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Abstract 

 
Application ultrasonic cavitation and high-energy pulses (e.g. detonation) is a promising way 
of incorporating reinforcing and grain refining particles in composite and master alloys. This 
paper gives an overview of research performed recently on the development of new 
technological approaches and materials with the aim to introduce and distribute nanoparticles 
in the matrix of aluminum alloys. Both types of particles, introduced externally or formed in-
situ are discussed. External fields are used for making concentrated master alloys, e.g. Al-
alumina with subsequent introduction of such a master alloy into the melt with the aid of 
ultrasonic cavitation; or for direct production of nanocomposites. The examples of 
implementation include Al-based composites reinforced with nanodiamonds, nanoalumina 
and nanospinel. The efficiency is illustrated by structure and properties characterization. The 
research is done within a European program on the application of external fields in liquid 
metal processing Exomet (EC grant 280421).  

 
Introduction 

 
Metal-matrix composites, especially those reinforced with nanoparticles, enjoy the revival of 
research and industrial interest caused by the new developments in materials processing and 
the increased demand for light-weight structural and functional materials. Use of high-
strength lightweight structural materials as a replacement for steel and cast iron in transport 
applications improves fuel efficiency of vehicles thus effectively reducing CO2 emission. 
Contribution towards reducing carbon emissions plays a crucial role in achieving sustainable 
development for which a number of different strategies from the transport industry are 
required. Metal matrix composites (MMC) in which metallic matrices (Al, Mg) are reinforced 
with high strength and high modulus phases, such as carbides (SiC, B4C), nitrides (Si3N4, 
AlN), oxides (Al2O3, SiO2), as well as elemental materials (C, Si) represent this larger class 
of light-weight structural materials [1]. The shape of the reinforcement can vary from long 
microscopic fibers to nano-scale particles and tubes. In this paper we will consider 
nanoparticle-reinforced MMCs or MMNC where N stand for “nano”. Such MMNCs have 
been shown to offer improvements in strength, ductility, rigidity, temperature stability, wear 
resistance, reliability and control of physical properties such as density and coefficient of 
thermal expansion, thereby providing improved engineering performance in comparison to 
the un-reinforced matrix [1–8].   

There are different ways to produce MMCs, e.g. powder metallurgy (limited in size of 
parts), reactive formation (limited in choice of phases) and liquid metal processing (versatile 
but challenging). In this paper we will look at the opportunities of using the best features of 
those technological routes to achieve the desired results. 
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The typical liquid metal route for MMNCs is stir mixing of particles. This route usually 
involves stirring of the melt with an impeller with simultaneous introduction of particles and 
their distribution by the forced flows. However, the agglomeration of particles and the 
uneven incorporation into the liquid and, eventually, solid matrix remain the biggest 
challenge due the following (1) difficult access of the melt to the individual particle surface 
due to absorbed gas and oxide films; (2) poor wettability of the particles with the liquid phase 
(melt); (3) agglomeration of fine particles; (4) flotation of particles to the surface or their 
sedimentation to the bottom of the liquid bath; (5) pushing of particles to grain boundaries 
during solidification. We will address some of these challenges by using pre-mixed master 
alloys, in-situ formation of nanoparticles and application of ultrasonic cavitation processing. 
At contrast to previously published studies, our experiments were performed on substantial 
volumes of melt and with relatively short processing times. 
 

Experimental 
 
This paper reports an overview of several experimental activities performed at Brunel 
University and Tomsk State University within the collaborative European Framework 7 
project Exomet. The used materials are summarized in Table 1. The procedures of composite 
manufacturing were different as described below.  
 
Table 1. Materials used in experiments. 
Matrix Particles and sizes (nm) Particle 

loading (wt%) 
Method of processing and 
introduction 

Al Al2O3, <100 nm 5, 10 Detonation of powder mixture, 
master alloys (MA) 

Al-4% Cu Al2O3, <100  nm 0.1 Ultrasonic melt processing, from 
MA 

A356 C (diamond), 1–5 nm 0.2; 1.0 Ultrasonic melt processing, from 
particles 

A6082 Al2O3, <100 nm 0.5, 1.0 Stirring, ultrasonic melt 
processing, from particles 

Al-2% Mg Al2MgO4, 300–400 nm 0.5, 1.2, 2.5, 6 Stirring, ultrasonic melt 
processing, in-situ formation 

