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ABSTRACT 

 Grain refinement from solidification processing is an effective and inexpensive method of 

obtaining improved mechanical properties in light alloys. The combined effect of solute and 

ultrasound-assisted solidification technique can play a vital role in grain refinement of cast 

aluminium alloys. A systematic experimental study has been made of the combined influence of 

solute content (1 wt.%, 2 wt.%, 3 wt.%, and 5 wt.%) and ultrasonic intensity (0, 88, 350, 790, 

1400 W/cm2) on grain refinement of Al-Si, Al-Cu and Al-Ni binary alloys. The results indicate 

that the grain refinement in Al-3wt.%Ni alloy is larger than Al-3wt.%Si alloy with application 

of ultrasonic treatment although the growth restriction factor value of silicon (Si) solute is  higher 

than nickel (Ni) solute in pure aluminium. These observations prompted the investigation 

regarding the grain refinement mechanisms in aluminium based hypoeutectic alloys. For that, the 

grain refining efficiency of different solutes was analyzed using various factors such as the 

freezing range (∆T), StJohn’s model and constitutional supercooling parameter (P). The 

mechanisms for ultrasonic grain refinement of aluminium alloys are discussed based on 

experimental findings.  Ultrasonication resulted in more activated nucleants in Al-Cu alloys than 

in Al-Si and Al-Ni alloys by the StJohn’s model. In particular, high solute content can ensure 

achievement of homogeneous and consistent grain morphology in ultrasonic grain refinement. In 

addition, excellent grain refinement was achieved in both the Al-5wt.%Cu alloy which has an 

equilibrium freezing range of 100ºC and the Al-5wt.%Ni alloy which has an equilibrium freezing 

range of just 5ºC at the same applied ultrasonic intensity (1400 W/cm2). Constitutional 

supercooling parameter truly explains the grain refinement mechanism in Al-Ni alloys with 

ultrasonic treatment (UST), which have near-eutectic compositions as compared to the Al-Cu 

and Al-Si alloys studied. Evidently, such discrepancy in average grain size with content of solute 

cannot be completely described by using growth restriction factor (Q), ∆T, and P values alone. 

A combination of high solute content and high ultrasonic intensity produces significant grain 

refinement, including significant refinement of eutectic structures that formed in the Al-5wt.%Si 

alloy, Al-5wt.%Cu alloy and Al-5wt.%Ni alloy. UST enhanced the mechanical properties of 

USTed aluminium alloys as compared to respective as-cast aluminium alloys. 
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Effect of temperatures of high power ultrasonic processing temperature (700°C, 725°C, 

750°C, and 775°C) on the distribution of 1 wt.% Al2O3 nano-particles in Al6061 alloy melt is 

studied. Al6061 alloy composites are fabricated by varying the weight percentage (1, 2 and 3 

wt.%) of Al2O3 nano-particles at ultrasonic processing temperature of 775°C. From the 

microstructural examination, it is observed that nano particles are better dispersed in the alloy 

matrix with increasing ultrasonic processing temperature. Some agglomerated reinforcement 

particles are seen at lower ultrasonic processing temperature of 700°C. As compared to the base 

alloy, mechanical properties like hardness, 0.2% offset yield strength, and ultimate tensile 

strength increased significantly with processing temperature. This is attributed mainly to the 

coefficient of thermal expansion mismatch between the alloy matrix and the Al2O3 particles, 

followed by Orowan strengthening, and to a lesser extent to the Hall–Petch strengthening 

mechanism. 

 UST of the melt resulted in better dispersion of Al2O3 particles up to 2 wt.% additions. 

Al6061-2wt.%Al2O3 composite showed good mechanical properties with yield strength and 

ultimate tensile strength values, which are 81% and 53% higher than the base alloy. Al6061-

3wt.%Al2O3 composite showed poor yield strength and ultimate tensile strength as compared to 

Al6061-1wt.%Al2O3 and Al6061-2wt.%Al2O3 composites due to agglomeration of particles. A 

comparison is made between the experimental yield strengths of the nano composites and the 

theoretical yield strengths calculated by coefficients of thermal expansion mismatch, Hall-patch, 

load bearing effect and Orowan strengthening models. 

