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AZ91 magnesium alloy hybrid composites reinforced with different hybrid ratios of carbon nanotubes (CNTs) and silicon carbide
(SiC) nanoparticulates were fabricated by semisolid stirring assisted ultrasonic cavitation. The results showed that grains of the
matrix in the AZ91/(CNT + SiC) composites were obviously refined after adding hybrid CNTs and SiC nanoparticles to the AZ91
alloy, and the room-temperature mechanical properties of AZ91/(CNT + SiC) hybrid composites were improved comparing with
the unreinforced AZ91 matrix. In addition, the tensile mechanical properties of the AZ91 alloy-based hybrid composites were
considerably improved at the mass hybrid ratio of 7 : 3 for CNTs and SiC nanoparticles; in particular, the tensile and yield strength
were increased, respectively, by about 45 and 55% after gravity permanent mould casting. The reason for an increase in the
room-temperature strength of the hybrid composites should be mainly attributable to the larger hybrid ratio of CNTs and SiC
nanoparticles, the coefficient of thermal expansion (CTE) mismatch between matrix and hybrid reinforcements, the dispersive
strengthening effects (Orowan strengthening), and the grain refining (Hall-Petch effect).

1. Introduction

Magnesium-based composites as a result of their low density
and superior mechanical properties are potential candidates
for applications in aerospace, automobile, transportation,
and consumer industries where weight saving is of great
importance [1]. Many attempts have been directed in recent
years towards the development of Mg-based composites with
nanoparticulates such as Al2O3, Y2O3, SiC, AlN, and/or
carbon nanotubes (CNTs) [2, 3] using different methods
such as powder metallurgy, casting, rapid solidification, and
in situ fabrication. In addition, the investigations by many
researchers [4–8] have shown that variation of strength and
ductility of magnesium can be realized through the use of
ceramic reinforcements at nanolength scale. AZ91 alloy sys-
tem has been paid much attention because of its widespread
use in engineering applications. Results of the literature

research indicated that mechanical behavior of nanaometer-
sized particle or fiber-reinforced metal matrix composites
has been primarily investigated, whereas a relatively little
amount of research is conducted to investigate mechanical
behavior of nanaometer-sized particulate and fiber hybrid
reinforced metal matrix composites. Investigations carried
out by Deng et al. [9] illustrated that mechanical properties
of AZ91 magnesium matrix composites reinforced with
submicron-SiC particulates were improved significantly. Li
et al. [10] produced multiwalled carbon nanotube (MWCNT)
reinforced magnesium alloy composites with high com-
pressive strength by a predispersing procedure of CNTs on
Mg alloy chips followed by a strongly melt stirring technique.
Thakur et al. [11] showed the improvement in yield strength,
ultimate tensile strength, and strain to failure when CNT/Mg
composites was hybridized with nanoparticles of alumina.
Tun and Gupta [12] reported microstructure and improved
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tensile properties of magnesium/(yttria + nickel) hybrid
composites using hybrid microwave sintering. The literature
research, however, revealed that no attempt is made to assess
the effect of CNTs and SiC nanoparticulates on the mecha-
nical properties of AZ91 Mg alloy. It is still a challenging
task to synthesis bulk-sized engineering materials with
homogeneous distribution of hybrid nanometer-sized rein-
forcements and to discuss the hybrid reinforcement mech-
anism. The ultrasonic cavitation-based solidification pro-
cessing [13] has a potential predominance for dispersing
nanometer-sized particles or fibers in metal melts.

The hybrid composites in the present study were synthe-
sized using the self-designed ultrasonic cavitation technique
coupled with semisolid mechanical stirring method. Focus is
placed in this study to correlate the mechanical properties
with the microstructural characteristics due to copresence
of SiC nanoparticle and CNT reinforcements. The tensile
mechanical properties and fracture behavior of hybrid
composites are compared with that of AZ91 alloy to justify
their development. The enhancing mechanism of the hybrid
composites is finally discussed.

2. Experimental Procedures

2.1. Materials and Processing. In this study, Bulk AZ91
magnesium alloy with a nominal composition of Mg-9.0Al-
0.95Zn-0.2Mn (acquired from Shenyang Research Institute
of Foundry, China) was used as the matrix material. The
beta-SiC with a particulate size range of 30 nm (supplied
with Jiuyuan Nano-materials Inc., Sichuan, China) and
MWCNT with an average diameter of 50 nm and a length of
1–5 μm (procured from Nanotech Port Inc., Shenzhen,
China) were used as the hybrid reinforcements. The TEM
morphology of the hybrid reinforcements is shown in
Figure 1 after they were pretreated by purification, surface
modification, and ultrasonic dispersion. AZ91 Mg alloy/
(CNT + SiC) hybrid composites with different hybrid ratios
were synthesized using self-designed semisolid stirring assist-
ed ultrasonic cavitation method.

