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ABSTRACT 

The usage of lightweight high-performance components is expected to increase significantly 

as automotive, military and aerospace industries are required to improve the energy efficiency 

and the performance of their products.  A356, which is much lighter than steel, is an attractive 

replacement material. Therefore, it is of great interest to enhance its properties.  There is strong 

evidence that the microstructure and mechanical properties can be considerably improved if 

nanoparticles are used as reinforcement to form metal-matrix-nano-composite (MMNC). Several 

recent studies revealed that ultrasonic vibration is highly efficient in dispersing nanoparticles into 

the melt and producing MMNC. 

In this thesis, a detailed analysis of the microstructure and mechanical properties is provided 

for an A356 alloy enhanced with Al2O3 and SiC nanoparticles via ultrasonic processing.  Each 

type of the nanoparticles was inserted into the A356 molten metal and dispersed by ultrasonic 

cavitation and acoustic streaming technology (UST) to avoid agglomeration or coalescence.  The 

results showed that microstructures were greatly refined and with the addition of nanoparticles, 

tensile strength, yield strength and elongation increased significantly.  SEM and EDS analyses 

were also performed to analyze the dispersion of nanoparticles in the A356 matrix.  Since the 

ultrasonic energy is concentrated in a small region under the ultrasonic probe, it is difficult to 

ensure proper cavitation and acoustic streaming for efficient dispersion of the nanoparticles 

(especially in larger UST systems) without to determine the suitable ultrasonic parameters via 

modeling and simulation.  Accordingly, another goal of this thesis was to develop well-
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controlled UST experiments that can be used in the development and validation of a recently 

developed UST modeling and simulation tool.  



 

iv 

 

LIST OF ABBREVIATIONS AND SYMBOLS 

UST  Ultrasonic technology  

DTA   Differential thermal analysis 

SEM  Scanning Electron Microscopy 

EDS  Energy dispersive X-ray spectroscopy 

CFD  Computational fluid dynamics 

SDAS  Secondary Dendrite Arm Spacing 

ρ  Density 

I(t)  Nucleation rate 

  



 

v 

 

ACKNOWLEDGMENTS 

 

I am pleased to have this opportunity to thank the colleagues, friends, and faculty members 

who have helped me with this research project.  I am most indebted to Dr. Laurentiu Nastac, my 

advisor and the chairman of this dissertation, for sharing his research expertise and wisdom, as 

well as his patient supervision on the project.  I would also like to thank all of my committee 

members, Dr. Nagy El-Kaddah, Dr. Mark Weaver, and Dr. Brian Jordon, for their valuable input, 

inspiring questions, and support of both the thesis and my academic progress.  A special thanks 

to my colleagues Shian Jia and Akash Patel who helped me run the system countless times and 

worked long hours including weekends to help along the way.  I would also like to thank Bob 

Fanning for his assistance in my experiments.  

Finally, this research would not have been possible without the support of my friends and 

fellow graduate students and of course of my family who have never stopped encouraging me to 

persist in my research endeavor.   

  



 

vi 

 

CONTENTS 

 Page 

ABSTRACT .................................................................................................................................... ii 

LIST OF ABBREVIATIONS AND SYMBOLS .......................................................................... iv 

ACKNOWLEDGMENTS .............................................................................................................. v 

LIST OF TABLES ....................................................................................................................... viii 

LIST OF FIGURES ....................................................................................................................... ix 

1.0 INTRODUCTION .............................................................................................................. 1 

2.0 LITERATURE REVIEW ................................................................................................... 4 

2.1 A356 aluminum alloy ....................................................................................................... 4 

2.2 Type of Nanoparticles ...................................................................................................... 5 

2.3 Metal-Matrix-Composites ................................................................................................ 5 

2.4 Fabrication methods ......................................................................................................... 8 

2.5 Agglomeration ................................................................................................................ 11 

2.6 Ultrasonic cavitation and dispersion .............................................................................. 16 

2.7 Solidification Processing ................................................................................................ 21 

2.8 Summary ........................................................................................................................ 22 

3.0 EXPERIMENTAL APPROACH...................................................................................... 24 

3.1 Material Applied in the experiments .............................................................................. 24 



 

vii 

 

3.2 Experiment Setup ........................................................................................................... 26 

3.3 Experiment Procedure .................................................................................................... 29 

4.0 RESULTS AND DISCUSION ......................................................................................... 32 

4.1 Optical Microstructure Analysis .................................................................................... 32 

4.2 Mechanical Properties of nanocomposites ..................................................................... 43 

4.3 Cooling Curve Analysis ................................................................................................. 44 

4.4 SEM analysis of A356/ 1 wt% SiC sample .................................................................... 46 

5.0 CONCLUDING REMARKS AND FUTURE WORK .................................................... 50 

5.1 Conclusions: ................................................................................................................... 50 

5.2 Future Work: .................................................................................................................. 51 

6.0 REFERENCES ................................................................................................................. 52 

  



 

viii 

 

LIST OF TABLES 

 Page 

Table I: Variation of surface energy with particle size (1 g of sodium chloride) [53] ................. 12 

Table II: Nominal chemical composition of matrix alloy A356 ................................................... 24 

Table III: SiC nanoparticle parameters ......................................................................................... 25 

Table IV: Al2O3 nanoparticle parameters ..................................................................................... 25 

Table V: Comparison of SDAS using different processing methods ........................................... 38 

Table VI: Comparison of eutectic spacing of all processed materials .......................................... 41 

Table VII: Comparison of mechanical properties using different processing methods ................ 44 

 

  



 

ix 

 

LIST OF FIGURES 

 Page 

Figure 1: Global outlook of metal-matrix composites by application segment (2004-2013) ......... 6 
 

Figure 2: Orowan Strengthening Theory [23] ................................................................................ 7 
 

Figure 3: Simulated solidification microstructure of A356 /7 µm diameter SiC (initial particle 

concentration is 4.8 vol. % SiC) centrifugally-cast MMCs (centrifugal force of 100 g) [66]. ....... 8 
 

Figure 4: Model for the agglomeration of SiC nano-particles. ..................................................... 13 
 

Figure 5: Schematic representation of the interaction force between two particles. .................... 14 
 

Figure 6: Van der Waals force vs. distance between SiC nano-particles [69] .............................. 15 
 

Figure 7: Schematic of experimental setup of ultrasonic method [54-57]. ................................... 16 
 

Figure 8: A356 liquid pool (the ultrasound probe is shown in the middle of the pool). ............... 18 
 

Figure 9: Flow induced by ultrasound: Flow field (velocity vector) [58, 62-63]. ........................ 19 
 

Figure 10: Cavitation induced by ultrasound.  Legends show the volume fraction of 

cavities/bubbles/potential nuclei (cavitation region) [58, 62-63]. ................................................ 19 
 

