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Abstract: Metal matrix composites show attractive physical properties which strongly dedicated to
achieving enhanced mechanical properties. So that, the AI6061 alloy matrix composites were
synthesized by different weight percentages, up to 4 wt.%, of SiC reinforced nanoparticles prepared by
stir cast process. The mechanical properties, including microhardness and tensile properties like
ultimate strength, yield strength, ductility, and strengthening efficiency, were evaluated. Moreover,
longitudinal velocity, shear velocity, elastic, Young’s, shear and bulk moduli, and Poisson’s ratio were
measured by ultrasonic nondestructive technique. Furthermore, the relative density, apparent porosity,
and electrical conductivity are also measured. The results showed remarkable improvements in the
mechanical properties of all examined alloys by adding SiC nanoparticles. The microhardness, ultimate
strength, Young’s modulus of the composites containing 4 wt.% SiC increased to 945.2 MPa, 246.6
MPa, and 97.3 GPa, respectively, while the ductility decreased to 20.8 % compared to un-reinforced Al
alloy. Furthermore, the bulk density and the apparent porosity increased with increasing SiC contents,
while the conductivity decreased.
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1. Introduction

A composite can be defined as a combination of two or more materials, which leads to
better properties than those of the individual components used alone. It is worth noting that the
two constituents are called “reinforcement and matrix”. In comparison with bulk materials,
composite materials possess attractive properties like high strength, high stiffness, and low
density, and therefore composites are highly favorable in different industries [1-4] and
biomedical applications [5-8]. Aluminum and its alloys are the most commonly used metallic
matrices for producing metal matrix composites [9]. In this sense, it is stated that AlI6061 alloy
matrix composites reinforced with silicon carbide (SiC) nanoparticles are characterized by low
density, microhardness, high ultimate strength, high elastic modulus, high wear rate, and good
corrosion resistance. Therefore, aluminum (Al) matrix composites are highly demanded in
various industrial applications [2,3]. Such applications include aerospace, thermal management
areas, industrial products, automotive applications such as engine piston, brake disc, etc., based
on the unique properties of such aluminum matrix composites [11-12].
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Noteworthy, composites-based on metals can be synthesized using different techniques
such as mechanical alloying [10, 11], squeeze-casting [12], laser-melting [13], fraction stir
[14, 15] and stir cast [16, 17]. The latter technique, i.e., stir cast, is commonly used to obtain a
better uniform distribution of SiC nanoparticles in the Al matrix. In this way, the Al matrix is
melted in a furnace and stirred to form a vortex in the presence of inert gas to prevent the
oxidation of aluminum. Importantly, SiC reinforcement particles are added at a predefined rate
to the periphery of the vortex. Then, the stirring process is continued until all particles are
added, and subsequently, the melt of composites is poured into a mold. It should be noted that
after getting the final composites, they may be further subjected to heat treatment or other
second processing to improve some properties. The critical process parameters are speed of
stir, the time during stir, stir temperature, and the temperature of mold [17-19]. It is reported
that some industries are not flexible enough to accept new alloys or to replace the well-known
alloys [20, 21]. This, in turn, paves the way toward physical as well as chemical enhancement
to provide alloys for replacement the conventional one. In this sense, the microstructure,
corrosion performance, and electrochemical behavior for the traditional Al-6061 are subjected
to comparative study to provide clear insights on the role of the reactive manufacturing process
on the corrosion behavior [22]. Machining of Al-6061 alloy using Finite Element Method
(FEM) analysis was conducted to evaluate the cutting forces, chip morphology, and
temperature [23]. One of the possible enhancement for the studied alloy is to reinforce by
chemical enhancement. Accordingly, a study is conducted for the preparation of a scheme for
optimization machining force and surface roughness in end milling of Al 6061 reinforced with
SiC [24]. Some reported data explore the different parameters affecting the properties of
Al6061/SiC alloy [25-27]. The residual stress distribution and mechanical properties of friction
stir welded dissimilar 7075-T6, and 6061-T6 aluminum alloys were a subject of extensive
investigation. Results revealed that the ultimate tensile strength increased while the residual
stress decreased as the alloy was enforced by nano-silica [28]. The main objective of the
current study is to prepare Al 6061 alloy—SiC composites prepared by the stir casting method
with different weight percent of SiC particle (as the reinforcement phase). The effect of
different SiC contents on relative density, apparent porosity, and electrical conductivity was
studied. Mechanical properties, including microhardness, tensile test, and a group of elastic
moduli (using the ultrasonic nondestructive technique) was investigated.

