three of eight performed indents were selected 
to determine the nanoscale properties. (Indents no. 0, 2, 4, 5 
and 7 were not taken into account in averaging the values.) 
The average value of nanohardness is 109.0 HV, while the 
average value of modulus of elasticity is 44.1 GPa.

Nanoidentation measurements of the α phase near SiC 
particle were performed in the eutectic region (α phase and 
silicon particles), as shown in Fig. 12a. Position of indents 
in the α phase near SiC particle region is more clearly vis-
ible on a higher-magnification image (Fig. 12d). Five of 
eight performed indents were selected to determine the 
nanoscale properties. (Indents no. 5, 6 and 7 were not taken 
into account in averaging the values.) The average value 
of nanohardness is 112.5 HV, while the average value of 
modulus of elasticity is 31.0 GPa.

Microstructure of the α phase near graphite particles 
region and position of performed indents is shown in 
Fig. 12b. A large graphite particle prevails on the image. 
Position of indents in the α phase near graphite particle 
region is more clearly visible on a higher-magnification 
image (Fig. 12e). All four indents were selected to determine 

Fig. 9  Position of indents in hybrid composite A356–10SiC–
1Gr: a, d α phase near SiC particle, OM (146 × 146  μm) and SPM 
(40 × 40  μm) image, b, e α phase near graphite particles, OM 

(146 × 146  μm) and SPM (40 × 40  μm) image and c, f α phase 
near SiC and graphite particles, OM (146 × 146  μm) and SPM 
(40 × 40 μm) image

Fig. 10  Microstructure of hybrid composite A356–10SiC–3Gr, OM 
image
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the nanoscale properties. The average value of nanohardness 
is 110.0 HV, while the average value of modulus of elasticity 
is 42.5 GPa.

Microstructure of the α phase near SiC and graph-
ite particles region and position of performed indents 
is shown in Fig. 12c. A narrow region of the α phase 
is placed between SiC particles and one large graphite 

particle. Position of indents in the α phase near SiC and 
graphite particle region is more clearly visible on a higher-
magnification image (Fig. 12f). Three of four performed 
indents were selected to determine the nanoscale proper-
ties. (Indent no. 3 was not taken into account in averaging 
the values.) The average value of nanohardness is 97.5 
HV, while the average value of modulus of elasticity is 
27.0 GPa.

Fig. 11  Position of indents in hybrid composite A356–10SiC–3Gr: a core of α phase, OM (146 × 146  μm) and b, c eutectic α phase, OM 
(146 × 146 μm) and SPM (40 × 40 μm) image

Fig. 12  Position of indents in hybrid composite A356–10SiC–
3Gr: a, d α phase near SiC particle, OM (146 × 146  μm) and SPM 
(40 × 40  μm) image, b, e α phase near graphite particles, OM 

(146 × 146  μm) and SPM (40 × 40  μm) image and c, f α phase 
near SiC and graphite particles, OM (146 × 146  μm) and SPM 
(40 × 40 μm) image
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3.2.5  Discussion

Microstructure analysis of the A356 thixo alloy and 
the composites A356–10SiC, A356–10SiC–1Gr and 
A356–10SiC–3Gr (Figs. 3, 4, 5, 6, 7, 8, 9, 10, 11, 12) shows 
that silicon particles in all eutectic regions are compact, 
i.e. no broken silicon particles were detected at this level 
of examination. In composite materials, SiC particles are 
placed mainly in the eutectic regions, while the remain-
ing SiC particles are visible near large elliptic (globular) 
particles of α phase. Large graphite particles are randomly 
distributed in the structure of hybrid composites. In our pre-
vious study [9], the presence of various intermetallic com-
pounds in the eutectic regions was noticed, as well as the 
presence of individual silicon particles within the globules 
of α phase. In all composite materials, a good mechanical 
bond between the matrix and particles of secondary phases 
(SiC and graphite) was achieved. Phase boundaries matrix/
secondary phases are continuous, without the presence of 
pores or dimples. Contact between particles of secondary 
phases was not observed.

