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ABSTRACT 

Ultrasonic stirring treatment (UST) of molten metal has significant effects on the 

solidification microstructure of A356 alloy, which includes grain structure, distribution of 

inclusions, refinement of secondary phases, etc.  The primary causes are due to ultrasonic 

cavitation, acoustic streaming and propagation of ultrasound waves in media.  However, the 

mechanism of how those effects happen are not fully understood and quantified. 

In this research, molten A356 alloy was treated with high power ultrasound at a 

frequency of 18 kHz, and then at relatively high superheat, the melt was cast into a permanent 

metal mold which complies with ASTM B108-02.  The UST processing system was custom built 

to perform the present UST study. 

The relatively high superheat condition is similar to the one used in the standard foundry 

practice, which will assist in the scale up of practical application of ultrasonic stirring technology.  

The selected parameters for the ultrasonic stirring technology (UST) were determined by using 

an UST modeling software tool that was recently developed and validated.  The UST modeling 

software tool is capable of modeling and simulating the acoustic streaming and ultrasonic 

cavitation as well as the microstructure evolution during the solidification of cast alloys. 

Since the UST was preceded in the molten alloy, no dendrites are growing during the 

UST processing.  Besides, more energy is required for homogeneous nucleation to occur.  

Consequently, the dominant mechanism of nucleation in this research is heterogeneous 

nucleation. 
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The microstructure and mechanical properties of the A356 alloy processed with and 

without UST were analyzed and compared in detail in this study.  It was demonstrated that the 

ultrasonically-stirred A356 alloy shows superior microstructure characteristics with very low 

micro-porosity levels and improved tensile properties when compared with the standard A356 

alloy.   
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1.0 INTRODUCTION 

Grain refinement is important for improving mechanical properties such as increasing the 

toughness and fracture resistance of an alloy [11; 49; 67].  Chemical refiners are usually used as 

the main sources for refining the structures.  However, these refiners cannot be applied for every 

alloy and some of them forming compounds that have detrimental effects on the mechanical 

properties [11].  They cause melt contamination and just part of them act as nucleation sites 

while the rest of them turn into impurities [32].  In comparison, under some conditions, physical 

refinement is recommended for refining the microstructures of alloys.  Physical refinement has 

been tried previously such as using electro-magnetic [30; 45] or magnetohydrodynamics (MHD) 

[66] stirring at above liquidus, shearing above liquidus temperature and ultrasonic stirring 

treatment (UST) [34].  Ultrasonic stirring treatment can be effectively used in commercial 

casting processes, e.g. direct-chill, shape or die casting due to its effects on microstructure of 

metals, which includes control of grain structure, variation in the distribution and refinement of 

secondary phases, improvement of material homogeneity, and the uniform distribution of 

inclusions.  The existence of these effects is proven experimentally, and some of them are used 

in industry [5; 6].  In addition, the UST offers other advantages such as [38]:  

(i) Degassing effect of melt 

(ii) Integration into shape and continuous casting systems without changing basic 

technological parameters 

(iii) Treatment time is considerably short 
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The earliest research of ultrasonic stirring effect on metal can date back to 1878, when 

Chernov [16] was trying to improve the quality of cast metal by elastic oscillations.  Since then, 

a large amount of relevant research has been made in this field.  It has been proved 

experimentally that UST treatment into melt metal can eliminate columnar dendritic structure, 

may obtain globular non-dendritic structures, and more refined microstructure [3; 4; 22; 24; 39].  

Cast components with globular grains have many advantages including the decrease of hot 

tearing susceptibility, isotropy microstructure and properties, reduced micro-segregation due to 

reduced grain size, improved resistance to corrosion, and improvement of mechanical properties, 

such as hardness, yield strength, and elongation [23]. 

The mechanism of heterogeneous nucleation above liquidus is not very well understood.  

Three major mechanisms were proposed: 

(1) Oxide nucleation, where oxides nucleate intermetallics and aluminum nucleates on 

them as substrate.  However, this multistep nucleation [70; 25] looks vague due to high wetting 

contact angle of oxides with melt which is usually above 120 °C and occurring cohesion, not 

adhesion . 

(2) The other method that was introduced by Eskin [17] is by nucleating aluminides, 

which act as nucleating sites for aluminum (e.g. Al3Ti). 

(3) The other major mechanism is the occurrence of cavitation above liquidus.  This 

mechanism includes improved wetting of solid particles, local undercooling upon the collapse of 

cavitation bubbles and pre-solidification of particles inside fine capillaries. 

The main objectives of this fundamental research are as follows: 
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(1) Determine the dominant mechanisms for grain refinement under UST processing. 

(2) Determine the relevant parameters of the UST processing. 