Figure 2 shows the schematic experimental setup for the
semisolid stirring assisted ultrasonic processing of CNT and
SiC nanoparticle-reinforced magnesium matrix composites.
The whole experiments were carried out with the protection
of 0.5% SF6 + N2. The protective gas mixture of N2 and
SF6 with a volume ratio of 1000 : 1.8 can prevent magnesium
alloy from evaporation and avoid burning by the compact
surface film [14] formed on molten magnesium alloy. First,
about 1 kg of AZ91 alloy was melted at 720◦C and then
cooled to 590◦C at which the matrix alloy was in semisolid
condition; the pretreated CNTs and SiC nanoparticles were
fed into the semisolid Mg alloy melt from a steel tube. The
total mass content of CNTs and SiC nanoparticles in the
AZ91/(CNT + SiC) composites was 1.0 mass % while the
hybrid mass ratio of CNTs and SiC nanoparticles was dif-
ferent. The semisolid stirring speed and time for the AZ91/
(CNT + SiC) composites were 1000 r/min and 20 min, res-
pectively. After adequately stirring the melt, the melt was
rapidly reheated to 700◦C for 5 min. Then the ultrasonic
probe made of titanium was dipped into the melt for about

Figure 1: TEM micrograph of composite powder.
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Figure 2: Schematic of the experimental setup for fabricating
AZ91/(CNT + SiC) composites.

35 mm after the stirrer was removed from the melt. The
ultrasonic processing device consists of a transducer with a
maximum power of 4 kW and frequency of about 18 kHz.
The melt was ultrasonically processed for 20 min before the
ultrasonic probe was removed. Then the melt was elevated
to a pouring temperature of 720◦C and cast into a steel per-
manent mold which was preheated to 450◦C. For com-
parison, an AZ91 alloy sample without semisolid stirring
assisted ultrasonic processing was also cast under the same
conditions.

2.2. Microstructural Characterization and Tensile Mechanical
Behavior. The microstructural and fracture surface charac-
terization studies of the composites were carried out using
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Figure 3: Optical micrographs of (a) AZ91 Mg alloy matrix and (b) AZ91/(0.7% CNT + 0.3% SiC) composites. Here, AZ91/(0.7% CNT +
0.3% SiC) refers to the hybrid CNT/SiC nanoparticle mass ratio of 7 : 3 and the hybrid content of 1.0 mass% in this composite, and so on.
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Figure 4: High-magnification SEM images of (a) the SiC nanoparticles distributed in the as-cast AZ91/(0.7% CNT + 0.3% SiC) and (b) the
CNTs distributed in the fractograph of the hybrid composites.

a XJG-05 optical microscope, a JSM-5600LV SEM, and a
TECNAI G2205-TWIN TEM, respectively. The tensile tests
were conducted on 3354 Instron tensile testing machine
using round tension test specimens of 5 mm diameter and
25 mm gauge length at a nominal strain rate of 2 × 10−3 s−1.

3. Results and Discussion

3.1. Microstructure of AZ91 Hybrid Composites. The optical
micrographs of the as-cast AZ91 Mg alloy and the AZ91
Mg-alloy-based hybrid composites are shown in Figure 3.
It is observed that the coarse grain structure of AZ91 Mg-
alloy (Figure 3(a)) is refined significantly when the hybrid
content in the AZ91/(0.7% CNT + 0.3% SiC) composites
increases to 1.0 mass % (Figure 3(b)). Here, AZ91/(0.7%
CNT + 0.3% SiC) refers to the hybrid CNT/SiC nanoparticle
mass ratio of 7 : 3 and the hybrid content of 1.0 mass% in this
composite, and so on. Representative SEM images of the
AZ91/(0.7% CNT + 0.3% SiC), shown in Figure 4, indicate a

relatively good dispersion of SiC nanoparticles (Figure 4(a))
and CNTs (Figure 4(b)) in the matrix. Under the acoustic
cavitations and acoustic stream effects produced by high
intensity ultrasonic treatment, the introduction of the
nanoparticles and CNTs into the matrices provides some
heterogeneous nucleation sites during solidification, and as a
result, the grain size of the matrix in the AZ91/(CNT + SiC)
composites is obviously decreased while the distribution of
CNTs and SiC nanoparticles is improved in the AZ91 Mg-
alloy based hybrid composites. This can be considered as the
main prerequisite for achieving good mechanical properties.