2. Materials and Methods

Al alloy-SiC nanocomposites have been prepared by the stir-casting process.
The 6061-Al alloy was used as a matrix of composites. The different weight percentages of
SiC particles (0, 1, 2, 3, and 4 wt.%) were used in this work as a reinforcement having particle
size 80 nm. The Al alloy matrix was melted at 800 °C, while the SiC reinforcement particles
were heated in a furnace at 300 °C for 45 min to remove the moisture from the surface of the
particle and after that SiC particles were added slowly in the center of the vortex. The melt was
thoroughly stirred for 10 min to obtain better distribution for SiC particles. Then, the melt was
poured into a preheated iron mold. The physical properties of prepared composites were
measured by the Archimedes method, according to ASTM: B962-08. As described in our recent
work [29, 30], the microhardness of all investigated samples was measured according to
ASTM: B933-09 using 1.96 N loads under dwell time of 10 s according to Eg. (2) [31]:

P
Hv = 1.854 x oz (1)
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The stress-strain curve was automatically driven during the measurement, and the
values of tensile strength, yield strength, and ductility were calculated accordingly. The
ultrasonic longitudinal and shear wave velocities (i.e., VL and Vs) propagated in the sintered
nanocomposites specimen, using the pulse-echo techniqgue MATEC Model MBS8000 DSP
(ultrasonic digital signal processing) system. The values of Lame’s constants, i.e., 2 and u are
obtained from Vv and Vs as follows [32]:

A=p(V7—2V§) )
w = pl¢ 3
where p is the material bulk density

The values of the elastic moduli; longitudinal modulus (L), shear modulus (G), Young’s
modulus (E), bulk modulus (B) and Poisson’s ratio (v) as calculated from the following
equations [33, 34]:

L=21+2u )

G=p )
. 3A+2p

E=por (6)

B=1+q @
o

v= 20+ (8)

The electrical conductivity (o) of the sintered nanocomposites was measured at 30 °C,

using a Keithley 6517B system according to the formula [35].

h
o = ﬁ (9)
where R, h, and A are the electrical resistance, the thickness of the specimen, and the surface

area of the specimen, respectively.

3. Results and Discussion

3.1. Relative density and apparent porosity.

Fig. 1 shows the effect of nano-SiC contents on bulk density, relative density, and
apparent porosity of the AA6061/SiC composites. It can be seen that the relative density
increases while apparent porosity of composites increases with the increase in SiC weight
percentages, while relative density decreases. The value of the theoretical density of AA6061-
0,1, 2, 3, 4 wt.% SiC were 2.700, 2.704, 2.707, 2.71 and 2.713 g/cm?, respectively, while the
value of relative density of the same samples were 98.75, 98.22, 96.67, 94.57 and 93.41 g/cm?,
respectively. These results may be due to the large difference in density values of the SiC and
Al alloy matrix. So, the successive increase in SiC contents leads to a considerable increase in
density and reduction in the apparent porosity. Moreover, tensile stresses result from a large
difference in coefficient of thermal expansion (CTE) between Al alloy matrix and SiC
reinforcement (CTE of Al alloy and SiC are 23.4 x10®%and 3.8 x10®, respectively), would
normally form defects such as porosity and dislocations around the SiC particles [36].
Furthermore, with increasing SiC weight percentages, the number of phase boundaries between
Al alloy matrix and SiC reinforcement increases which consequently, causes an increase in the
pore nucleation and noticeable weakness in the wettability at the interfaces between them [37].
Similar interpretation [38] has been reported for the reinforcement of AA356 alloy by zirconia
(ZrOz2), which stated that ZrO2 ceramic directly affected the contacts between it and AA356
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matrix and therefore, closed pores are formed. Subsequently, the relative density of composites
decreases with the successive increase of ZrO2 contents.
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Figure 1. Relative density and apparent porosity of composites samples as a function of SiC contents.