(3) Investigate the as-cast microstructure and tensile properties of the UST processed 

material in conjunction with relatively low (e.g., silica sand molds) and high (e.g., 

permanent molds) cooling rates. 

(4) Determine the feasibility of casting UST-processed materials at relatively high 

superheat; this will assist in scaling up of the ultrasonic technology for commercial 

applications. 

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  

2.1 A356 ALLOY 

Aluminum alloy A356 was selected as the metal we used because it is readily castable 

and widely studied and used.  Typical A356 alloy is used to make aircraft pump parts, 

automotive transmission cases, aircraft fittings and control parts, water-cooled cylinder blocks 

and other applications where excellent castability and good weldability, pressure tightness, and 

good resistance to corrosion are required. 

The chemical composition of the A356 alloy is shown in Table 1. 

Table 1 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 

 

2.2 NUCLEATION MECHANISMS: 

Grain structure is principally affected by the nucleation rate [9; 13; 14; 59].  Basically, 

there are three mechanisms for nucleation: homogeneous, heterogeneous, and dynamic 

nucleation. 

Homogeneous nucleation is dependent on the undercooling of the melt which is related to 

the cooling rate during solidification.  Heterogeneous nucleation is influenced by the impurities 

in the melt and the addition of grain refiners.  Dynamic nucleation is caused by dendrite 

fragmentation at the solidification front in essence. 
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2.2.1 HOMOGENEOUS NUCLEATION 

Homogeneous nucleation is the formation of solids within the melt without the aid of 

foreign materials.  Above or below the equilibrium transformation temperature, fluctuations in 

density, atomic configurations, heat content, etc., occur in the liquid.  They make possible the 

formation of minute particles of crystalline solid (long range order), called embryos.  

Consequently, a liquid-solid interface is created, and associated with it is interface energy.  As a 

result, the free energy of the system increases, and, unless sufficient undercooling is available, 

the embryo will remelt.  If the undercooling of the melt is sufficient, the embryo will survive, 

and will grow to form a nucleus.  Because the nucleus has the same composition as the liquid 

and solid, this is called homogeneous nucleation.  It can be demonstrated that the embryo must 

grow to a certain critical size in order to become stable and form a nucleus. 

Consider that an embryo of radius r is formed in the liquid.  This will result in a change in 

free energy, firstly, because of the decrease in the free energy resulting from the change of the 

volume of radius r from liquid state to solid, and secondly, because of the increase in the free 

energy due to the newly created liquid-solid interface.  The change in free energy is [26; 58]: 

    ∆G �
�

�
πr�∆Gν 
 4πr�σ    (1) 

where ΔG� is the free energy per unit volume, and σ is the surface tension, or interfacial energy 

per unit area.  The first term corresponds to the energy change due to the formation of solid 

phase in the supercooled liquid, and the second term shows the surface energy of the newly 

formed nuclei.  The whole equation is represented by the ΔG curve in Fig. 1. 
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Fig. 1:  Variation of the free energy of the liquid-solid system with the radius of the embryo [63]. 

 
Since theΔG must be negative for nucleation to occur, the critical radius of the nuclei is: 

     r� � �
�σ

∆�ν
     (2) 

The rate of homogeneous nucleation, which is a key parameter for determining the size of 

the grains in a solidified metal, is given by [58; 63]: 

    I�T� � ωAexp�
���

��
� exp�

���

��
�   (3) 
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where ω is related to the atomic oscillation frequency, exp�
���

��
� represents the kinetics of atomic 

migration for the activation energy ΔG�, and exp�
���

��
� is the volumetric energy of formation of 

stable nuclei.  This balance between the kinetics of atomic migration and the thermodynamic 

driving force lead to a maximum nucleation rate at intermedial undercooling, see Fig. 2 [63]. 

 

Fig. 2:  Nucleation rate at Temperature T with respect toΔG� and ΔG�. [63] 

 

2.2.2 HETEROGENEOUS NUCLEATION 

Heterogeneous nucleation occurs more readily than homogeneous nucleation due to the 

lower energy requirement to form a nuclei on a solid surface [26; 58], such as impurities in the 

bulk liquid like intermetallics or at the walls of the casting mold, see Figure 3.  The number of 

heterogeneous nuclei is directly related to the number of foreign solid phases in the liquid.  There 

are several approaches to increase the rate of heterogeneous nucleation during solidification to 
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produce fine grain structures.  These include inoculation of the liquid metal and fragmentation of 

dendrites by stirring [63]. 

 

Fig. 3:  Energy required for nucleation in a liquid [63]. 