Figure 11: Ultrasonic Treatment: Prediction of Microstructure [59, 64, 66]. ............................... 20 
 

Figure 12: UST-induction furnace equipment and metal mold available at the Solidification 

Laboratory, UA. ............................................................................................................................ 28 
 

Figure 13: Ultrasonic Processing System. .................................................................................... 30 
 

Figure 14: Microstructures of A356 alloy under magnification of 50X (metal-mold samples): (a) 

Standard (b) UST+1%Al2O3 (c) UST+0.7%SiC (d) UST+1%SiC ............................................... 34 
 



 

x 

 

Figure 14 (continued): Microstructures of A356 alloy under magnification of 50X (metal-mold 

samples): (a) Standard (b) UST+1%Al2O3 (c) UST+0.7%SiC (d) UST+1%SiC ......................... 35 
 

Figure 15: Microstructures of A356 alloy under magnification of 200X (metal-mold samples): 

(a) Standard (b) UST+1%Al2O3 (c) UST+0.7%SiC (d) UST+1%SiC ......................................... 36 
 

Figure 15 (continued): Microstructures of A356 alloy under magnification of 200X (metal-mold 

samples): (a) Standard (b) UST+1%Al2O3 (c) UST+0.7%SiC (d) UST+1%SiC ......................... 37 
 

Figure 16: Eutectic microstructures of A356 alloy under magnification of 1000X (metal-mold 

samples): (a) Standard (b) UST+1%Al2O3 (c) UST+0.7%SiC (d) UST+1%SiC ......................... 39 
 

Figure 16 (continued): Eutectic microstructures of A356 alloy under magnification of 1000X 

(metal-mold samples): (a) Standard (b) UST+1%Al2O3 (c) UST+0.7%SiC (d) UST+1%SiC .... 40 
 

Figure 17: Microstructures of  A356 alloy poured in the cooling cup (sillica sand molds): (a) 

standard A356 (b) UST+1%Al2O3 (c) UST+0.7%SiC (d) UST+1%SiC. .................................... 41 
 

Figure 17 (continued): Microstructures of  A356 alloy poured in the cooling cup (sillica sand 

molds): (a) standard A356 (b) UST+1%Al2O3 (c) UST+0.7%SiC (d) UST+1%SiC. .................. 42 
 

Figure 17 (continued): Microstructures of  A356 alloy poured in the cooling cup (sillica sand 

molds): (a) standard A356 (b) UST+1%Al2O3 (c) UST+0.7%SiC (d) UST+1%SiC. .................. 43 
 

Figure 18: Cooling curves: (a) w/o UST and (b) UST+1%Al2O3, UST+0.7%SiC and 

UST+1%SiC. ................................................................................................................................ 45 
 

Figure 19: The distribution of SiC nanoparticles in the MMNC sample ...................................... 47 
 

Figure 20: EDS spectrum of A356/1 wt.% SiC nanocomposites ................................................. 47 
 

Figure 21: Element distribution of nanocomposites from EDS mapping ..................................... 48 
 

Figure 21 (continued): Element distribution of nanocomposites from EDS mapping ................. 49 

 



 

1 

 

1.0 INTRODUCTION 

Aluminum matrix composites have the potential to offer desirable properties, including low 

density, high specific strength, high specific stiffness, excellent wear resistance and controllable 

expansion coefficient, which make them attractive for numerous applications in aerospace, 

automobile, and military industries [70-73]. 

During fabrication of the cast composites, it has been found that larger dendritic structures 

which are present during solidification may lead to particle clustering, whereas fine dendrite or 

regular globular ones may produce a more uniform distribution of the particles [74,75].  Hence, 

any processing step that can make grain size smaller can reduce the heterogeneity of the 

reinforcement distribution in the solidified region, which in turn will improve the mechanical 

properties of the aluminum matrix composites components.  Also, according to Hall-Petch 

strengthening theory, the smaller the grain sizes the harder the material. 

Generally, micro-ceramic particles are used to improve the yield and ultimate strength (UTS) 

of the metal.  It is of interest to use nano-sized ceramic particles to strengthen metal matrix nano-

composite (MMNC), while maintaining good ductility [76, 77].  Currently, there are several 

fabrication methods of MMNCs, including mechanical alloying with high energy milling [78], 

ball milling [79], nano-sintering [80], vortex process [76], spray deposition, electrical plating, 

sol-gel synthesis, laser deposition, etc.  The mixing of nano-sized ceramic particles is lengthy, 

expensive, and energy consuming.  The solid-state technologies discussed above that are used for 

manufacturing of Al MMCs suffer from size and complexity limitations of the components.  The 

liquid-state technologies including stir-casting and compo-casting are attractive due to their low 
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cost, high yield, and near net shaping capability.  However, the stir casting process cannot 

disperse the nanoparticles uniformly into the melt due to their large surface-to-volume ratio and 

poor wettability.   

Several recent studies revealed that ultrasonic vibration is highly efficient in dispersing 

nanoparticles into the melt [34, 40].  Ultrasonic vibration has been extensively used in (I) 

purifying, degassing, and refinement of metallic melt [38-40]; and (II) for introducing the 

ultrasonic energy into a liquid that will induce nonlinear effects such as cavitation and acoustic 

streaming.  Ultrasonic cavitation can create small-size transient domains that could reach very 

high temperatures and pressures as well as extremely high heating and cooling rates.  The shock 

force occurring during ultrasonic cavitation coupled with local high temperatures could break 

nanoparticle clusters and clean the surface of the particles [48-50].  Furthermore, ultrasonic 

vibration can improve the wettability between the reinforced nanoparticles and the metal matrix, 

and distribute particles uniformly into the metal matrix.   

Among various types of ceramic particles such as oxides, nitrides, or carbides, Al2O3 and SiC 

are widely used as reinforcement particles due to their relatively good thermal and chemical 

stability as compared to other types of reinforcements [9, 10].  In this article, the effects of the 

ultrasonically dispersed Al2O3 and SiC nanoparticles on the as-cast microstructure are studied.  

The purpose of this work is to perform a fundamental research on Al2O3 and SiC 

nanoparticles reinforced A356 nanocomposites fabricated by ultrasonic method.  The goals are 

as follows:  

(i) Apply ultrasonic cavitation and acoustic streaming for proper dispersion of the 

nanoparticles into the molten metal.  A356 alloy will be used as the matrix alloy.  
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Al2O3 nanoparticles with an average diameter of 20nm and SiC nanoparticles with an 

average diameter of 50 nm will be used as the reinforcement materials.  

(ii) Study the dispersion of nanoparticles in the A356 nanocomposites under SEM 

(Scanning Electron Microscopy). 

(iii) Investigate the effects of the main ultrasonic and solidification process parameters on 

the microstructures and mechanical properties of the A356 nanocomposite material.  