The main microconstituent in the A356 alloy structure 
is the α phase (Al makes over 90 wt% of the alloy). There-
fore, in order to make conclusions about the values of the 
basic mechanical properties at nanoscale, the nanoindenta-
tion measurements were performed on up to 5 different α 
phase regions on each material. Nanohardness and modulus 
of elasticity were measured in the core of α phase (within 
large globules of α phase), in the eutectic regions (where the 
area of α phase is significantly narrowed), and at the phase 
boundaries α phase/secondary phases (Figs. 3, 4, 5, 6, 7, 8, 
9, 10, 11, 12). The obtained results were used to explain the 
influence of secondary phases on the values of the mechani-
cal characteristics of the α phase. Nevertheless, it should be 
noted that the number of applied nanoindentations in differ-
ent zones of the α phase is not sufficient for a comprehensive 
explanation of the different values of mechanical character-
istics at nanoscale, neither in the case of the matrix A356 

alloy nor in the case of produced composites. The obtained 
values of the nanohardness and modulus of elasticity depend 
on the type, size and content of the incorporated secondary 
phases, as well as on their position relative to the α phase. 
Variations in the values of mechanical properties of the com-
posite materials are the result of a complex microstructure of 
the composites. For the purpose of easier comparison, values 
of nanohardness and modulus of elasticity of the different 
α phase regions in tested materials are summarised in two 
separate tables (Tables 2 and 3).

In the case of A356 thixo alloy, the average value of nano-
hardness in the eutectic α phase (α phase in the eutecticum) 
is higher than in the core of α phase (Table 2). A similar 
trend was observed in the case of the modulus of elasticity 
(Table 3). Higher values of the nanohardness and modulus 
of elasticity can be explained by the presence of silicon par-
ticles (which have higher strength than Al) in the eutecticum. 
The strengthening of α phase occurred near silicon particles, 
in the places where the nanoindentation measurements were 
performed. In the case of composite and hybrid composite 
materials, the addition of secondary phase (SiC and graph-
ite) particles in the matrix also resulted in the strengthen-
ing of the matrix. However, due to the surface porosity of 
the secondary phase particles, pores can be entered into the 
phase boundary α phase (matrix)/particles, which reduces 
the effects of strengthening. In addition, the mixing of semi-
solid composite melt lasted longer than the mixing of semi-
solid melt of the A356 thixo alloy [9]. Since the mixing was 
carried out without a protective atmosphere, the entrapment 
of pores from the air was possible, although at this level of 
metallographic testing it was not noticed. These phenomena 
influenced the changes in the mechanical properties, espe-
cially at the phase boundaries α phase/secondary phases.

Microstructural analysis of the composite A356–10SiC 
showed that most of the SiC particles are placed in eutec-
tic regions, along with silicon particles. A good mechani-
cal bond was achieved between SiC particles and the metal 
matrix. The average values of nanohardness and modulus 

Table 2  The average values of nanohardness of thixocasted A356 alloy and composites in the different α phase regions

SD: standard deviation

Material designation Nanohardness HV in appropriate α phase region

Core of α phase α phase in eutectic α phase near  SiCp α phase near  Grp α phase near 
 SiCp and  Grp

A356 thixo 97.9
(SD = 7.65)

110.1
(SD = 12.05)

– – –

A356–10SiC 88.6
(SD = 6.34)

103.0
(SD = 11.37)

89.3
(SD = 9.44)

– –

A356–10SiC–1Gr 109.1
(SD = 6.66)

115.3
(SD = 11.71)

109.2
(SD = 9.36)

113.8
(SD = 4.21)

93.3
(SD = 1.12)

A356–10SiC–3Gr 98.6
(SD = 6.19)

109.0
(SD = 7.59)

112.5
(SD = 6.24)

110.0
(SD = 8.59)

97.5
(SD = 7.40)
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of elasticity in the eutectic α phase are higher than in the 
core of α phase (Tables 2 and 3). Due to the difference in 
coefficients of thermal expansion of the matrix and the rein-
forcement particles (literature data of the coefficients of ther-
mal expansion are 21.5 × 10−6 m/mK for the A356 alloy and 
4.3 × 10−6 m/mK for the SiC particles [15]), during cooling 
of the composite mixtures, there was an increase in disloca-
tion density in the region near the reinforcements, which led 
to strengthening of the matrix [16]. The average values of 
nanohardness and modulus of elasticity in the α phase near 
SiC particles are higher than in the core of α phase, due to 
the effect of SiC particles. On the other hand, they are lower 
than in the eutectic α phase. This can be explained by the 
simultaneous influence of SiC and silicon particles on the 
mechanical properties of eutectic α phase, and by the pos-
sible presence of pores entered with the SiC particles.