 

2.2.3 DYNAMIC NUCLEATION 

Dynamic nucleation refers to the formation of nuclei by the fragmentation of solidified 

grains.  This is the basis for various grain refinement methods [15; 31; 40; 46; 47; 56; 68].  There 

are two proposed mechanisms: the big bang and convective crystal fragmentation mechanism 

[63].  The big bang mechanism explains the columnar to equiaxed transition during 

solidification.  In this mechanism the columnar grains forming during the initial stages of 

solidification are fragmented by the ripening and local remelting of secondary arms.  The 
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principle behind this mechanism is that as the solidifying material becomes more solute-rich, the 

melting point is lowered causing the trunks of dendrite tips to melt and be carried away by the 

fluid flow eventually acting as a new heterogeneous nucleation site.  Experiments by Herlach et 

al. [15] based on Ni-Cu alloys showed this mechanism.  The fragmentation was indicated by 

sphere-like particles in the wake of dendritic microstructures.  This finding suggested that the 

undercooled melts initially formed a coarse dendritic structure and subsequent supersaturation of 

the alloying element at the dendrite trunk during growth caused the structure to subsequently 

fragment and form small equiaxed grains [15; 31; 40; 46; 47; 56; 68]. 

The second mechanism is caused by mechanical shear forces on the dendrite tips at the 

solidification front [8].  The shear forces are generated by the flow in the melt induced by 

mechanical or ultrasonic stirring.  It was initially thought that fluid flow in the melt caused this 

mechanical fragmentation; however, studies by Paradies et al. [8] of the flow velocity on grain 

fragmentation revealed that the mechanism was actually due to the temperature and solute 

gradients generated by the fluid flow [8; 64].  While the solute rich regions are the mechanism 

for dendrite fragmentation, Campanella et al. [64] showed that in solute rich alloys the 

fragmentation occurs more readily than in solute lean alloys resulting from the density of the 

mushy zone in the melt and the permeability of the liquid in the dendritic structure.  Later, it was 

suggested by Li et al. [40] that while for middle range undercooling the fragmentation was a 

result of solute entrapment, for large undercooling fragmentation was attributed to internal 

stresses from shrinkage during rapid solidification. 
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2.3 UST GRAIN REFINEMENT MECHANISMS 

UST can apply high intensity of acoustic energy into the melt [19; 21; 60].  The 

application of ultrasonic energy to the melt causes instantaneous local pressure oscillation.  

During cavitation, low pressure creates tiny bubbles while high pressure makes the bubbles 

collapse and produce shock waves.  During the solidification of castings, UST can be used for 

degassing and microstructure refinement and modification:  

Cavitation involves the formation, growth, pulsating, and collapsing of tiny 

discontinuities or bubbles in liquid [1; 18; 44; 54].  The discontinuities result from the tensile 

stresses generated by the sound wave during the tensile phase.  If the tensile stresses persist once 

the bubble has been formed (negative sonic pressure or tension), the bubble will expand and may 

be several times bigger than its initial size.  The cavitation bubble is initiated and moves in liquid 

simultaneously with many other bubbles spaced by less than one wavelength and forming a 

cavitation region.   

It is supposed that acoustic cavitation in liquids develops according to a chain reaction.  

Therefore, individual cavities are developing so rapidly that within a few microseconds the 

active cavitation region is created close to the source of the ultrasound power [28]. 
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Fig. 4:  Schematic image of cavitation bubble pulsation with collapse [23]. 

The bubble, in fact, can pulse, either linearly or nonlinearly, with respect to its 

equilibrium radius, or it can increase to a maximum size and then begin to collapse until the 

rapid rise in pressure inside the cavity prevents further motion.  Before bubbles reach their 

maximum size they accumulate the ultrasonic energy over several pulsation periods (100 to 200 

x 10-6 s) [29].  Upon the collapse of these bubbles, high temperatures (up to 1000 °C), pressures 

(tens of thousands of MPa [20]), and other forces, such as micro-jetting, turbulence, acoustic 

streaming, etc., are generated.  These physical effects are suggested as possible mechanisms for 

ultrasonic cleaning, degassing, melt filtration, grain refinement, semi-solid processing, 

production of natural composites based on aluminum, etc. [10; 35; 43; 48]. 
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Fig. 5:  Phenomena occur in the melt during the UST processing. 

The main effects of the UST processing are: 

(1) UST induced degassing: During the cavitation process, very small bubbles are 

created at low pressure.  These bubbles can act as nuclei for the formation of 

hydrogen and vapor bubbles.  Hydrogen will escape from the liquid. The degassing 

efficiency is proportional to the ultrasonic intensity [36]. 

(2) Grain nucleation: There are several ways that UST can alter grain nucleation [42].  

Since the pressure oscillations exist in a melt under UST processing, the liquidus 

temperature for the melt is changed.  Thus, some part of the melt is superheated and 

the other part is undercooled.  This phenomenon occurs at high frequencies and 

causes increase in the amount of nuclei into the melt.  
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(3) Dendrite fragmentation: Dendrites usually start melting at the root due to local 

temperature rise and segregation.  In the melt, UST produces strong convection and 

shock waves which may promote dendrite fragmentation.  Convection can promote 

dendrite fragmentation because it causes local temperature and composition 

variations and promotes diffusion of solute. Shock waves will induce the breakage of 

the melting root [15; 33; 46; 61; 69].   