(iv) Develop well-controlled UST experiments that will be used in the development and 

validation of the UST dispersion modeling and simulation tool currently under 

development at the University of Alabama. 

The thesis is presented in the following sequence: chapter II provides a literature review, 

chapter III will present the experimental approach, chapter IV will present and discuss in detail 

the experimental results and chapter V will present the conclusions and recommended future 

work. 
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2.0 LITERATURE REVIEW 

The term "Metal Matrix Nano-Composites (MMNCs)" broadly refers to a composite system 

that is based on metal or alloy substrate, combined with metallic or non-metallic nano-scale 

reinforcements.  There is strong evidence that mechanical properties of a cast component can be 

considerably improved if nanoparticles are used as a reinforcement to form a metal-matrix-nano-

composite (MMNC).  

2.1 A356 ALUMINUM ALLOY 

Aluminum-silicon (Al-Si) alloys compromise 85 to 90 percent of the total Al casting parts 

produced commercially, and are used extensively in industry due to their superior properties, 

including good corrosion resistance, low coefficient of thermal expansion, excellent castability, 

low density, high strength-to-weight ratio, and improved mechanical properties over a wide 

range of temperatures [1].  In particular, alloy A356 is a 7 wt. %Si-0.3wt. % Mg alloy with 0.2 

wt. % Fe (max) and 0.10 wt. % Zn (max).  Alloy A356 has greater elongation, higher strength 

and considerably higher ductility than Alloy 356.  A356 has improved mechanical properties 

because of lower iron content, compared to 356.  Typical applications are airframe castings, 

machine parts, truck chassis parts, aircraft and missile components, and structural parts requiring 

high strength [2].  Even though A356 exhibits good performance in as-cast as well as in its heat-

treated form, the alloy has several limitations.   

For example, A356 exhibits moderate machinability, low stiffness, and limited strength under 

high temperatures, which limits its application to components subjected to extreme temperature 

conditions [3].  In addition, A356 exhibits low room temperature wear resistance as well as the 

presence of defects and oxide films [4]. 
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Therefore, further study need to be carried out to improve the mechanical performance of 

A356 alloy by additional element reinforcements for the expanded applications in industry. 

2.2 TYPE OF NANOPARTICLES 

By scaling down the particle size from micro-meter to nano-meter, better material properties 

could be obtained [5].  It has been reported that with a small fraction of nano-sized 

reinforcements, nanocomposites could obtain comparable or even far superior mechanical 

properties than those of micro-size particles strengthened MMCs [6-8]. 

Among various types of ceramic particles such as oxides, nitrides, or carbides, Al2O3 and SiC 

are widely used as reinforcement particles due to their relatively good thermal and chemical 

stability as compared to other types of reinforcements [9, 10].   

2.3 METAL-MATRIX-COMPOSITES 

Metal Matrix Composites (MMCs) reinforced with ceramic particulate offer significant 

performance advantages over pure metals and alloys.  MMCs tailor the best properties of the two 

components, such as ductility and toughness of the matrix and high modulus and strength of the 

reinforcements [11-23].  These prominent properties of these materials enable them to be 

potential for numerous applications such as automotive, aerospace and military industries [24-

27].  

MMCs can be divided into three categories: particle reinforced MMCs, short fiber reinforced 

MMCs and continuous fiber reinforced MMCs.  Compared to other two types of reinforcements, 

the fabrication cost of particulate is low [11], which makes it more economical in many 

applications.   
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Figure 1: Global outlook of metal-matrix composites by application segment (2004-2013).  

(From BCC research: http://www.bccresearch.com/) 

 

Orowan strengthening theory could explain the strengthening mechanism of metal matrix 

composites [28].  The mechanism is shown schematically in Figure 2 below.  According to this 

mechanism the yield stress is determined by the stress required for a dislocation line to pass by 

the two particles shown.  The dislocation line is bowed around the two particles as the applied 

stress is increased until the dislocation line reaches a critical curvature stage 2.  When this 

critical curvature is reached the dislocation line can then move forward without increasing its 

curvature (stage 3).  The segments of dislocation line on either side of each particle then join, 

and a dislocation loop is left around each particle.  As each dislocation line moves past a particle 
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the dislocation cell structure around the particle builds up.  Hansen [23] investigated this 

phenomenon results in dispersion hardened metals with a high rate of strain hardening. 

 

 

Figure 2: Orowan Strengthening Theory [23] 

 

In many systems, Orowan strengthening is not the only mechanism at play; other mechanism 

such as Hall-Petch strengthening due to grain size and solute strengthening (in alloyed aluminum) 

also contribute to the strength of the resulting MMC.  Based on the studies of strengthening 
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mechanism, metal matrix composites reinforced with micro-sized particles have been well 

investigated and applied in many fields. 

A simulation of the solidification microstructure of MMCs is shown in Figure 3.  The effect 

of the SiC reinforcement on A356 can be clealry seen in Figure 3.   

 
Experimental                    Simulated                      Experimental                    Simulated 

 

Figure 3: Simulated solidification microstructure of A356 /7 µm diameter SiC (initial particle 

concentration is 4.8 vol. % SiC) centrifugally-cast MMCs (centrifugal force of 100 g) [66]. 

 

2.4 FABRICATION METHODS 

During fabricating of the cast composites, it has been found that larger dendritic 

structures which are present during solidification lead to particle clustering, whereas fine 

dendrite or regular globular ones produce a more uniform distribution of the particles [67,68].  
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Hence, from this point of view, any processing step that is capable of producing smaller grain 

size can reduce the heterogeneity of the reinforcement distribution in the solidified region, which 

in turn will improve the mechanical properties of the aluminum matrix composites (Al MMC) 

components.  

Ultrasonic treatment of metallic alloy systems, such as Al-Si [29-32] and Al-Cu [33] alloys 

has been studied extensively.  It has been shown that the addition of ultrasonic vibration into the 

melt can eliminate columnar dendritic structure, refine the equiaxed grain structure, and by 

casting at low superheat may also produce globular grain morphologies [29, 30].  

Currently, there are several technologies for manufacturing of Al-MMCs, including 

mechanical alloying with high energy milling [35], vortex process [36,37], disintegrated melt 

deposition [38], powder metallurgy [39], ultrasonic casting [34, 40], etc.  The joining of 

aluminum matrix composites (Al MMCs) has been studied in detail in [41-47].  During joining 

of Al MMCs, reinforcement particles tend to be incorporated into the molten pool once melting 

of base metal occurs.  The solidification of such molten pool faces a problem similar to that 

associated with the solidification of the cast composite slurry, that is, even if uniform dispersion 

of particles can somehow be ensured in the melt, they can still become segregated in the inter-

granular and inter-dendritic regions of the matrix due to particle pushing by the advancing solid-

liquid interface during solidification [46, 47].  The particle-segregated zones in the bond region 

have been observed to be the sources of cracks during mechanical testing of the joint [44].   