 
The MMNC produced by the addition of lose particles were prepared as follows. The 

particles were weighed to meet the loading requirement, dried in an electrical furnace at 200–
250 °C and wrapped in two layers of aluminum foil to form a cylindrical rod about 10 mm in 
cross section. In the case of nanodiamond particles, 1-µm Al particles were added to the 
powder mixture. The matrix alloy was melted in an electrical furnace in air in a clay–graphite 
crucible and the melt was brought up to 750 °C. The typical volume of the melt varied from 1 
to 2 kg. The wrapped powders were introduced into the melt in a vortex created by an 
impeller rotating at a speed of 400 rpm and placed inside the melt at about 1/3 of the crucible 
height from the bottom. The impeller was made from a Ti alloy and coated with boron 
nitride. A weak flow of Ar was administered on top of the melt to prevent oxidation. After 
this preliminary stage of particle introduction that took typically 10 to 15 min, ultrasonic melt 
processing was applied at 720–750 °C for a period of 5 to 15 min to the formed slurry. The 
ultrasonic vibrations were delivered to the melt through a Nb horn connected through a Ti 
waveguide to a water-cooled 5-kW magnetostrictive transducer. The working frequency was 
17.5 kHz and the amplitudes were in the range 20 to 30 µm (regime of developed cavitation). 
After the ultrasonic processing, the melt with particles was poured at 720 °C into a pre-heated 
to 200 °C metallic mold 25 mm in diameter.  
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The concentrated master alloy was prepared using microscopic particles of Al and 
nanoparticles of alumina. The particles were mechanically mixed in a defined ratio (5 or 10 
wt% of nanoparticles) and placed in an aluminum tube 20 mm in diameter and 300 mm in 
length. The tube was closed with both ends with stoppers and placed in a container 60 mm in 
diameter with flake TNT uniformly distributed around the tube (860 g in total). The assembly 
was placed on a metallic foundation inside an explosion chamber and detonated with a 
pressed TNT block. Thus formed rods of the master alloy were used in the experiments.  

MMNCs prepared with the concentrated master alloy were made using the same procedure 
as it is described above for particulate additions. The difference was that the master alloy rod 
was introduced directly into the cavitation zone of the working horn without a stage of 
mechanical stirring. 

In-situ MMNCs were prepared through the reaction of oxide powders with Mg-containing 
Al melt. Particles of SiO2 2 µm in size and up to 5% in weight were added to an Al–1.5 wt% 
Mg melt by mechanical stirring (the same parameters and equipment as described above) at 
680–650 °C. Then the mixture was held for 30 min at 900 °C to allow for the in-situ 
formation of spinel (Al2MgO4) with some residual Si going into the matrix. After the end of 
the reaction the temperature was decreased to 750 °C and the slurry was treated with 
ultrasound for 5 min (as described above). Finally the composite was cast at 745 °C to the 
said metallic mold. 

The matrix alloys were also processed and cast using the same procedure except the 
addition of particles. These samples were used for comparison. Also some castings were 
produced following the full procedure but without ultrasonic treatment, to demonstrate the 
effects of ultrasonication. 

The as-cast samples were cut, ground and polished using standard techniques and 
equipment. The structure was examined using optical (OM), scanning electron (SEM) and 
transmission electron (TEM) microscopes with the main focus on agglomeration and 
distribution of particles. Selected castings were machined into tensile samples and tested 
using a standard tensile machine at a strain rate of 210–4 s–1. Some samples were also tested 
at 200 °C. Vickers microhardness was measured with a load of 250 g. At least three samples 
were tested for each condition and the averaged data are reported. 
 

Results and Discussion 
 
 
The application of ultrasonic processing is known to improve the distribution of particles in 
the liquid metal matrix [9. 10, 11]. The physical phenomenon behind this effect of ultrasonic 
cavitation is the generated pressure and velocity pulses upon imploding of cavitation bubbles. 
The achieved level of pressure is sufficient to overcome forces that hold agglomerates 
together and to strip the particles of the absorbed gas to allow the melt full access to the 
particle surface (improved wetting) [12]. In our experiments this was confirmed as illustrated 
in Fig. 1a and b. The use of only mechanical stirring may succeed in introduction of particles 
into the melt but not in their dispersion. The particles remain in large clusters, often 
associated with porosity. Application of ultrasonic processing in the cavitation regime 
improves dispersion of particles. Although clustering remains an issue, the particles inside the 
clusters are well separated (Fig. 1c) and there are also particles embedded into the matrix 
after solidification (Fig. 1d). This is reflected in the improvement of tensile properties on 
addition of 1 wt% Al2O3 to the AA6082 matrix as compared to the matrix material. The 
tensile strength at room temperature increased from 160 to 221±10 MPa, the yield strength, 
from 97 to 142±4 MPa; elongation from 8.7 to 10.9±1.3%; at 200 °C the UTS improved from 
130 to 178±9 MPa; YS from 91 to 126±4 MPa at the same elongation of 11±2.5%1. It should 

                                                 
1 Tensile testing was performed by IMDEA Materials, Spain as a part of the collaborative project Exomet. 
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be noted that a slight decrease in the grain size is associated with the introduction of particles 
and ultrasonic processing, e.g. from 210 to 170 µm. 