The mechanisms for UST induced grain refinement are related to pressure and 

temperature oscillations in the melt.  As previously discussed, these oscillations are likely to 

induce heterogeneous nucleation in the melt.  In addition, they are probably enhancing dendrite 

fragmentation.  However, the dominant mechanism for grain refinement has not yet been 

determined.  More related experiments need to be performed to understand which mechanism is 

dominant.   

There have been many different views regarding the mechanisms of ultrasonic grain 

refinement.  Generally these mechanisms can be classified into two groups due to the absence 

and presence of cavitation.  In the first group, they share the same assumption that grain 

refinement is induced by ultrasonic under the frequency below the cavitation threshold.  In this 

group, there are also two different views.  Chernov [16] holds the view that a strong stirring 

effect exists in the melt because of the UST.  The strong stirring effect will significantly increase 

the heat transfer from the melt to the environment, therefore the melt is cooled down and the 

nucleation is enhanced.  This stirring effect can be achieved by mechanical stirring and other 

methods.  By measuring the temperature in the melt, the cooling down of the melt can be 

observed. 
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Abramov came up with a new theory [2].  By using UST under a frequency below the 

cavitation threshold, Abramov conducted some experiments to disperse organic and metallic 

crystals.  It was observed that the UST under the frequency below the cavitation threshold had no 

significant effect on the solidification front; only the temperature distribution in the melt had 

been changed.  By using the UST treatment of the melt, a wide two-phase zone is formed to 

promote grain refinement, even in the absence of cavitation in the melt.  The refinement is 

affected by G/V ratio (G is the temperature gradient and V is the solidification rate).  Increasing 

the temperature gradient and decreasing the solidification rate would cause less grain refinement.  

Abramov explains that the ultrasonic treatment using a frequency below the cavitation threshold 

may result in pressure oscillations, viscous friction forces and dynamic forces, which promote 

the grain refinement. 

In the second group, one explanation for cavitation-aided grain refinement [7; 55; 57; 65] 

is about shock waves.  UST causes pressure oscillations.  Low pressure produces tiny bubbles.  

When the bubbles collapse, powerful shock waves are generated.  It is believed that shock waves 

occurring near the solidification front cause dendrite fragmentation.  Therefore, dendrite 

fragments may act as nucleation sites [24; 62].  This opinion also assumed that cavitation can 

activate inclusions in the melt to turn to nucleation sites.  Those inclusions are usually 

unwettable by metal melt, but under the UST treatment, bubbles may form on those inclusion 

particles which make them to be wettable [22-24]. 

Another mechanism of grain refinement in the presence of cavitation was proposed by 

Chalmers [12].  The pressure increase leads to rise of solidification temperature, which promotes 

nucleation in the melt.  Assuming that the local pressure will rise to 100 – 1000 MPa, the melting 
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point of aluminum can temporarily increase by more than ten degrees.  Therefore, the 

undercooling in the melt can be increased enough to enhance nucleation. 

Hem [37] proposed another mechanism.  During the expansion process, the bubbles size 

increase rapidly.  At the same time, the liquid evaporates inside the bubble.  The expansion and 

vaporization will reduce the bubble temperature.  As long as the temperature keeps falling down 

below the solidification temperature, certain amount of undercooling is formed to enhance the 

nucleation on the bubbles.  Although large amount of effort has been put in the field of ultrasonic 

processing of metal, the mechanism of UST induced grain refinement has not yet been 

determined.  This means that additional experimental work still needs to be performed to clearly 

understand which mechanism is dominant for UST induced grain refinement. 

 

2.4 MODELING OF ULTRASONIC CAVITATION:  

A comprehensive multi-phase ultrasonic cavitation model was developed by Nastac [50-

53].  In this modeling approach, 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 k- turbulence model.  In the cavitation domain, the liquid-bubble mass transfer 

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

 

( ) ( ) CGbbbbb RRVff
t

−=⋅∇+
∂
∂ r

ρρ    (4) 

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

bubble density, bV
r

 is the bubble phase velocity, RG and RC are the mass transfer source terms 
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related to the growth and collapse of the cavitation bubbles, respectively.  In Eq. (4), 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.  The Rayleigh-Pleasset model assumes no barrier for nucleation; thus, 

the bubble dynamics can be calculated from the Rayleigh-Plesset equation (5):  

 

dt

dR

RR

pp

dt

dR

dt

Rd
R b

b

L

bL

L

L

bbb
b

ν
ρ
σ

ρ
42

2

3
2

2

2

−−
−

=







+   (5) 

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

liquid density, �L is the kinematic viscosity of the liquid phase, pb is the bubble surface pressure, 

and p is the local far-field pressure.  