The solid-state technologies discussed above that are used for manufacturing of Al MMCs 

suffer from size and complexity limitations of the components.  The liquid-state technologies 

including stir-casting and compo-casting are attractive due to their low cost, high yield, and near 
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net shaping capability.  However, the stir casting process cannot disperse the nanoparticles 

uniformly into the melt due to their large surface-to-volume ratio and poor wettability.    

Several recent studies revealed that ultrasonic vibration is highly efficient in dispersing 

nanoparticles into the melt [34, 40].  Ultrasonic vibration has been extensively used in (i) 

purifying, degassing, and refinement of metallic melt [38-40]; and (ii) for injecting the ultrasonic 

energy into a liquid that will give rise to nonlinear effects such as cavitation and acoustic 

streaming.  Furthermore, ultrasonic vibration can improve the wettability between the reinforced 

nanoparticles and the metal matrix, and distribute particles uniformly into the metal matrix.   

Some work has been reported that ultrasonic vibration had been used to prepare the 

particulate reinforced composites, and the reinforcements were added into the melts directly [48, 

49].  High intensity ultrasonic waves can generate strong cavitation and acoustic streaming in the 

molten metal.  Ultrasonic cavitation can create small-size transient domains that could reach very 

high temperatures and pressures as well as extremely high heating and cooling rates.  The shock 

force occurring during ultrasonic cavitation coupled with local high temperatures could break 

nanoparticle clusters and clean the surface of the particles [48-50].   

Fabrication Limitations of Nano-Composites: 

As discussed above, different types of methods have been used to fabricate MMNCs.  Other 

than classifying the processing routes based on the state in which the composites are fabricated, 

the processing routes could also be classified into ex-situ methods and in-situ methods based on 

the source of particles.  

Ex-situ methods, which include powder metallurgy, stirring techniques, pressure infiltration 

and spray deposition, are usually more cost-efficient.  However, the particles are easy to 
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agglomerate and hard to be dispersed.  Reinforcements created in-situ are usually fine and well 

distributed, however, in-situ reinforcement have less opportunity than ex-situ ones for complex 

reactions involved in the in-situ fabrication routes [51].  

Fabrication of MMNCs is much more complex compared to fabrication of MMCs.  When the 

particle size scales down from the micro to the nano level, the major challenges are [51]:  

1. The reaction process between the bonding interfaces is still unclear. 

2. Agglomeration and clustering in bulk materials can still be observed.  The dispersion 

during processing needs to be optimized.  

3. Cost effectiveness is another factor that hinders the fabrication of nanocomposites.  With 

the development of nanotechnology, the prices of nanofabrication should be reduced.  

4. Currently, low volume and rates are obtained.  A transition to high volume and high rate 

fabrication is pivotal to applying the technology to real industry fabrication.  

5. Different processes have been applied, however modeling of these processes are needed.  

2.5 AGGLOMERATION 

Agglomerates of particles are usually observed in the solidified microstructure.  This is due 

to the increase of surface area caused by the reduction of particle size, which raise the difficulty 

of particle introduction and homogeneous dispersion through the melt.  The poor wetting 

between reinforcement material and the metal matrix presents a barrier to the incorporation of 

the dispersoid phase into the melt.  The immersion of solids into liquids requires substitution of a 

solid-gas interface by an equivalent solid-liquid interface, and can lead to absorption or 

generation of energy [52,53].  The energetic of solid immersion into liquids are determined by 

the energy associated with the solid-gas interface, liquid gas interface and solid-liquid interface. 
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By definition, the surface energy ɣ is the energy required to create a unit area of new surface, 

and represents the extra energy possessed by the surface atoms due to the decrease in bond 

length between the surface atoms and interior atoms [52, 53].  When a particle is split into two 

smaller particles, the number of broken bonds contributes to the surface energy of each of the 

two particles according to Eq. (1) [52]: 

 

ɣ = 0.5N ε ρA           (1) 

 

Where N is the number of the broken bonds, ε is half of the bond strength and ρA the number 

of atoms per unit area on the new surface. 

 

Table I: Variation of surface energy with particle size (1 g of sodium chloride) [53] 

 

 

Changes in the size range from micron scale to nanometer, lead to great changes in physical 

and chemical properties of the material.  In Table I it is shown the scatter of seven order of 

magnitude in the surface energy when the nanometer scale is reached.  The massive increase in 

surface energy makes particle wetting from the melt more difficult, as the surface energy of the 

system itself is increased [52]. 
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2.5.1 THEORETICAL MODEL 

 

To calculate the total attractive force of nano-particles, a simplified model was employed 

[57]: two nano-particles entrapped inside the aluminum melt were considered, as shown in 

Figure 4.  

 

 

Figure 4: Model for the agglomeration of SiC nano-particles. 

 

There are two forces that hold the two particles in the melt: (i) Van der Waals force, and (ii) 

capillary force applied by the melt surface tension.  These two forces are independent and vary 

with the distance between these two particles.  The maxima of these two forces are calculated 

separately and then added together to get the force needed to break-up particle agglomeration.  



 

14 

 

To calculate the Van der Waals force, the Lennard-Jones potential model was employed.  

The Lennard-Jones potential is a mathematically simple model that describes the interaction 

between a pair of neutral atoms or molecules.  The expression of Lennard- Jones potential is  

 

 ( )     (
 

 
)
  

 (
 

 
)
 
          (2) 

  

Where ε is the depth of the potential well, σ is the (finite) distance at which the inter-particle 

potential is zero, and r is the distance between the particles.  

The potential energy of the two particles is obtained vs. the distance between them, and the 

derivative of the potential is calculated to obtain the force between these two particles. 

 

          ∫    ∫    ( )       
       (3) 

 

Where dV1 and dV2 are the infinitesimal volume elements in the particles of volume V1 and 

V2, respectively.  As shown in Figure 5, r is the distance between the volume elements dV1 and 

dV2, q is the molecule density and V(r) is the Lennard-Jones potential model.  

 

Figure 5: Schematic representation of the interaction force between two particles. 
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Eq. (1) was numerically integrated and the Van der Waals force was calculated as the 

derivative of potential and plotted, as shown in Figure 6, where attractive forces are denoted as 

positive values and the repulsive forces shown as negative values.  As the radius of the nano-

particles varies from 1 nm to 100 nm, the force increased.  For the SiC nano-particles with a 

diameter of 50 nm, the maximum Van der Waals force is approximately 70 nN.  

 

  

Figure 6: Van der Waals force vs. distance between SiC nano-particles [69] 

To calculate the capillary force, we consider one particle sitting on top of the aluminum melt 

layer.  Due to the poor wettability between the SiC particles and aluminum matrix, the nano-

particle/melt system should be considered as hydrophobic, which means the force generated by 

the melt surface tends to push the particles out of the melt.  This force is given by:  

 

     (      )    (    )        (4)  
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Where γ is the surface tension coefficient, θC is the filling angle, and α is the contact angle.  