Figure 5 shows a more high magnification TEM image
of the AZ91 Mg alloy based hybrid composite along with
selected area diffraction patterns (SADPs) of two areas. From
the TEM image of this composite shown in Figure 5, it can
be seen that the nanometer-sized SiC particles and CNTs are
uniformly distributed in the area observed. In the SADP from
the marked A area in Figure 5, there are diffuse haloes due
to the amorphous carbon film on the copper grid and sharp
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Figure 5: TEM image and SADPs of two selected areas of the AZ91
Mg-alloy-based hybrid composites showing the presence of hybrid
composite structure.

rings due to the MWCNTs. The D-spacing values of the first
five clear rings were found to be in good agreement with
those of MWCNT’s (002), (101), (004), (110), and (112),
and this can also be proved by the experimental result of
Belin and Epron [15]. In the SADP from the marked B
area in Figure 5, with the exception of diffraction rings from
the MWCNT, the corresponding diffraction pattern can be
indexed as (111), (200), (220), and (311), and this matches
well with the cubic β-SiC [16]. The TEM studies have showed
the hybrid composite microstructure was obtained in the
AZ91 Mg-based composites, manifested by the coexistence
of nanaometer-sized β-SiC diffraction spots and MWCNT
sharp rings with central haloes of the amorphous carbon
film.

3.2. Tensile Stress-Strain Curves and Tensile Properties. Ten-
sile stress-strain curves for the pure AZ91 magnesium alloy
and the CNT filled as well as nanometer-sized SiC filled com-
posites are shown in Figure 6. It exhibits that the pure AZ91
magnesium alloy, the SiC nanoparticle filled AZ91, and CNT
filled AZ91 composites show a brittle type of curves, but
the addition of SiC nanoparticles or CNTs results in little
increase in the yield and tensile strength. This may be related
to the nonuniform distribution of nanoparticles and CNTs
when their adding amounts are larger [17].

Figure 7 shows the stress-strain curves of AZ91/(CNT +
SiC) hybrid composites with different hybrid ratios. It can
be seen that hybrid composites also show a similar type of
curves as do CNT- or SiC-reinforced composites, but the
change from linear to nonlinear deformation occurs at a
higher stress in the former case probably because of the coex-
istence of CNTs and SiC nanoparticles. The yield strength,
maximum tensile stress, and elongation rate at break of
the hybrid composites increased with the increase of hybrid
mass ratio between CNTs and SiC nanoparticles. When the
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Figure 6: Stress-strain curves of AZ91 magnesium alloy, 1.0 mass
% CNT reinforced AZ91 (AZ91/1.0% CNT) and 1.0 mass %
SiC nanoparticle-reinforced AZ91 (AZ91/1.0% SiC) composites
obtained by tensile test.
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Figure 7: Stress-strain curves of AZ91/(CNT + SiC) hybrid com-
posites with different hybrid ratios.

hybrid mass ratio of CNTs and SiC nanoparticles ranged
between 5 : 5 and 7 : 3, the tensile mechanical properties of
the hybrid composites were much better than those of the
AZ91 magnesium alloy. In particular, when the mass ratio
of CNTs and SiC nanoparticles was 7 : 3, the tensile strength
and elongation of the hybrid composite reached the max-
imums at the same time. The maximum tensile strength
and elongation were up to 305 MPa and 9%, respectively;



Journal of Nanomaterials 5

(a) (b)

Figure 8: Representative SEM fractographs of: (a) AZ91 Mg-alloy and (b) AZ91/(0.7% CNT + 0.3% SiC).

they increased by 45 and 50% compared with those of the
AZ91 magnesium alloy matrix. As revealed by the fractured
surfaces of the tensile specimens in Figure 8, significant
improvements in tensile properties were accompanied by a
transition from a brittle fracture (Figure 8(a)) for as-cast
AZ91 Mg-alloy to quasi-cleavage fracture state (Figure 8(b))
for AZ91/(0.7% CNT + 0.3% SiC).

3.3. Strengthening Mechanisms. The improvement in the
yield strength due to four factors including the load-bearing
effect, coefficient of thermal expansion (CTE) mismatch,
Orowan strengthening, and Hall-Petch effect can be coupled
together using the quadrature method [18–20] or another
method given by Ramakrishnan based on the modified shear
lag model [21]. However, the cases of the hybrid composites
especially reinforced by both particles and fibers are not
taken into account in the two above-mentioned methods.
The improvement in yield strength is expressed as follows:

Δσtotal

=
√

(ΔσLoad)2 + (ΔσCTE)2 + (ΔσOrowan)2 + (ΔσHall-Petch)2

(1)

The load bearing effect, Δσload, is caused by the shear
transfer of load from the matrix to the particles and is
represented by

Δσload = 0.5VPσym, (2)

where σym is the yield stress of AZ91 matrix reinforced with
CNTs considering hybrid effects, its value is obtained by
experiments, σym = 128.5 MPa.