 
A simulation example is presented below for the Figure 6 shows the geometry of the 

liquid pool used in the ultrasonic analysis.  In Figure 6, 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 Figs. 7 and 8, respectively.  Fig. 8 

shows that the predicted ultrasonic cavitation region is relatively small; hovewer the acoustic 

streaming is strong and thus the created/survived bubbles/nuclei can be transported into the bulk 

liquid quickly.   

 

 

Fig. 6:  A356 liquid pool (the ultrasound probe is shown in the middle of the pool) [52].   



t = 8.8e

 

Fig. 7: Flow induced by ultrasoun
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t = 8.8e-06 s     V, m/s 

 
t = 2.0e-05 s    V, m/s 

: Flow induced by ultrasound: Flow field (velocity vector) [51; 52][51; 52].   



Fig. 8:  Cavitation induced by ultrasound.  Legends show the volume fraction of 

cavities/bubbles/potent

18 
 

 

(a) t = 8.8e-06 s    

 

 (b) t = 2.0e-05 s 

Cavitation induced by ultrasound.  Legends show the volume fraction of 

cavities/bubbles/potential nuclei (cavitation region) [51; 52].  

 

Cavitation induced by ultrasound.  Legends show the volume fraction of 

  



19 
 

Figure 9 show the predicted microstructure in the presence of UST.  The stochastic 

mesoscopic model developed by Nastac [50; 53] was used to study the ultrasonic stirring effects 

on the grain refinement of commercial alloys.  The microstructure model includes calculations of 

the grain size, columnar-to-equiaxed transition (CET) and of segregation.  In Fig. 9 it is shown 

that the predicted grain size under UST processing is approximately one order of magnitude 

lower than that without UST.   

 

 

Fig. 9: Ultrasonic Treatment: Prediction of Microstructure [50; 53]. 
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3.0 EXPERIMENTAL APPROACH 

3.1 EXPERIMENT SETUP 

A sketch of the UST treatment equipment is presented in Fig. 10.  More details are shown 

in Fig. 11.  The setup consists of an 18 kHz 4 kW ultrasonic generator, a transducer, a cylindrical 

Nb probe (4 cm diameter), a control panel (for power and frequency adjustments) and an 

induction furnace that is used to melt the A356 alloy.  The position of the ultrasonic probe can be 

adjustable.  The melt temperature is measured by a K-type thermocouple.  Electro-nite 

(http://heraeus-electro-nite.com/en/home/home_1.aspx) pouring cups were used to obtain 

cooling curves under different process conditions.  The equipment presented in Figs. 10 and 11 

was custom built to perform the present UST study. 

 

 

Fig. 10:  Schematic of the UST system. 

 



Fig. 11c illustrates the permanent metal mold, which is an 

The mold can be preheated in a controlled manner from room temperature to a maximum 

temperature of about 400 °C.  Approximately 3 lb

mold.  Two tensile test bars are obtained from a casting.

Fig. 11:  Detailed UST system:  (a) Ultrasonic probe; (b) ultrasonic generator; and (c) permanent 
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illustrates the permanent metal mold, which is an ASTM B108-02

The mold can be preheated in a controlled manner from room temperature to a maximum 

Approximately 3 lb (1.4 kg) of A356 alloy is needed to fill the 

mold.  Two tensile test bars are obtained from a casting. 

 

(a) 
Detailed UST system:  (a) Ultrasonic probe; (b) ultrasonic generator; and (c) permanent 

mold 

02 standard mold.  

The mold can be preheated in a controlled manner from room temperature to a maximum 

(1.4 kg) of A356 alloy is needed to fill the 

 

Detailed UST system:  (a) Ultrasonic probe; (b) ultrasonic generator; and (c) permanent 



(b)  

Fig. 11 continued:  Detailed UST

3.2 EXPERIMENT PROCEDURE

The experimental procedure consists of 

 

Experiment 1A:  Firstly, the 

ingot material.  Then the ultrasonic probe

kW power (about 70% of the maximum available power 2.4 kW

Nb probe for 15 min.  The melt surface was protected by argon.  The melt was then poured

ladle which has a capacity of approximately 10 lb (4

permanent metal mold which was preheated
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     (c) 

UST system:  (a) Ultrasonic probe; (b) ultrasonic generator; and (c) 

permanent mold. 