The maximum capillary force is calculated to be approximately 25 nN according to this equation. 

 

2.6 ULTRASONIC CAVITATION AND DISPERSION 

Several attempts have been made to overcome the agglomeration of particles.  Li. et al. [54-

57] fabricated Al and Mg based nanocomposites using ultrasonic cavitation.  In the ultrasonic 

cavitation-based solidification process, transient micro hot spot with the temperature of about 

5,000 K and pressure above 1,000 atm can be formed by ultrasonic cavitation.  The strong 

heating and cooling rates during the formation process is composed of hot spots that can break 

nanoparticles cluster and clean the particle surface.  The schematic of ultrasonic cavitation-based 

solidification processing is shown in Figure 7.  In the ultrasonic cavitation-based solidification 

processing, nanoparticles are placed on the surface of molten metal.  Then the ultrasonic 

vibration is executed on the molten metals for a specified period of time until all the particles are 

distributed in the liquid metal. 

 

Figure 7: Schematic of experimental setup of ultrasonic method [54-57]. 
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Yang et al. [57] fabricated bulk Al-based nanocomposites with nano-sized SiC by ultrasonic 

cavitation-based casting method.  It is shown that the nano-sized SiC particles are dispersed well 

in the matrix and the yield strength of A356 alloy was improved more than 50% with only 2.0 

wt.% of nano-sized SiC particles.  Partial oxidation of SiC nanopartilces resulted in the 

formation of SiO2 in the matrix.  The study suggests that strong ultrasonic nonlinear effects could 

efficiently disperse nanoparticles (less than 100 nm) into alloy melts while possibly enhancing 

their wettability, thus making the production of as-cast high performance lightweight MMNCs 

feasible. 

 

Modeling Approaches: 

A fully couple energy, mass, acoustic, and compressible fluid flow models to study ultrasonic 

cavitation was developed by Nastac [62-63.].  In the multi-phase ultrasonic cavitation modeling 

approach presented in Reference [62-63], a basic two-phase cavitation model was used that 

consists of using the standard viscous flow equations governing the transport of phases (Eulerian 

multi-phase) and the turbulence model.  In the cavitation region, the liquid-bubble mass transfer 

was shown to be governed by the cavity (bubble) transport equation:  

 

    CGbbbbb RRVff
t




 
              (5) 

 

 

Where b subscript denotes the cavitation bubble phase, fb is the bubble volume fraction, ρb is 

the bubble density, 
bV


 is the bubble phase velocity, RG and RC are the mass transfer source terms 

related to the growth and collapse of the cavitation bubbles, respectively.   
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In Eq. (5) above, the interphase mass transfer rates per unit volume (RG and RC) account for 

the liquid and bubble phases in cavitation.  They are calculated using the growth of a single 

bubble based on the Rayleigh-Pleasset model [65].  The model assumes no barrier for nucleation; 

thus, the bubble dynamics can be obtained from the general Rayleigh-Plesset equation as follows 

[65]:  

 

dt

dR

RR

pp

dt

dR

dt

Rd
R b

b

L

bL

L

L

bbb

b









42

2

3
2

2

2












     (6) 

 

 

Where Rb is the bubble radius, ρL is the surface tension coefficient of the liquid phase, ρL is 

the liquid density, υL is the kinematic viscosity of the liquid phase, pb is the bubble surface 

pressure, and p is the local far-field pressure.   

 

Figure 8 shows the geometry of the liquid pool used in the ultrasonic analysis.  In Figure 8, 

the ultrasonic probe has a diameter of 20 mm, an amplitude, A = 10 microns, and a resonant 

frequency, f = 17.5 kHz.  The flow field and cavitation region profiles are shown for two 

different times in Figures 9 and 10, respectively.  It can be seen from Figure 10 that though the 

predicted ultrasonic cavitation region is relatively small, the acoustic streaming is strong (see 

Figure 9) and thus the created/survived bubbles/nuclei are transported into the bulk liquid 

quickly.   

 

 
 

Figure 8: A356 liquid pool (the ultrasound probe is shown in the middle of the pool) [58, 61-62]. 
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t = 8.8e-06 s   V, m/s  t = 2.0e-05 s   V, m/s 
 

Figure 9: Flow induced by ultrasound: Flow field (velocity vector) [58, 62-63]. 

 

(a) t = 8.8e-06 s    (b) t = 2.0e-05 s 

Figure 10: Cavitation induced by ultrasound.  Legends show the volume fraction of 

cavities/bubbles/potential nuclei (cavitation region) [58, 62-63]. 



 

20 

 

Figure 11 show the predicted microstructure in the presence of UST.  The mesoscopic model 

developed by Nastac [64, 66] was applied to include the effect of UST on solidification structure 

evolution and therefore on grain refinement of alloys.  The mesoscopic model includes 

computations of the grain size and columnar-to-equiaxed transition (CET), as well as of 

segregation.  As it can be seen from Figure 11, the predicted grain size under UST processing is 

approximately one order of magnitude lower than that without UST.  Accordingly, the use of 

UST will be very beneficial to be used as a physical grain refinement technique, especially in the 

aerospace industry, where chemical grain refinement is not allowed.   

 

 

Figure 11: Ultrasonic Treatment: Prediction of Microstructure [59, 64, 66]. 
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2.7 SOLIDIFICATION PROCESSING 

The simplicity, economy and flexibility of solidification processes make them attractive 

methods for the production of particle-reinforced metal-matrix composites.  At present, however, 

there is limited understanding of the phenomena occurring during solidification of these 

advanced materials.  Nucleation and refinement of crystalline phases, physical and chemical 

interactions between dispersed particles and solidifying interfaces, and buoyancy-driven 

movement of the particles are areas where a knowledge base is beginning to be formed.  

Ultimately, the understanding of solidification processes in metal-matrix composites must 

become complete enough that microstructures can be tailored for specific applications. 

In the area of solidification processing, there is a strong desire for a cost-effective and 

reliable process that enables efficient dispersion of NPs in metal melts for the production of 

high-performance bulk Mg MMNCs [60]. 

A judicious selection of solidification process, matrix composition and dispersion method 

can produce new matrix structures and impart to the composite a unique set of useful engineering 

properties that are difficult to obtain in conventional monolithic materials.  Specifically, the 

combination of conventional casting processes and the use of inexpensive particles as 

reinforcements have led to a significant decrease in cost and to the large-scale production of cast 

metal-matrix particle composites.  The formation of solidification microstructures in cast 

particulate composites is mainly influenced by four phenomena: nucleation (or its absence) on 

particles; particle pushing by the solidification front; particle settling in the melt; and chemical 

reactions between particles and the matrix [61]. 

http://www.sciencedirect.com.libdata.lib.ua.edu/science/article/pii/S0921509312010945#bib18
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The difficulty in understanding structure formation in composites is largely due to the 

unrestricted mobility of the particles in a solidifying melt and the associated disturbances in the 

distribution of particles.  These unsteady-state phenomena render quantification of structure 

formation inherently more complex in particulate composites than in fiber-reinforced 

composites, where the analysis is facilitated by a regular stacking of fibers fixed in space. 