In the case of hybrid composites A356–10SiC–1Gr and 
A356–10SiC3Gr, the analysis of the average values of nano-
hardness and modulus of elasticity shows that the presence 
of graphite particles resulted in their increase at the phase 
boundary α phase/graphite particles (α phase near graph-
ite particles region) compared with the values in the core 
of α phase (Tables 2 and 3). They are very similar to the 
values measured in the eutectic α phase. These results are 
consistent with some literature data [17] and indicate the 
influence of graphite on the mechanical properties of hybrid 
composite matrix, due to the mismatch in the coefficients of 
linear thermal expansion of the matrix and graphite particles 
(21.5 × 10−6 m/mK for the matrix and 1.2–8.2 × 10−6 m/mK 
for graphite [15]). On the other hand, the average values of 
nanohardness and modulus of elasticity become lower in 
the α phase near SiC and graphite particles regions, which 
can be expected in view of the possibility of introducing 
a greater amount of pores with the secondary phases par-
ticles. The average values of the modulus of elasticity of 
hybrid composites are lower than the modulus of elasticity 
of A356 thixo alloy and composite A356–10SiC, regardless 
of the region where the nanoindentation measurements were 

performed. These results are, to some extent, consistent with 
the results obtained in macroscale characterisation (Table 1). 
The relatively low average values of the modulus of elas-
ticity, obtained for hybrid composites in nanoscale meas-
urements, indicate a weak bonding between the matrix (α 
phase) and graphite particles, at the level of atomic blocks.

4  Concluding remarks

The influence of secondary phases (SiC and graphite parti-
cles) in the A356 MMCs on their mechanical properties is 
analysed through the macro- and nanoscale measurements. 
Nanoscale measurements were performed on different α 
phase regions on each material (core of α phase, α phase in 
eutectic, α phase near SiC particles, α phase near graphite 
particles, and α phase near SiC and graphite particles). There 
is no direct correlation between mechanical properties on 
macro- and nanoscale.

The values of mechanical properties obtained at mac-
roscale (macrohardness, modulus of elasticity and shear 
modulus) show that addition of SiC particles has beneficial 
influence on all tested mechanical properties, i.e. all of them 
are higher in composite containing only SiC particles than 
in the thixocast A356 alloy. The addition of large graph-
ite particles together with SiC particles also has beneficial 
influence, since both hybrid composites have macrohard-
ness higher than the composite containing only SiC parti-
cles. On the other hand, values of modulus of elasticity and 
shear modulus of hybrid composites (composites containing 
SiC and graphite particles) are reduced in relation to the 
composite containing only SiC particles. Hybrid compos-
ites with higher amount of graphite particles even have the 
lower values than thixocast A356 alloy. This indicates that 
the addition of large graphite particles leads to a reduction 
in stiffness in the material.

The values of mechanical properties obtained at nanoscale 
(nanohardness and modulus of elasticity in different α phase 

Table 3  The average values of modulus of elasticity of thixocasted A356 alloy and composites in the different α phase regions

SD: standard deviation

Material designation Modulus of elasticity, GPa in appropriate α phase region

Core of α phase α phase in eutectic α phase near  SiCp α phase near  Grp α phase near 
 SiCp and  Grp

A356 thixo 94.7
(SD = 5.25)

102.5
(SD = 14.63)

– – –

A356–10SiC 82.3
(SD = 2.38)

85.7
(SD = 3.94)

85.4
(SD = 15.07)

– –

A356–10SiC–1Gr 40.2
(SD = 1.75)

49.7
(SD = 5.83)

44.6
(SD = 1.75)

53.5
(SD = 1.21)

49.1
(SD = 0.73)

A356–10SiC–3Gr 26.6
(SD = 0.89)

44.1
(SD = 2.49)

31.0
(SD = 1.71)

42.5
(SD = 1.81)

27.0
(SD = 2.56)
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regions) show that their values in the eutectic α phase are 
higher than in the core of α phase. This is explained with the 
presence of silicon particles in eutectic regions. The average 
values of nanohardness and modulus of elasticity in the α 
phase near SiC particles and in the α phase near graphite 
particles are also slightly higher than in the core of α phase. 
This strengthening is the result of an increase in the dislo-
cation density near the phase boundaries due to the differ-
ence in the coefficients of thermal expansion between SiC 
or graphite particles and matrix. The full effect of second-
ary phase particles strengthening of the matrix is partially 
diminished by the possible presence of pores entered with 
those particles. The negative effect of porosity entered with 
secondary phase particles most probably prevailed in the 
regions of α phase near SiC and graphite particles. In these 
regions, mechanical properties are generally slightly lower 
than in the α phase near only one of the secondary phases.

The values of modulus of elasticity obtained at nanoscale 
for both hybrid composites are relatively low, regardless of 
the region where the measurements were performed. They 
are lower than the values of composite containing only SiC 
particles, as well as values of thixocast A356 alloy. This 
indicates that a good bond between the matrix (α phase) and 
graphite particles cannot be achieved at the atomic level.
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