EXPERIMENT PROCEDURE  

The experimental procedure consists of the following sets of experiments: 

 furnace was heated up to 1382°F (750°C) to melt

.  Then the ultrasonic probe was inserted about 2 in. (5.1 cm) into the melt.  A 1.75 

kW power (about 70% of the maximum available power 2.4 kW) was applied to the melt via a

Nb probe for 15 min.  The melt surface was protected by argon.  The melt was then poured

ladle which has a capacity of approximately 10 lb (4.5 kg) and then from the ladle to a 

permanent metal mold which was preheated to about 800°F (427°C).  The pouring temperature 

 

:  (a) Ultrasonic probe; (b) ultrasonic generator; and (c) 

to melt the A356 

the melt.  A 1.75 

) was applied to the melt via a 

Nb probe for 15 min.  The melt surface was protected by argon.  The melt was then poured into a 

.5 kg) and then from the ladle to a 

The pouring temperature 
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of the melt was about 1382°F (750°C).  After cooling down, the mold was removed and samples 

were prepared for metallographic characterization and tensile testing.   

Experiment 1B: Similar conditions as in experiment A but after the UST treatment, the 

processed melt was poured into a pouring cup mold that was made of silica sand.  The pouring 

cup was used to obtain samples at lower cooling rate.   

Experiment 2A:  The non-UST samples were obtained by Ar melt degassing at 1382°F 

(750°C) for 15 min, and then melt was poured into the permanent metal mold at 750°C (about 

140°C superheat).  

Experiment 2B:  Similar conditions as in experiment C but the processed melt was poured 

into a pouring cup mold that was made of silica sand.  The pouring cup was used to obtain 

samples at lower cooling rate. 

Experiment 3A:  Similar conditions as in experiment A but the UST treatment duration was 

20 min. 

Experiment 3B:  Similar conditions as in experiment A but the UST treatment l duration was 

5 min. 

Experiment 3C:  Similar conditions as in experiment A but the UST treatment duration was 

1 min.  

Experiment 4A:  Similar conditions as in experiment A but the permanent metal mold was 

preheated to about 600°F (315°C). 

Experiment 4B:  Similar conditions as in experiment A but the permanent metal mold was 

preheated to about 400°F (205°C). 
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In each experiment, four small samples from the same position of cast samples were 

prepared for metallographic characterization and four tensile test bars were made to determine 

the tensile properties. 

 

Notes: 

(i) The experiments shown above were repeated at least twice to ensure the validity of 

the results.   

(ii)  The optimum application time of the UST processing (e.g., 15 min) was established 

by performing several experiments by varying the UST application time as follows: 

1 min, 5 min, 15 min, and 20 min.  There no significant improvements when the 

UST processing time was exceeding 15 min.  Accordingly, the optimum UST 

processing time was chosen to be 15 min.  

(iii)  The melt was also fully degassed by using  the  UST treatment 

(iv) The pouring temperature used in all experiments was relatively high (e.g., 750°C).  

The high superheat (about 140°C) of the A356 alloy was required to transfer the 

molten alloy from the furnace to the ladle and then completely fill up the permanent 

mold.   
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4.0 RESULTS AND DISCUSSION 

4.1 MICROSTRUCTURE ANALYSIS 

Experiments A-D:  

Fig. 12a and 12b show the microstructures of A356 as cast without (experiment C) and 

with (experiment A) UST processing at the 200x magnification (M), while Figs. 12c and 12d 

show the same A356 as-cast microstructures at 1000x magnification.  The samples without UST 

treatment have dendritic microstructure with larger secondary arm spacing than the ones with 

UST.  It can be seen from Fig. 12b that the columnar dendritic structure was broken up because 

of the UST treatment.  Basically, more equiaxed dendritic structure can be observed in the 

micrographs obtained via UST.  When comparing Figs. 12c and 12d, it can be seen that the Si 

eutectic structure (black area) is more modified.  This is another important effect of UST. 

Fig. 13 illustrates the microstructure of the non-UST (experiment B) and UST processed 

(experiment D) samples solidified in the pouring cups (silica sand molds).  The microstructures 

(in particular, the silicon phase) processed under UST are more modified when compared with 

the standard A356 alloy.  When comparing Figs. 13a and 13b, it can be seen that the amount of 

porosity decreases.  This is due to the ultrasonic induced degassing effect.  Some related research 

studies shows that ultrasonic vibration can be used to reduce gas porosity formation in aluminum 

alloys.  It can also be observed that the ultrasonic induced degassing is much more efficient than 

the Argon gas degassing (non-UST samples in Fig. 13a).  Also, ultrasonic treatment can reduce 

the size of eutectic silicon by an order of magnitude; the aspect ratio was also reduced by 

ultrasonic treatment.   
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It can also be observed by comparing Figs. 12 and 13 that the microstructure size is 

significantly affected by both the cooling rate and the UST processing. The grain refinement 

effect in microstructures of sand mold samples is less evident than the effect in the 

microstructure of metal mold samples. This might be due to the fading of the UST grain 

refinement effect, which needs to be further investigated.   