A consistently observed feature of all solidification microstructures of metal-ceramic 

particles composites is that certain primary phases, such as the α-phase in aluminum alloys, tend 

to push the dispersed particles into the residual melt during solidification.  

 

2.8 SUMMARY  

Metal matrix composites reinforced with ceramic nanoparticles, termed metal matrix 

nanocomposites (MMNCs), can overcome the disadvantages of conventional metal matrix 

composites, such as poor ductility and low fracture toughness.  The properties of MMNCs could 

be significantly improved with a small amount of nanoparticles.  There are numerous possible 

applications of these materials, market fields ranging from aerospace engineering to military 

industries.  

The processing routes for MMNCs could be divided into ex-situ methods and in-situ methods.  

Ex-situ methods are usually economically efficient but the particles tend to agglomerate due to 

the poor wettability between the matrix and reinforcement.  The reinforcements generated in-situ 

are usually fine and uniformly distributed, however, they are not cost-effective and have less 

opportunities than ex-situ reinforcements for complex reactions involved.  
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At present, ultrasonic cavitation assisted processing appeared to be an effective way among 

all the fabrication routes.  Besides the need for a cost-effective and energy-efficient route for 

fabrication MMNCs, other issues, such as understanding of the strengthening mechanism and 

bonding interface reaction, also require to be solved. 
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3.0 EXPERIMENTAL APPROACH 

3.1 MATERIAL APPLIED IN THE EXPERIMENTS 

3.1.1 MATRIX: ALUMINUM ALLOY  

Aluminum alloy A356 was selected as the metallic matrix because it is readily castable and 

widely used.  It has very good mechanical strength, ductility, hardness, fatigue strength, pressure 

tightness, fluidity, and machinability.  This alloy is used in many industrial applications such as 

airframe castings, machine parts, truck chassis parts, aircraft and missile components, and 

structural parts requiring high strength. 

The typical chemical composition of an A356 alloy is shown in Table II. 

 

Table II: Nominal chemical composition of matrix alloy A356 

Element Si Fe Cu Mn Mg Zn Ti Al 

wt. % 6.5-7.5 0.20 0.20 0.10 0.25-0.45 0.10 0.20 balance 

 

3.1.2 REINFORCEMENT MATERIALS 

The ceramic nanoparticles used in this study were β-SiC and Al2O3.  The properties are 

shown in Tables III and IV, separately.  Among various types of ceramic particles such as 

oxides, nitrides, or carbides, Al2O3 and SiC are widely used as reinforcement particles due to 

their relatively good thermal and chemical stability as compared to other types of reinforcements 

[9, 10].   
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Table III: SiC nanoparticle parameters 

Commercial Name Silicon Carbide (Beta) 

Purity 97.5% 

Average Particle Size 45-55 nm 

Color Grayish White 

Density 3.22 g/cm
3
 

Morphology Spherical 

 

Table IV: Al2O3 nanoparticle parameters 

Commercial Name Al2O3, Gamma 

Purity >99% 

Average Particle Size 20 nm 

Color White 

Density 3.890 g/cm
3
 

Morphology Spherical 
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3.2 EXPERIMENT SETUP 

Figure 12 shows the ultrasonic processing system available at the Solidification Laboratory, 

the University of Alabama at Tuscaloosa.  The main parameters of the ultrasonic equipment are: 

maximum power, P=2.4 kW and resonant frequency, f =18 kHz.  An induction furnace with a 

capacity of 6 lbs was used to melt the A356 alloy.  A quartz tube with an adjustable switch was 

used to inject the ceramic nanoparticles just beneath the ultrasonic probe, and the nanoparticles 

were blown into the melt by Ar gas in a 5 min time-frame, in this way, nanoparticles can be 

injected into the melt slowly under control and no air contamination was guaranteed.  The A356 

molten pool was protected by Argon gas atmosphere at the same time.  A temperature probe was 

used to monitor the melt temperature to control the superheat.  To cast high quality tensile 

specimen, steel mold was selected because it can offer good complexity, high cooling rate, and 

smooth casting surface.  The permanent metal mold can be preset to a well-controlled 

temperature in order to study the effects of different mold temperature and cooling rates.  The 

specimen extracted from the metal mold (as shown in Figure 12) is tested on the tensile test 

machine.  The dimensions of the specimen are 2 inches length and 0.5 inch diameter.  The 

parameters of the ultrasonic stirring technology were determined using a UST software tool 

previously developed and validated [63].  The UST analysis tool is capable to model acoustic 

streaming and cavitation.   
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Ultrasonic Processing System 

     

4 kW Ultrasonic Generator            Metal Mold (with generator) 
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  Metal Mold     Test Specimen 

Figure 12: UST-induction furnace equipment and metal mold available at the Solidification 

Laboratory, UA. 

 

3.2.1 SCANNING ELECTRON MICROSCOPY ANALYSIS  

Microstructure examinations were carried out using scanning electron microscopy (SEM).  

Specifically, Field Emission Scanning Electron Microscope JEOL JSM-7000F, which can 

provide high-resolution performance were used to detect the presence of nanoparticles in the 

bulk A356 nanocomposites sample.  Kevex energy dispersive x-ray spectroscopy (EDS) system 

and X-ray mapping were also utilized to characterize chemical elements and their distribution. 
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3.3 EXPERIMENT PROCEDURE 

A brief description on the experimental procedure is presented below:  

1. Weigh the materials we need.  Usually 5 lbs A356 alloy will be cut and weighed, 1 wt% 

nanoparticles will be weighed accordingly. 

2. Preheat the permanent metal mold to the desired temperature.  (350 ℃) 

3. Preheat the A356 ingots (5 lbs) to eliminate any moisture and other contaminants, and then 

add them in the furnace for melting.   

4. After the alloy is melted, insert the Nb (Niobium) ultrasonic probe about 2 inches beneath the 

melt surface, perform ultrasonic stirring at 1.75 kW (about 70% of the maximum power-

2.4kW) and 18 kHz resonant frequency, as shown in Figure 13.  The utilized power is 

sufficient to create cavitation into the melt.  

