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In this study, nanocomposite foams reinforced with different weight percentages of silicon dioxide
nanoparticles (0.25, 0.5, 0.75 and 1.0 wt%) were fabricated using the ultrasonic and stir casting techni-
ques. For this purpose heat treated TiH2 was used as foaming agent. Microstructural studies were done
by optical microscope and scanning electron microscope. Hardness evaluation of precursor nano-
composites showed that the hardness was significantly increased by the addition of SiO2 nanoparticles
and Al–0.75 wt% SiO2 nanocomposite makes the highest hardness. Evaluation of compressive behavior of
Al–SiO2 nanocomposite foams showed that the plateau stress increases more than 3 times as the foam
relative density increases from 0.09 to 0.16. Energy absorption of Al–SiO2 nanocomposite foams has been
found to be dependent on both relative density and structural properties.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

In the recent years, there has been a significant increase in
research on metallic foams, especially those made of aluminum
and its alloys, due to the progress made in processing methodol-
ogies that yield high quality foams at a low cost [1–3].

Different methods have been developed to produce aluminum
foams such as foaming by gas injection, solid–gas eutectic solidi-
fication, direct foaming and the powder compact melting techni-
que. Among these, the direct foaming technique using foaming
agent is useful for commercial applications due to its easy avail-
ability of production equipment and its low cost compared to
other techniques [4,5].

Kadoi [6] showed that the decomposition of TiH2 starts at
around 420 °C, but in aluminum foam fabrication by the melt
route technique, the samples are heated between 600 °C and
700 °C. Thus, the temperature difference between the TiH2

decomposition and foam fabrication strongly influences the yield
and the foaming phenomenon. He showed that with increasing
temperature and time of the TiH2 heat treatment as a foaming
agent in air, decomposition temperature elevates.
.
ehi),
shirazu.ac.ir (S.M. Zebarjad).
One of the most interesting points for using ceramic nano-
particles as reinforcing phase is using them for strengthening the
metal matrix without changing its flexibility. The generally used
ceramic particles in foaming processes are in microscale; there-
fore, the usage of high amounts of them in Al foam makes it so
brittle [7,8].

Dispersion of nanoparticles by using an ultrasound process
based on melt route has been recently introduced [9]. It is believed
that high intensity ultrasonic waves generate strong cavitation and
acoustic streaming effects. Acoustic cavitation involves formation,
growth, pulsation, and collapsing of the micro-bubbles in melt
under cyclic high intensity ultrasonic waves (thousands of micro-
bubbles will be formed, expanding during the negative pressure
cycle and collapsing during the positive pressure cycle (Fig. 1))
[10–12]. By the end of one cavitation cycle, the micro-bubbles
implosive collapse will produce transient micro “hot spots” that
can reach very high pressures of about 1000 atm and heating and
cooling rates above 1010 K/s. Transient cavitations can produce an
implosive impact strong enough to break up the clustered fine
particles and disperse them more uniformly in liquids. It is envi-
sioned that strong ultrasonic nonlinear effects might efficiently
disperse nanoparticles into alloy melts and also enhance their
wettability. This is why making high performance lightweight
metal matrix nanocomposites (MMNCs) using ultrasonic waves is
so common [13,14].

As a general rule, the compressive stress–strain curves of closed
cell Al foams show three regions: the linear elastic, the plateau and
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the densification. Pure aluminum foams exhibit plastic behavior
but aluminum alloy foams often exhibit a brittle feature, therefore
showing different curve shapes in compressive deformation. The
strengths of foamed aluminum alloys are not sufficient for some
commercial uses. Several methods have been used to improve the
strength characteristics. Among these methods, aluminum com-
posites reinforced with ceramic particles are mainly characterized
by higher modulus and strength as compared to the unreinforced
matrix materials. One of the common features of energy absorp-
tion materials is that there is a discernible plateau in their com-
pressive stress–strain curves. Foamed aluminum has this feature;
it means that they can absorb energy by deformation but keep the
stress almost constant [15–17].