Table 2 presents the measured SDAS (secondary dendrite arm spacing) and eutectic 

spacing.  The SDAS and eutectic spacing were measured from the micrographs.  According to 

Table 2, the samples with ultrasonic treatment have both the SDAS and the eutectic spacing 

decreased by 15-20 %. 

The decrease in eutectic spacing is usually due to high growth rates of these eutectic 

phases [27; 41].  But because high power acoustic energy was injected into the melt, slower 

growth rate of the eutectic phases may occur.  Other phenomena that occur during ultrasonic 

processing of alloy may contribute to the refinement of the eutectic silicon phase. One 

phenomenon is the ultrasonic induced convection.  The strong convection may enhance the heat 

transfer from the melt to the environment, which will definitely increase the cooling rate of the 

melt.  Because of that, samples treated by UST may have higher eutectic growth rate.  

Acoustically induced convection can also affect nucleation of the silicon phases by altering the 

constitutional supercooling at the front of the growing eutectic grains. 

Another phenomenon is the ultrasonic induced pressure oscillations in the liquid pools.  

Further research is still needed to determine the effect of this phenomenon on the growth of Si 

eutectic.  
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(a) Without UST; M= 200X. 

 

 

(b) With 15 min UST treatment; M= 200X. 
Fig. 12:  Micrographs of A356 permanent mold samples. 
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(c) Without UST; M=1000X. 

    

(d) With 15 min UST treatment; M= 1000X. 
Fig. 12 continued:  Micrographs of A356 permanent mold samples. 
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(e) With 15 min UST treatment magnified 50X 

 
(f) Without UST; M=50X 

Fig. 12 continued:  Micrographs of A356 permanent mold samples. 
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(a) Without UST; M=50X 

 

 

(b) With 15 min UST treatment; M=50X  
Fig. 13:  Micrographs of A356 silica sand pouring cup mold samples. 
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(c) Without UST; M=200X 

 

(d) With 15min UST treatment; M= 200X 
Fig. 13 continued:  Micrographs of A356 silica sand pouring cup mold samples. 
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(e) Without UST; M=1000X 

 

(f) With 15 min UST treatment; M= 1000X 

Fig. 13 continued:  Micrographs of A356 silica sand pouring cup mold samples.  
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Table 2 SDAS and Eutectic Spacing 

Permanent mold samples SDAS 
µm 

Average 
µm 

Eutectic spacing 
µm 

Average 
µm 

 
Without UST 

 

26.5  
28.9 

1.8  
2.1 

26.9 2.4 

33.4 2.1 

 
15min UST 

19.8  
24.7 

1.5  
1.7 23.0 1.6 

31.4 1.9 

 

The effect of UST processing time:  Figure 14 shows a comparison of microstructures 

obtained with different UST treatment durations, specifically 1 min, 5 min and 15 min.  The 

samples treated for 1 min (Figs. 14 a and b) show excessive columnar dendritic morphologies 

implying that the UST processing time is insufficient.  Figs. 14 c and d show the micrographs of 

the samples treated for 5 min.  They still exhibit columnar structures. When the samples were 

treated for 15 min, the columnar structure was inexistent (Fig. 14 e).  One of the explanation is 

the cavitations are just formed in the regions which are closer to the ultrasonic probe, they can 

diffuse into the bulk by fluid flow, but 1min and 5min are not enough to make cavitations 

sufficiently diffused.   

The effect of the mold temperature:  Fig. 15 describes the influence of the mold 

temperature (Tm) on the grain morphology of alloy A356.  Three different mold temperatures 

were studied:  400 °F (204 °C), 600 °F (315 °C), and 800 °F (426 °C).  It is observed that the 

sample processed at the lowest mold temperature (Fig. 15 a) has finer grain structure than the 

ones processed at higher temperatures (see Figs. 15 b and c).  The samples processed at higher 

mold temperatures (Figs. 15 b and c) show similar grain morphologies.  
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(a) 1 min; M=200X 

 

(b) 1 min UST; M=200X 
Fig. 14:  Microstructure comparison between samples obtained with different UST durations. 
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(c) 5 min UST; M=200X 

 

(d) 5 min UST; M= 200X 
Fig. 14 continued:  Microstructure comparison between samples obtained with different UST 

durations. 
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(e) 15 min UST; M= 200X 

Fig. 14 continued:  Microstructure comparison between samples obtained with different UST 
durations. 