3.2. Mechanical properties.

For composites samples containing a soft matrix (Al alloy) and a hard reinforcing phase
(SIC particles), evaluating the microhardness data is essential. In this regard, Vickers
microhardness (Hv) of the Al alloy matrix and composites-containing different SiC contents is
illustrated in Fig. 2. It is clear that from the figure that the microhardness of the prepared
composites is higher than that of Al matrix alloy. The ultrasonic velocities (longitudinal (VL)
and shear (Vs)) results for Al alloy- SiC composites sample are shown in Fig. 3. It appears a
gradual increase in ultrasonic velocities from 6521 and 6984 m/s to 2951 and 3588 m/s for
longitudinal and shear velocities respectively when SiC weight percentages successively
increase from 0 to 4 wt. %.
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Figure 2. Microhardness of Al alloy matrix composites at different SiC contents.

Young’s modulus (E), elastic modulus (L), shear modulus (G), bulk modulus (K) and
Poisson’s ratio (v) of composites in relationship with SiC contents were tabulated in Table 1,
while elastic modulus and passion ratio, as representatives for the whole group, are displayed
in Fig. 4. It appears that all values of elastic moduli clearly improved after being reinforced
with different contents of SiC particles. For the Al alloy, the elastic modulus and Poisson’s
ratios are 85.3 GPa and 0.3098. However, they increase up to 139.5 GPa and 0.3207 when the
weight percentage of SiC increases to 4 wt.%.
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Figure 3. Longitudinal and shear ultrasonic velocities of Al alloy matrix composites.

Table 1. Young’s (E), elastic (L), bulk (B), shear (G), and Poisson’s ratio (v) of nanocomposites-containing
different weight percentages of SiC.

SiC contents (wt.) E (GPa) L (GPa) B (GPa) G(GPa) |v
0 61.59 85.317 61.80 23.51 0.3098
1 66.85 93.34 67.87 25.47 0.3124
2 77.58 108.75 79.22 29.53 0.3136
3 86.16 121.73 89.00 32.73 0.3161
4 97.25 139.50 102.68 36.82 0.3207
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Figure 4. a) Elastic modulus and b) Poisson’s ratio of Al alloy-0, 1, 2, 3, and 4 wt.% SiC composites samples.

Fig. 5 displays the tensile stress-strain curves for Al alloy and Al alloy-SiC composites
at room temperature. The value of tensile strength, yield strength, and ductility, which is
calculated from stress-strain curves as a function of SiC contents is shown in Fig. 6. It can be
observed that the effect of increasing SiC weight percentages on tensile and yield strength
follows the same trend for microhardness and the family of elastic moduli as they increase with
increasing SiC contents, while the ductility exhibits the opposite trend. The value of tensile
strength of Al alloy-0, 1, 2, 3, and 4 wt.% of SiC composites were 161.5, 179.6, 199.1, 226.3,
and 146.6 MPa, respectively. On the other hand, the ductility of the same samples was 28.4,
26.8, 25.9, 22.8, and 20.8%, respectively.
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Figure 5. Tensile stress-strain curve of Al alloy-SiC composite samples.
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Figure 6. Ultimate strength, yield strength, and ductility ot composites samples.

Fig. 7 shows the efficient load transfer (o10ad) Of composites as a function of different
volume percentages of SiC particles can be calculated by Eqgn. 10 [39].
O10aa = 0.5V 0oy (10)
Where V is a volume fraction of SiC particles, and ov is the yield strength. The value of
efficient load transfer increases with the increasing of SiC contents due to that it mainly
depends on the increases in yield strength with increases in SiC contents and confirm the good
interfacial contact between the matrix and the reinforcement.
Apparent strengthening efficiency (i.e., Ra) of composites samples as a function of SiC
weight percentages is shown in Fig. 8. Noteworthy, Ra can be defined as the ratio of the amount
of increase in the yield strength of a composite to that of the Al alloy matrix by the addition of
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SiC particles [40]. It is noted from this figure that the improvement of Ra as a result of
increasing SiC contents. The Ra value can be calculated by eqn. 11 [41]:

Efficient load transfer, (MPa

.l x

1 2 3 4
SiC contents (wt.%)

Figure 7. Efficient load transfer (R,) of composites at different SiC contents.
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Figure 8. Apparent strengthening efficiency (R.) of composites at different SiS contents.