Based on the literature survey done by the authors, there is no
evidence of using sonicator to produce nanocomposite foams. For
this purpose in the current research, it will be tried to produce Al
nanocomposite foams reinforced with different content of SiO2

nanoparticles using the ultrasonic technique. Microstructure and
compressive characteristics of foamed Al–SiO2 nanocomposites,
and hardness of nanocomposites have been investigated.
2. Experimental details

Chemical composition of aluminum alloy which was used as
the matrix is presented in Table 1. To select a suitable reinforce-
ment, important factors such as density, wettability and chemical
reactivity at high temperatures should be considered [18]. Silicon
dioxide powder with particles size from 40 to 80 nm was selected
as reinforcement material because of its good wettability with
aluminum alloys. TiH2 powder was used as foaming agent with
purity more than 98% and was heat treated at 450 °C for 3 h to
improve gas releasing behavior [6,19].

Aluminum foams were fabricated with 0.25, 0.5, 0.75 and
1.0 wt% silicon dioxide nanoparticles. For this purpose, first Al
alloy was melted in a furnace at 700 °C and then 1 wt% Mg was
added to the molten Al to enhance wettability of nanoparticles.
Silicon dioxide powder was added to the molten aluminum at
680710 °C and stirred at 700 rpm for 20 min. After this step,
ultrasonic probe (BANRY, China) has been immerged into the melt
and flustered it at 20 kHz frequency for 10–15 min for an
improvement in wettability and distribution of nanoparticles in
Fig. 1. Effect of ultrasonic wave on bubble size changes and their collapse [11].

Table 1
Chemical composition of Al alloy.

Element Si Zn Fe Cu Mg Pb Mn Ni Ti Al

wt% 8.62 1.46 1.16 0.83 0.23 0.15 0.14 0.09 0.03 Remaining
the molten alloy. Just after that TiH2 powder was added to the
molten aluminum nanocomposite and stirred immediately for
1–2 min at 700 rpm. In the next stage, the mixture was kept for 2–
3 min at 660 °C for further decomposition of foaming agent.
Finally, the expanded molten metal was brought out from furnace
rapidly, casted in the die and cooled in the ambient atmosphere. It
is worth noting that in order to ensure the stability of the particles
a pull out test was carried out by inserting a steel wire loop into
the nanocomposite melts. The continuity of melt in the loop
implies the optimal viscosity for the foaming process.

Nanocomposite foams were evaluated using the standard
techniques of metallographic preparation and observation with
LEO 1450VP (35 kV) scanning electron microscope to view dis-
tribution of silicon dioxide nanoparticles.

The relative density of foams (ρ/ρs) is defined here as the ratio
of the apparent density of the foams (ρ) to the fully dense com-
posites (ρs).

Hardness measurements were carried out on the base metal
and nanocomposite samples (foaming precursors) by using the
Vickers hardness test and the applied load was 30 kg.

Uniaxial compression tests were performed with a universal
testing machine (ZWICK Z250) and the strain rate was kept
3�10�3 s�1. The plateau stress and densification strain were
calculated by average stress in the range of 20–30% strain as
indicated in JIS H 7902 and in strain accordance with 1.3 times of
the plateau stress as DIN 50134 standards, respectively. Energy
absorption was calculated using the given expression [20,21]:

( )dEnergy absorption MJ/m
D

0
3∫ σ ε=

ε

3. Results and discussion

3.1. Structural investigation

As the reader knows the transmitting of load from one cell wall
to the other will be done via a strong interface. For this reason the
cell wall thickness must not be thin. In order to avoid thinning the
wall thickness addition nanoparticles is very common. Indeed they
play as a stabilizer and their presence causes to form some kind
of dynamic stabilization, i.e. drainage effects are postponed. They
also capture between neighboring bubbles and represent obstacles
which delay or completely stop cell wall thinning [22]. Fig. 2(a)
and (b) show the microstructure of Al alloy and Al–0.5 wt%
SiO2 nanocomposite under stir casting and ultrasonic processing,
respectively.

As it can be seen in Fig. 2, nanocomposite processing causes
changes in metal matrix microstructure. Liu and Ji [23,24] showed
that different kinds of intermetallic compounds can form, if Al–Si
alloys containing Fe re-melt near to Fe-rich intermetallic phase
formation temperature. Also, Shabestari [25] showed that the
formation temperature of intermetallic compounds will increase
by rising the amount of Fe in Al alloy (Fig. 3).

It is known that the nature and distribution of precipitate in
matrix material have a large effect on the foam properties [26].
Nano-sized SiO2 ceramic particles can effectively modify inter-
metallic phases in aluminum alloys because they act as nucleation
sites for intermetallic compounds. The modification process of
intermetallic compounds can be done by changing the initial coarse
needle phases to star like and polyhedral like phases. These new
forms of intermetallic compounds containing Fe don't reduce the
mechanical properties of aluminum alloys. In addition they act as a
hard phase with high thermal stability that prevent loss of strength
and hardness of Al alloys at high temperatures [27].