The improvement in yield strength, ΔσCTE, due to the
generation of geometrically necessary dislocations to accom-
modate the CTE mismatch between the particle and matrix
is given by Dai et al. [22] as follows:

ΔσCTE =
√

3βGmb

√√√√ 12VPΔαΔT(
1−Vp

)
bdP

, (3)

ΔσOrowan = 0.13Gmb

dP
[

(1/2VP)1/3 − 1
] ln

dP
2b

, (4)

ΔσHall-Petch = kyd
−1/2
m , (5)

where VP and dP are the volume fraction and diameter of
SiC particles, respectively; dm is corrected as the grain size
of AZ91 matrix reinforced with CNTs; Δα is the difference
in coefficients of thermal expansion between AZ91 matrix
reinforced with CNTs and SiC; ΔT is the difference between
the processing and the test temperatures. β and ky are
constants, Gm is the shear modulus of AZ91 Mg alloy matrix
reinforced with CNTs, and b is the Burgers vector of CNT
reinforced AZ91 matrix. The above mentioned data for
the SiC nanoparticle and CNT-reinforced magnesium com-
posites tested at room temperature are used VP = 0.0055,
dP = 50 nm, dm = 1.15 × 10−4 m, Δα = 22.0 × 10−6 K−1,
ΔT = 375 K, β = 1.25, ky = 0.1 MNm−3/2, Gm = Em/[2(1 +
ν)] = 45/[2(1 + 0.3)] = 17.3 GPa, and b = 0.32 nm.

The contributions of different strengthening mechanisms
to the yield stress of the AZ91/(CNT + SiC) composite
were calculated using (1)–(5). The results are summarized
in Table 1, where it can be observed that a final strength
improvement of 73.1 MPa is achieved. This is very close
to the experimental Δσ of about 73.5 MPa determined
from the stress-strain curves shown in Figures 6 and 7 for
AZ91 Mg alloy and AZ91/(0.7% CNT + 0.3% SiC) hybrid
composite, respectively. The main contributing factors come
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Table 1: Calculated contributions of different strengthening mech-
anisms to the yield stress of the AZ91/(0.7% CNT + 0.3% SiC)
composites.

ΔσHall-Petch ΔσCTE ΔσOrowan Δσload Δσtotal

(MPa) (MPa) (MPa) (MPa) (MPa)
10.7 70.1 17.9 0.35 73.1

from the large CTE difference between the nanosized hybrid
reinforcements and the AZ91 Mg alloy matrix, the small
size of the reinforcements and the grain refining effect. In
addition, high hybrid ratio of CNTs and SiC nanoparticles
is beneficial for load transfer, uniform distribution of hybrid
reinforcements and their interfacial bonding with AZ91
magnesium alloy matrix [23]. In the present study, when
the mass fraction of the hybrid reinforcements is given (1.0
mass %), the higher the content of CNTs in the hybrid
reinforcements is, the greater the elastic modulus and yield
strength of the composites are, but when the ratio of CNT to
SiC nanoparticle is higher than 7 : 3, the performance of the
composites is less increased. On the other hand, SEM
observations at high magnifications revealed apparently that
interfacial reactions did not exist between hybrid reinforce-
ment and the matrix due to surface pretreatment of the
hybrid reinforcement. Thus, the mechanical properties of
the AZ91 magnesium alloy are enhanced markedly by small
amount of CNT and nanometer-sized SiC hybrid reinforce-
ments.

4. Conclusions

(1) The addition of small amount of hybrid CNTs and
SiC nanoparticles results in significant improvements
in both tensile properties and toughness. The best
strength properties of AZ91 Mg based composites
are obtained at 1.0 mass % of CNTs and SiC nano-
particles with the mass hybrid ratio of 7 : 3. Moreover,
this causes a considerable increase in the ductility
of the hybrid composites relative to the monolithic
materials.

(2) Based on several kinds of improved strengthening
mechanism model, it is shown that the yield strength
of AZ91-based hybrid composites is mainly governed
by the hybrid ratio of CNTs and SiC nanoparticles,
the mismatch in the CTE between the matrix and
nanometer-sized reinforcements, Orowan strength-
ening, and grain refinement effects. The overall
strengthening effect is related to the hybrid ratio
of CNTs and SiC nanoparticles. The larger the
hybrid ratio is, the higher the strength of the hybrid
composite is. The improved model shows excellent
agreement with the experimental data.
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