Application of ultrasonic processing is beneficial also upon introducing nanodiamonds to 
an aluminum matrix as shown in Fig. 2. The particles (in small clusters) are fairly well 
distributed inside the matrix, though some porosity and agglomeration was also observed 
[13]. The addition of nanodiamond particles caused substantial increase of hardness, from 
87HV to 138HV. At the same time only the addition of up to 0.2 wt% of particles resulted in 
the significant improvement of tensile properties (Fig 2c); while the larger amount of 
particles lead to more agglomeration and porosity, and consequently negligible change of the 
properties as compared to the matrix. 
 

              a             b 

             c             d 
Figure 1. MMNC AA6082–1 wt% Al2O3: a, mechanical stirring, OM; b–d, mechanical stirring 
with ultrasonic processing (b, OM, c, SEM showing particles in agglomerates; d, TEM 
showing particles in the matrix (courtesy W. Lefebvre, M. Maunib, University of Rouen)). 
 

Wetting and agglomeration of particles remain difficult to circumference issues even when 
ultrasonic cavitation is applied. In order to ease the introduction of particles and their 
distribution two approaches were attempted. One is the application of premixed (and 
potentially pre-wet) particles in a master alloy that can be introduced into the melt in the 
same way as a grain-refining rod, but with additional ultrasonic processing for better 
dispersion. The alumina nanoparticles were well distributed in the sample as shown in Fig. 3. 
The early results show very good potential of this method. The resultant composite materials 
based on an Al–4% Cu alloy showed an increase of the tensile strength from 102±5 to 131±4 
MPa and elongation from 3.6±1.0 to 6.3±1.4% on introduction of 0.5 wt% of particles. 
Similar results were achieved even after 0.1 wt% addition. 

Another way of improving the incorporation of nanoparticles into the matrix is their in-situ 
formation. Wetting then comes naturally as the reactive wetting, and particles that initially 
formed in agglomerates reflecting the reaction zones can be dispersed using ultrasonic 
cavitation and streaming. The first results on in-situ formation of spinel particles in the sizes 
less than 500 nm showed that this processing route is quite promising. Figure 4 illustrates 
this. There is a limitation on the selection of phases that can be obtained as particles and on 
the matrix composition (a feasible reaction should occur between the liquid matrix and the 
added particles). In our case study, the presence of Mg in the liquid aluminum solution was 
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the necessary condition for the reaction of added oxides to form spinel. The size of the 
product particles can be regulated and controlled by the size of added particles and by the 
time and temperature of the reaction. 
 

        a          b 

0 0.4 0.8 1.2 1.6 2
ε, %

0

50

100

150

200

250

σ,
 M

Pa

A356

A356+0.2%C

A356+1%C

 
       c 

 
 
Figure 2. Introduction of nanodiamond 
particles to an A356 matrix: a, b, OM 
microstructures showing the distribution of 
nanoparticles in an A356–0.2 wt% C 
MMNC; c, tensile curves showing improved 
strength and ductility at 0.2 wt% addition. 

 

a         b 

c 

 
 
Figure 3. Microstructures of a master alloy 
Al-10% Al2O3 (a, general view with the 
shell; b, enlarged view, OM) and a MMNC 
with 0.5% Al2O3 (SEM). 
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a b c 
Figure 4. Al–Mg-based composite materials with in-situ formed spinel: a, 1.2 wt% Al2MgO4 
(matrix Al-0.9% Mg-0.5% Si); b, 6 wt% Al2MgO4 (Al-0.3% Mg-2.2% Si); and c, lose 
agglomerates with individual spinel particles (OM). 
 
 

Concluding remark 
 

This overview demonstrates the typical issues on processing metal-matrix composite 
materials and also show some methods to overcome these issues. The application of 
ultrasonic melt processing in combination with a concentrated master alloy containing 
nanaparticles or in-situ formation of nanoparticles seem to be promising routes for 
manufacturing MMNC, also offering the possibility of the technology upscaling.  
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