Fig. 2. Microstructures of (a) Al alloy; (b) Al–0.5 wt% SiO2.

Fig. 3. Intermetallic phase formation in Al alloys in different amounts of Fe [25].

Fig. 4. Pull-out test of melt of Al/0.5 wt% SiO2.
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The result of film pull out test shows that the melt contained
nanoparticles is a stable liquid. The thickness of the films depends
strongly on the weight percent of reinforcements and all samples
including aluminum nanocomposites can be pulled out by both
vertical and horizontal wire loops without any damage (Fig. 4).
Fig. 5(a)–(d) show a longitudinal section of nanocomposite
foams produced with different weight percentages of silicon
dioxide nanoparticles. As it is shown in Fig. 5(a), there are a lot of
non-porous regions at the bottom of sample because of the gravity
flow and low viscosity of the melt in nanocomposite foam pro-
duced with 0.25 wt% silicon dioxide. In the sample reinforced with
1 wt% silicon dioxide nanoparticles (Fig. 5(d)), due to high visc-
osity of melt near the bottom of specimen, gas bubbles could not
grow and trapped into the melt, resulting in the non-porous
region at the bottom of foam sample. Two specimens reinforced
with 0.5 and 0.75 wt% SiO2 nanoparticles show the most uniform
cell structure and the highest foam structure. It shows that visc-
osity in these two specimens is in the best range.

Fig. 6 shows the SEM image of Al–0.5 wt% SiO2 nanocompo-
site. As it can be seen in this figure, SiO2 nanoparticles are well
dispersed, although a few clusters of nanoparticles were
observed in the cell walls. As it was reported by Li et al. [13],
using ultrasonic agitation results in transient cavitations that
could produce an implosive impact strong enough to break up
the clustered nanoparticles and disperse them more uniformly in
the melt. The strong impact coupled with locally high tempera-
tures could also enhance the wettability between matrix and
reinforcements.

3.2. Hardness evaluation

Fig. 7 shows the Vickers hardness results of as received alu-
minum alloy and nanocomposite samples taken after applying
ultrasonic waves. The addition of SiO2 nanoparticles causes an
enhancement in the hardness of all nanocomposites in compar-
ison with the unreinforced Al alloy. This increment is expected
because the SiO2 nanoparticles act as a barrier to the dislocation
movement and strengthen the matrix by creation of high density
dislocations during cooling to room temperature. Moreover, since
SiO2 nanoparticles and intermetallic phases are harder than Al,
their presence leads to a higher hardness in the nanocomposite
[28–30]. It was also shown that the Orowan strengthening is quite
significant, especially when the reinforcement particle size is less
than 100 nm [31].

It is clear that the distance between particles decreases as
reinforcement content increases up to 0.75 wt%. This phenomenon
is associated with a higher degree of collision and blockage
between SiO2 nanoparticles in the composite and it consequently
leads to an increase in the hardness value.

With looking at in more details on the hardness test of
Al/1 wt%SiO2 one may see that the hardness value is lower than



Fig. 5. Longitudinal sections of foams at different silica content: (a) 0.25 wt% SiO2, (b) 0.5 wt% SiO2, (c) 0.75 wt% SiO2, and (d) 1.0 wt% SiO2.
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that of Al/0.75 wt%SiO2. This is because at higher SiO2 content the
particles tend to be agglomerated and the actual interparticle
distances become larger than the expected distance and in this
case Orowan strengthening mechanism can not be dominant. As a
matter of fact at higher concentration of reinforcements the
greater stresses will be required to produce further plastic defor-
mation and greater stresses will be expected to hinder some
plastic deformations [28,29,32,33].



Fig. 6. SEM image of Al–0.5 wt% SiO2 nanocomposite foam.

Fig. 7. Relation between weight percentage of SiO2 nanoparticles and hardness.

Fig. 8. Compressive stress–strain curves of Al–SiO2 nanocomposite foams.

Table 2
Compressive properties and characteristics of Al nanocomposite foams.