5. The 1 wt% nanoparticles were weighed and then added into a quartz tube before the 

experiments.  When the A356 melt completely, the quartz tube was inserted into the 

cavitation area of the melt, which is just beneath the ultrasonic probe; meanwhile, the 

ultrasonic probe was applied to the melt and the power was turned on.  At one end of the 

tube, Argon was applied to inject Al2O3 or SiC nanoparticles into the melt.  1 wt. % 

nanoparticles were injected into the melt during a 5 min time-frame. 

6. A higher pouring temperature of 750℃ was used to minimize the formation of metal-mold 

filling defects including cold-shuts and decrease the viscosity of the melt.  

7. The casting was extracted from the metal-mold after cooling in the mold for at least 30 min.  

After it completed cooled down, mark it with proper description. 

 



 

30 

 

 

Figure 13: Ultrasonic Processing System. 

 

8. For microstructural study, samples of as-cast bulk MMNCs were mounted, mechanically 

polished down to 1 µm, and etched by Keller’s reagent (2 ml HF (48%), 3ml HCl (conc.), 

5ml HNO3 (conc.) and 190 ml water). 

During the whole process, the temperature of the molten A356 alloy was monitored by a 

thermocouple, the pouring temperature and processing temperature were ensured to be in the 

range of our processing parameters.  If the temperature is much higher than 750℃, the structure 

of the molten A356 will be changed, which is harmful to the experimental results.  At the same 
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time, the molten metal was protected from air contamination by Argon gas continuously.  We 

started the Argon gas as soon as the A356 started to melt, and stopped just before pouring, in this 

way, minimum air contamination could be guaranteed so that porosity brought by air should be 

controlled at the lowest level. 
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4.0 RESULTS AND DISCUSION 

4.1 OPTICAL MICROSTRUCTURE ANALYSIS 

Figures 14-16 show the microstructure of the as-cast A356 alloy and UST treated Al2O3/SiC 

reinforced A356 nanocomposites cast in the metal molds at magnifications of 50x, 200x and 

1000x, respectively.  From these pictures, it is clear that the grains were refined after the 

ultrasonic treatment compared to the sample without any treatment.  Also, the grain size of the 

samples with nanoparticles are smaller than the samples without them.  In addtion, a comparision 

between Figure 14(c) and 14(d) showed that with the increase of the weight percent of the SiC 

nanoparticles, the grain sizes become even smaller.  The reason of this increase migth be because 

the nanoparticles will block the grains from growing bigger as they already dispersed on the area, 

the grain cannot bypass the particles to further grow.  In addition, the more nanoparticles in the 

melt, the higher nucleation potential of the melt.  According to Table V, the SDAS decreased by 

11.3% after ultrasonic treatment, and with the addition of nanoparticles, SDAS even decreased 

by more than 36.2% than in the standard A356 alloy.  Also, the eutectic structures are more 

refined after UST processing (see Figure 15).  In addition, the amount of porosities after 

ultrasonic treatment has been reduced significantly.  The degassing effect of the ultrasonic 

treatment is clearly shown in Figures 14-16. 

According to Hall-Petch strengthening equation:. 

 

d

k y

y  0            (7) 



 

33 

 

 

Where σy is the yield stress, σo is a materials constant for the starting stress for dislocation 

movement (or the resistance of the lattice to dislocation motion), ky is the strengthening 

coefficient (a constant unique to each material), and d is the average grain diameter or average 

arm spacing of the microstructure under consideration. 

A more detailed equation with the addition of eutectic phase fraction, fE, can be written as 

following: 

 

σ= fp·σp + fE ·σE           (8) 

 

Where σ is the overall mechanical yield strength, fp is the fraction of primary dendritic phase, 

fE is the fraction of eutectic phase , σp is the yield stress of primary dendritic phase, σE is the yield 

stress of eutectic phase.  Both σp and σE are inversely proportional to the size of microstructure as 

shown by Eq. (7). 

As shown by Eqs. (7) and (8), the smaller the sizes of the primary and euctectic 

morphologies, the bigger the mechanical strength.  This is verified by the experimental 

measurements (see the microstructures and mechanical properties in Table V and VII). 
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Figure 14: Microstructures of A356 alloy under magnification of 50X (metal-mold samples): (a) 

Standard (b) UST+1%Al2O3 (c) UST+0.7%SiC (d) UST+1%SiC 

 (b) 

(a) 
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Figure 14 (continued): Microstructures of A356 alloy under magnification of 50X (metal-mold 

samples): (a) Standard (b) UST+1%Al2O3 (c) UST+0.7%SiC (d) UST+1%SiC 

 

 

(c) 

(d) 
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Figure 15: Microstructures of A356 alloy under magnification of 200X (metal-mold samples): 

(a) Standard (b) UST+1%Al2O3 (c) UST+0.7%SiC (d) UST+1%SiC 

 

 (b) 

(a) 
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Figure 15 (continued): Microstructures of A356 alloy under magnification of 200X (metal-mold 

samples): (a) Standard (b) UST+1%Al2O3 (c) UST+0.7%SiC (d) UST+1%SiC 

 

 

(c) 

(d) 
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Table V: Comparison of SDAS (Secondary Dendrite Arm Spacing) using different processing 

methods 

SDAS (μm) #1 #2 #3 Average 

Standard A356 23.2 28.0 32.1 27.8 

UST+1%Al2O3 20.6 19.1 11.7 17.1 

UST+0.7%SiC 16.7 24.0 12.8 17.8 

UST+1%SiC 15.7 15.0 15.1 15.3 

 

 

The eutectic structures are more refined after the UST process, as shown in Figure 16 and 

Table VI.  Table VI shows that with the addition of nanoparticles, the eutectic spacing has 

increased.  In addition, the amount of porosities after ultrasonic treatment has reduced 

significantly, as shown in Figures 14-16.  The degassing effect of ultrasonic can be probably 

illustrated according to the results. 

Figure 17 shows that the microstructures of UST+nanoparticles cast into a pouring cap (silica 

sand mold) that solidify at relatively low cooling rates when compared with the samples cast into 

the metal-mold.  The microstructures processed under UST and with nanoparticles are more 

refined when compared with the standard A356 alloy. 
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Figure 16: Eutectic microstructures of A356 alloy under magnification of 1000X (metal-mold 

samples): (a) Standard (b) UST+1%Al2O3 (c) UST+0.7%SiC (d) UST+1%SiC 

 

 

(a) 

(b) 
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Figure 16 (continued): Eutectic microstructures of A356 alloy under magnification of 1000X 

(metal-mold samples): (a) Standard (b) UST+1%Al2O3 (c) UST+0.7%SiC (d) UST+1%SiC 

 

 

(c) 

(d) 
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Table VI: Comparison of eutectic spacing of all processed materials 

Eutectic Spacing (µm) #1 #2 #3 Average 

Standard 2.4 2.1 1.8 2.1 

UST+1%Al2O3 4.6 3.3 2.4 3.4 

UST+0.7%SiC 4.1 4.2 3.6 4.0 

UST+1%SiC 3.2 4.0 4.4 3.9 

 

 

Figure 17: Microstructures of  A356 alloy poured in the cooling cup (sillica sand molds): (a) 

standard A356 (b) UST+1%Al2O3 (c) UST+0.7%SiC (d) UST+1%SiC. 