R, = 2&m (11)

Vom
where oc is the yield strength of the composite, om is the yield strength of the Al alloy matrix,
V is the volume fraction of SiC particles. It can be found that Ra of SiC in the Al alloy matrix
composites is increasing with the increases in SiC contents.
According to mixtures rule [42], the presence of SiC reinforcement particles can
improve the microhardness of composites as follows:
He = HpFa + HsicFsic (12)

where Hc represents microhardness of the composite, Hai and Hsic represent microhardness of
the Al alloy and the SiC particle, respectively. However, Fai and Fsic represent the volume
fraction of Al alloy and SiC particles, respectively. These results can be discussed by knowing
that the microhardness of SiC phase is higher than that of Al alloy, taking into account that a
homogenous distribution of SiC reinforcement in the Al matrix has a great role to play in further
improvement of microhardness of the prepared composites [37, 43]. It should be noted that the
reason behind the noticeable improvements in strength, microhardness, and elastic moduli in
the presence of a mismatch in the thermal expansion of SiC particles and Al alloy, which causes
an increase in dislocation density within the matrix. Thus, local stress occurs, which increases
the strength of the matrix and the prepared composite. On the other hand, the interaction
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between the dislocations and SiC particles improves the strength of the composite according to
the Orowan mechanism. Because of the existence of dispersed SiC particles in the Al alloy,
dislocation loops are formed when dislocations interact with the SiC particles [39].
Furthermore, Al alloy can be plastically deformed, while the deformation of SiC particles
generally remains elastic because it is characterized by higher yield stress. Therefore, the stress
inside the particles remains very high. In the process of load transfer between matrix and
reinforcement during the tensile test, the boundary is assumed to be strong, and SiC particles
prevent the plastic deformation of the Al alloy, which improves the strength [38, 44].

3.3. Electrical properties.

The effect of SiC addition on the electrical conductivity is represented in Fig. 9. The
electrical conductivity of the composites exhibited a gradual decrease with respect to SiC
content variation. The electrical conductivity of Al alloy was 2.71x108 and with adding 1, 2, 3,
4 wt. % SiC, it decreases to 2.49x10%, 1.99x108, 1.62x108, 1.11x10® S/m, respectively. This
decreasing trend in electrical conductivity can be attributed to that the conductivity of SiC
reinforcement is low compared to the Al alloy matrix. Moreover, as the SiC contents increase,
the boundaries between the Al alloy and SiC particles and the pores result in the electron
movement barriers providing electrical conductivity [45, 46]. Zawrah et al. [37] studied the
effect of adding 5, 10, 15 and 20 wt.% of SiC particles to Al-20 wt.% Si alloy, and they found
a significant decrease in conductivity, namely 88% of the resulting composite compared to that
of Al alloy. Taha et al. [43] reported that the conductivity of Al-4.5Cu alloy was decreased by
97% after the addition of 8 wt.% of ZrOz.
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Figu re 9. Ettect SIC contents on the electrical conductmty of Composites.

4. Conclusions

From the obtained results, the following points can be concluded: Al alloy matrix
composites having various SiC contents (i.e., 0, 1, 2, 3, and 4 wt.%) were successfully produced
by the stir-casting process; With the increase in SiC contents, the relative density decreased to
93.41%, and apparent porosity increased up to 5.79 % for the composite containing 4 wt. % of
SiC; Microhardness of the composites samples increased with increased SiC contents. The
measured microhardness value of Al alloy and composite- containing 4 wt. % SiC was 732.2
and 945.2 MPa, respectively; The ultimate strength, yield strength, and group of elastic moduli
increased with increased SiC weight percentages, while ductility decreased. Apparent
strengthening efficiency of Al alloy matrix was dramatically improved, reaching 11.4 for Al
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alloy-doped with 4 wt. of % SiC; The electrical conductivity of the composite samples was
reduced with increasing SiC contents.
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