Sample Relative density (ρ/ρs) Plateau
stress
(MPa)

Energy absorption (MJ/m3)

Al–0.25 wt%
SiO2

0.14 0.83 13.67

Al–0.5 wt%
SiO2

0.16 1.42 46.16

Al–0.75 wt%
SiO2

0.09 0.44 23.01

Al–1.0 wt%
SiO2

0.13 0.74 18.31
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3.3. Compressive behavior

The mechanical properties of metallic foams depend largely on
their relative density, and the variability in the plateau strength
[2,34]. Compressive stress–strain curves of Al–SiO2 nanocomposite
foams are shown in Fig. 8.

Relative density, plateau stress and energy absorption for
nanocomposite foams are shown in Table 2. As can be seen, the
plateau stress is just a function of relative density and it would
change by changing this parameter.

One of the important properties for estimating the application
of metallic foams is energy absorption characteristic. As can be
seen unlike the plateau stress, energy absorption is not only fol-
lowing the relative density.

In this regard, Yu et al. [17] found that the energy absorption
exhibits an irrelevant tendency to relative density. This is related
to degree of oscillation of stress in the plateau region.

There are some methods for enhancement of energy absorp-
tion. For example, Miyoshi et al. [35] found that the energy
absorption of metallic foams increases by increasing the aspect
ratio of cell wall thickness against the cell edge length with the
reduction of cell size. Jeenager et al. [26] showed that one of the
strengthening mechanisms is based on the hindrance to disloca-
tion motion offered by secondary phase hard particles which
improve the energy absorption.

Mondal [3] and his colleagues showed that some inconsistency
with the values calculated from the stress–strain curves can be
seen that shows more reviews in the field of energy absorption
properties of foams are required.
4. Conclusions

In this study, aluminum matrix nanocomposites with different
weight percentages of SiO2 nanoparticles were produced with the
stir casting and the ultrasonic techniques. Structural and com-
pressive investigations show that nanocomposite foams reinforced
with 0.5 and 0.75 wt% silicon dioxide nanoparticles have the best
foam structure.

The hardness of the nanocomposites was significantly higher
than that of pure Al. The Vickers hardness increased with
increasing weight percent of reinforcements reaching a high value
of 78.7 Hv for the Al–0.75 wt% SiO2 nanocomposite. The plateau
stress of Al–SiO2 nanocomposite foams has been found to be
dependent on relative density so that by increasing relative den-
sity from 0.09 to 0.16, the plateau stress increased from 0.44 MPa
to 1.42 MPa.
Acknowledgments

Some parts of foam manufacturing processes were carried out
in the laboratory of Iranian Academic Center for Education, Culture
and Research (ACECR), Mashhad branch. So the authors thank Mr.
Abravi, Mr. Malek Jafarian and Mr. Amini Mashhadi.



A. Salehi et al. / Materials Science & Engineering A 638 (2015) 54–59 59
References

[1] D.-w Li, J. Li, T. Li, T. Sun, X.-m Zhang, G.-c Yao, Trans. Nonferr. Met. Soc. China
21 (2011) 346–352.

[2] Z. Li, Z. Zheng, J. Yu, L. Tang, Mater. Sci. Eng. A 550 (2012) 222–226.
[3] D.P. Mondal, N. Jha, B. Gull, S. Das, A. Badkul, Mater. Sci. Eng. A 560 (2013)

601–610.
[4] F. Ashby, Metal Foams: A Design Guide, Butterworth-Heinemann, Oxford,

United Kingdom, 2000.
[5] D.C. Curran, Materials Science and Metallurgy, Cambridge, 2003, 188 pp.
[6] K. Kadoi, N. Babcsán, H. Nakae, Mater. Trans. 50 (2009) 727–733.
[7] Y. Yang, J. Lan, X. Li, Mater. Sci. Eng. A 380 (2004) 378–383.
[8] J.-J. Park, S.-H. Lee, M.-K. Lee, C.-K. Rhee, Trans. Nonferr. Met. Soc. China 21

(Suppl. 1) (2011) s33–s36.
[9] H. Su, W. Gao, Z. Feng, Z. Lu, Mater. Des. 36 (2012) 590–596.
[10] K.M. Mussert, W.P. Vellinga, A. Bakker, J. Mater. Sci. 37 (2002) 789–794.
[11] C. Torres-Sánchez, Engineering and Physical Sciences, Heriot-Watt, United