 

(a) Tm=400 °F (204 °C); M=200X 
Fig. 15:  Microstructure comparison between samples obtained with different Tm. 
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(b) Tm=600 °F (315 °C); M=200X 

 

(c) Tm=800 °F (426 °C); M=200X 

Fig. 15 continued:  Microstructure comparison between samples obtained with different Tm. 
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Tables 3 present the effects of UST processing time and mold temperature on the SDAS 

(secondary dendrite arm spacing) based on Figs. 15.  The SDAS were measured from the 

micrographs.  According to Table 3, the sample with Tm =400 °F (204 °C) have the SDAS 

decreased by 10% compared with the sample with Tm =600 °F (315 °C). And sample with Tm 

=600 °F (315 °C) have the SDAS decreased by 21.5% compared with the sample with Tm 

=800 °F (426 °C). 

 

Table 3 The effect of mold temperature on the SDAS and Eutectic Spacing (Permanent mold 
samples, 15 min UST) 

Effect of Tm SDAS 
µm 

Average 
µm 

 
Tm =400 °F (204 °C) 

 

20.6  
18.1 

18.8 

14.8 

 
Tm =600 °F (315 °C) 

 

17.6  
20.1 21.2 

21.4 

 
Tm =800 °F (426 °C) 

 

31.1  
25.6 20.4 

25.3 
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4.2 DETERMINATION OF MECHANICAL PROPERTIES  

Tensile test specimen dimensions are shown in Fig. 17. As shown in Table 4, after 

optimized T6 heat treatment, a mechanical testing was performed to evaluate tensile strength, 

yield strength and elongation.  By using the UST treatment the tensile strength increased by at 

least 10% and the elongation levels by at least 20% in all studied samples when compared to the 

ones without the UST treatment. 

Table 4 Tensile Testing Results 

Permanent 
mold samples 

Tensile 
strength 

MPa 

Standard 
derivation 

MPa 

Yield 
strength 

MPa 

Standard 
derivation 

MPa 

Elongation 
% 

Standard 
derivation 

MPa 

Without UST 227.8 4.0 180 3.2 4.0 0.30 

With UST 250.2 5.2 190 3.4 4.9 0.33 

 

Figure 16 show the cooling curves obtained by pouring the melt into a sand mold-pouring 

cup.  In Figure 16, tf is the estimated solidification time.  It can be seen from Fig. 16 that the 

solidification of the UST process sample is about 5% shorter than the one processed without 

UST.  The solidification time of the primary phase was 158s for the UST sample and 167s for 

the non-UST sample.  The solidification time of the eutectic phase was 309s for the UST sample 

328s for the non-UST sample.  This is because of the UST-grain refinement and modification 

effects.   

 



40 
 

 

(a) 

 

(b) 

Fig. 16:  Cooling curves obtained from the A356 pouring cup samples:  (a) without UST and (b) 

with UST.  
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Fig. 17:  Tensile test spicemen 

  

2 inches

Diameter=0.5 inch
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5.0 CONCLUDING REMARKS AND FUTURE WORK  

• Conclusions: 

• In this study, processing equipments and parameters for casting of A356 alloy using the 

Ultrasonic Stirring Effects (UST) process were developed, along with characterization of 

the cast alloy produced at relatively high superheats which is used in foundry practice.  

– The operating conditions were determined by using a UST modeling software tool 

that was recently developed and validated [66, 67].  The UST modeling software 

tool is used for modeling and simulating the acoustic streaming and ultrasonic 

cavitation as well as the microstructure evolution during the solidification of cast 

alloys. 

 

• The ultrasonically-stirred A356 alloy shows superior microstructure characteristics with 

very low microporosity levels.  The samples without UST treatment have coarser 

microstructures than the ones with UST.  It can be seen that the columnar dendritic 

structure was broken up because of the UST treatment.  Basically, more equiaxed 

dendritic structure can be observed in the micrographs obtained via UST.  Also, it can be 

seen that the Si eutectic structure (black area) is more modified.  By using the UST 

treatment the tensile strength increased by at least 10% and the elongation levels by at 

least 20% in all studied samples when compared to the ones without the UST treatment.   

 

• By using the silica sand cooling cup instead of metal mold, the grain size appeared bigger 

but the positive effects on microstructures of A356 alloy can still be observed.  This 
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means the cooling rate and the UST processing both contribute to the microstructure of 

A356 alloy significantly.  The further study by using three different mold temperatures 

confirmed that higher cooling rate will decrease the size of grains.  It means that in order 

to achieve the minimum grain size, UST should be combined with high cooling rates. 

 

• Future Work:   

– Future work will include casting experiments at low superheat (lower than 10 deg. 

C) in the presence of UST using a specially designed two-zone furnace by 

Inductotherm.   

• A parametric study will be performed to determine the effects of key 

ultrasonic parameters, such as power, depth of the ultrasonic probe into 

the melt, etc.   

– A recently developed CFD model that can simulate ultrasonic cavitation, acoustic 

streaming as well as microstructure evolution during the solidification of castings 

will be further validated and then applied to optimize future UST experiments.  
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