 

(a) 
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Figure 17 (continued): Microstructures of  A356 alloy poured in the cooling cup (sillica sand 

molds): (a) standard A356 (b) UST+1%Al2O3 (c) UST+0.7%SiC (d) UST+1%SiC. 

(b) 

(c) 
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Figure 17 (continued): Microstructures of  A356 alloy poured in the cooling cup (sillica sand 

molds): (a) standard A356 (b) UST+1%Al2O3 (c) UST+0.7%SiC (d) UST+1%SiC. 

 

4.2 MECHANICAL PROPERTIES OF NANOCOMPOSITES 

After the T6 heat treatment (solution heat treatment for 4h at 932F and aging heat treatment 

for 4h at 311F), a mechanical testing was done to measure tensile strength, yield strength and 

elongation, see table VII.  Compared to as-cast A356, the tensile strength of 1wt% Al2O3, 1wt% 

SiC, remelt 1wt% SiC nanocomposites increased by 15.3%, 24.1%, 20.7%, respectively.  

At the same time, improvement in elongation can be seen as well in all UST+nanoparticles 

samples.  Furthermore, the A356+SiC nanocomposites performed slightly better than the 

A356+Al2O3, perhaps due to the fact that the samples with Al2O3 nanoparticles have more gas 

(d) 
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pores than the ones with SiC nanoparticles (see Figure 14-15).  These phenomena can be 

explained by the fact that aluminum is easy to oxidize and after oxidation, the wettability 

between aluminum and Al2O3 nanoparticles became worse. 

 

Table VII: Comparison of mechanical properties using different processing methods 

Samples 

Tensile 

Strength(MPa) 

Yield 

Strength(MPa) 

Elongation (%) 

Standard A356(Degas 3min) 228 ± 4 180 ± 3 4.0 ± 0.3 

UST 5min +1% Al2O3 263 ± 8 196 ± 5 6.3 ± 0.5 

UST+1% SiC 283 ± 4 196 ± 2 11.2 ± 0.9 

Remelt UST+1% SiC 275 ± 7 190 ± 6 6.3 ± 0.3 

 

4.3 COOLING CURVE ANALYSIS 

Figure 18 show the cooling curves obtained by pouring the melta into a sand mold pouring 

cup.  From  the cooling curves presented in Figure 18b, it appears that in all the experiments with 

UST and addition of nanaparticles, the cooling rates and solidification times are similar.  This 

confirm that all the with UST and addition of nanaparticles experiments have been performed 

under similar solidification/ cooling conditions.  Slightly longer solidification time is shown in 

Figure 18(a) in the case without the UST processing.   
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(a) 

 

(b) 

Figure 18: Cooling curves: (a) w/o UST and (b) UST+1%Al2O3, UST+0.7%SiC and 

UST+1%SiC. 
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4.4 SEM ANALYSIS OF A356/ 1 WT% SIC SAMPLE 

Figure 19 show the distribution of SiC nanoparticles in the A356/ 1 wt% SiC MMNC 

sample.  It can be seen that SiC nanoparticles were well dispersed into the A356 matrix.  It also 

showed that some agglomeration had occurred during the MMNC processing.  Further analysis is 

required to determine the cause of this agglomeration and how to prevent it.   

In order to further verify the dispersion of the nanoparticles in  the A356 matrix, EDS 

analysis was also performed.  Figure 20 shows the EDS spectrum of the A356 nanocomposites.  

Aluminum, silicon and carbon were detected in the analysis.  It seems that the MMNC process 

was well protected quite well since no oxygen was detected.  Since the average size of the 

nanoparticles is less than 60 nm, it is very difficult to use EDS-spot analysis on a single particle 

due to the limitation of the E-beam resolution in this instrument.  Therefore, mapping scanning 

was employed.  

Figure 21 shows the distribution of the aluminum (Al), carbon (C), and silicon (Si) elements, 

respectively.  From the elemental distribution of carbon (C) shown in Figure 21, an uniform 

dispersion of SiC nanoparticles can be observed.  Also, the image showing the distribution of Si 

in Figure 21 clearly demonstrates the presence of the eutectic phase.  Further SEM and TEM 

analyses will be carried out to have a better understanding of the SiC dispersion into the A356 

matrix.   
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Figure 19: The distribution of SiC nanoparticles in the MMNC sample 

 

Figure 20: EDS spectrum of A356/1 wt.% SiC nanocomposites 
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Figure 21: Element distribution of nanocomposites from EDS mapping 
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Figure 21 (continued): Element distribution of nanocomposites from EDS mapping  
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5.0 CONCLUDING REMARKS AND FUTURE WORK 

5.1 CONCLUSIONS: 

The following main effects of ultrasonic treatment on A356 nanocomposites can be seen 

from the experimental results:  

(i) Due to ultrasonic treatment, microstructures were refined by ultrasonic stirring and 

cavitation; grain size and SDAS decreased, columnar-to-equiaxed-transition (CET) 

was completely eliminated (as shown in Figures 14-16);  

(ii) Ultrasonic degassing of the molten alloy was quite good; this is demonstrated by the 

observed reduced gas porosity in all samples in Figures 14-16.   

(iii) From the cooling curves presented in Figure 18b, it appears that in all the experiments 

with UST and addition of nanaparticles, the cooling rates and solidification times are 

similar.  This confirm that all the with UST and addition of nanaparticles experiments 

have been performed under similar solidification/ cooling conditions.   

(iv) Nanoparticles can be seen through SEM images, EDS mapping showed three main 

elements (Al, Si, C) in the nanocomposites; it was shown that agglomeration still 

exists. 

(v) Significanlty improvement in the mechanical properties including tensile strength and 

yield strength as well as ductility were achieved after adding the ceramic 

nanoparticles by ultrasonic processing.  Hall-Petch strengthening mechanism can be 

verified by the microstructures and mechanical properties in Table V and VII. 
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5.2 FUTURE WORK:   

Future work will include STEM (Scanning Transmission Electron Microscope) analysis of 

cast A356 nano-composites to clearly understand the effects of ultrasonic cavitation process on 

dispersion of nanoparticles and whether the dispersion of nanoparticles is uniform or not after the 

ultrasonic cavitation and acoustic streaming processing.   

i) Optimization of  the fabrication process;  

ii) Investigation of the influence of different kinds of reinforcement materials on the 

properties of the nano-composites.  

In addition, a CFD (Computational fluid dynamics) model that can simulate the ultrasonic 

processing of nano-composites, which was recently developed [62-64] will be further refined and 

validated. 
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