Kingdom (2008) 203.
[12] J. Wang, Z.S. He, J.H. Wu, Z.P. Wan, Adv. Mater. Res. 97–101 (2010) 227–230.
[13] X. Li, Y. Yang, X. Cheng, J. Mater. Sci. 39 (2004) 3211–3212.
[14] D. Suneel, R.D. Nageswara, Mech. Eng. 41 (2010) 121–129.
[15] W. Jiejun, L. Chenggong, W. Dianbin, G. Manchang, Compos. Sci. Technol. 63

(2003) 569–574.
[16] M.C. Gui, D.B. Wang, J.J. Wu, G.J. Yuan, C.G. Li, Mater. Sci. Eng. A 286 (2000)

282–288.
[17] J.A. Liu, S.R. Yu, Z.Q. Hu, Y.H. Liu, X.Y. Zhu, J. Alloy. Compd. 506 (2010) 620–625.
[18] V. Laurent, D. Chatain, N. Eustathopoulos, Mater. Sci. Eng. A 135 (1991) 89–94.
[19] B. Matijasevic-Lux, J. Banhart, S. Fiechter, O. Görke, N. Wanderka, Acta Mater.

54 (2006) 1887–1900.
[20] J.H., 7902, Method for Compressive Test of Porous Metals, 2008.
[21] D., 50134, Testing of Metallic Materials - Compression Test of Metallic Cellular

Materials, 2008.
[22] C. Koerner, Integral Foam Molding of Light Metals, Springer-Verlag Berlin

Heidelberg, Berlin, 2008.
[23] B. Liu, X. Yuan, H. Huang, China Foundry 8 (2011) 424–431.
[24] S. Ji, W. Yang, F. Gao, D. Watson, Z. Fan, Mater. Sci. Eng. A 564 (2013) 130–139.
[25] S.G. Shabestari, Metallurgy Eng. 11 (2002) 15–22.
[26] V.K. Jeenager, V. Pancholi, Mater. Des. 56 (2014) 454–459.
[27] E. Parshizfard, M. Ghanbari, S.G. Shabestari, Foundrymen 94 (2010) 31–38.
[28] N. Valibeygloo, R. Azari Khosroshahi, R. Taherzadeh Mousavian, Int. J. Miner.

Metall. Mater. 20 (2013) 978–985.
[29] N. Soltani, M.I. Pech-Canul, A. Bahrami, Mater. Des. 50 (2013) 85–91.
[30] C. Suryanarayana, N. Al-Aqeeli, Prog. Mater. Sci. 58 (2013) 383–502.
[31] Z. Zhang, D. Chen, Scr. Mater. 54 (2006) 1321–1326.
[32] B. Abbasipour, B. Niroumand, S.M. Monir Vaghefi, Trans. Nonferr. Met. Soc.

China 20 (2010) 1561–1566.
[33] D. Abdul Saheb, ARPN J. Eng. Appl. Sci. 6 (2011) 41–46.
[34] M. Alizadeh, M. Mirzaei-Aliabadi, Mater. Des. 35 (2012) 419–424.
[35] T. Miyoshi, M. Itoh, T. Mukai, H. Kanahashi, H. Kohzu, S. Tanabe, K. Higashi, Scr.

Mater. 41 (1999) 1055–1060.

http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref1
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref1
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref1
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref2
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref2
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref3
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref3
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref3
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref4
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref4
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref5
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref5
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref6
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref6
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref7
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref7
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref7
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref8
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref8
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref9
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref9
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref10
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref10
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref11
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref11
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref12
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref12
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref13
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref13
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref14
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref14
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref14
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref15
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref15
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref15
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref16
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref16
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref17
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref17
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref18
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref18
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref18
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref19
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref19
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref20
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref20
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref21
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref21
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref22
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref22
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref23
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref23
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref24
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref24
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref25
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref25
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref25
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref26
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref26
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref27
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref27
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref28
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref28
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref29
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref29
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref29
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref30
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref30
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref31
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref31
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref32
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref32
http://refhub.elsevier.com/S0921-5093(15)00421-9/sbref32

	Microstructural and mechanical properties of Al–SiO2 nanocomposite foams produced by an ultrasonic technique
	Introduction
	Experimental details
	Results and discussion
	Structural investigation
	Hardness evaluation
	Compressive behavior

	Conclusions
	Acknowledgments
	References