The proposed thesis consists of seven chapters:  

Chapter 1 contains a brief introduction to aluminium alloys and different techniques used for 

increasing the mechanical properties of aluminium alloys from grain refinement and other 

strengthening routes. 

Chapter 2 gives a comprehensive literature review on grain refinement of as-cast and with UST 

aluminium alloys. It summarizes the effect of content of solute, nano-particles and ultrasonic 

intensity on microstructure and mechanical properties of aluminium alloys as given in open 

literature. It contains brief theory of solidification, effects of ultrasound in molten metals and an 

overview of strengthening mechanisms. It also defines objectives of the present work based on 

the literature review, scope of the work and the methodology adopted in the present investigation.  

Chapter 3 deals with the details of experimental procedure carried out in line with the scope of 

the work. The procedures of specimen preparation for microstructural studies (scanning electron 
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microscopy, optical microscopy and transmission electron microscopy) and mechanical testing 

(hardness and tensile test) are explained.  

Chapter 4 deals with effect of the combined influence of solute content (1 wt.%, 2 wt.%, 3 wt.%, 

5 wt.%) and ultrasonic intensity (0, 88, 350, 790, 1400 W/cm2) on grain refinement of Al-Si, Al-

Cu and Al-Ni binary alloys. The resulting microstructure of each aluminium alloy is 

characterized and the combined effect of solute content and UST is discussed. 

 Mechanisms for ultrasonic grain refinement of aluminium alloys are discussed in 

Chapter 5. Grain refining efficiency of different solutes is analyzed using the StJohn’s model, 

∆T, and P. All these factors are calculated from conventional technique and Scheil-Gulliver 

solidification simulation. 

Chapter 6 deals with the effect of UST on the eutectic phase and mechanical properties (hardness 

and tensile strength) of the Al-Si, Al-Cu and Al-Ni binary alloys of varying solute contents (1 

wt.%, 2 wt.%, 3 wt.%, 5 wt.%). 

In Chapter 7, the effect of temperature of high power ultrasonic processing (700⁰C, 725⁰C, 

750⁰C, and 775⁰C) on the distribution of 1wt.% Al2O3 nano-particles in Al6061 alloy melt is 

studied. Al6061 alloy is also fabricated with varying the content of nanoparticles (2 and 3 wt.% 

) at ultrasonic processing temperature of 775⁰C. The microstructural features and mechanical 

properties of nano composites are characterized. Various strengthening mechanisms in the 

ultrasonically processed nano composites are analyzed. 

Eighth and ninth chapters deal with conclusions and scope for future work, respectively.   
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CHAPTER 1 

INTRODUCTION 

 

Aluminium alloys are widely employed in automobile and aerospace industries because 

of their lightweight, good strength, excellent corrosion resistance, and low cost [1–4]. In addition, 

Al alloys are easy to recycle from scrap thereby reducing the greenhouse gas emissions [5–7]. 

Grain refinement is a useful technique for aluminium alloys for enhancing the mechanical 

properties and quality of metal castings [8,9]. A fine and uniform grain structure imparts good 

yield strength, high toughness, and improved machinability [10,11]. Various techniques have 

been used for grain refinement of the aluminium alloys. These techniques depend upon the 

processing temperature. Therefore, these can be classified into three categories- cryogenic 

temperature processing, room temperature processing, and solidification processing.  

In solidification processing, grain refinement can be achieved by increasing thermal 

undercooling through increasing cooling rates, constitutional undercooling through addition of 

selected solute elements, or by increasing the number of effective heterogeneous nuclei through 

inoculation [12,13]. Earlier research mainly focused on the grain refinement of peritectic based 

aluminium alloy systems due to better grain refinement results observed in these alloys [13–16]. 

For example, adding TiB2 [17] and zirconium [18] into pure aluminium significantly reduced the 

grain size of as-cast aluminium. It is observed that driving force for nucleation is larger in 

peritectic based aluminium alloys as compared to eutectic-based aluminium alloys at similar 

value of growth restriction factor (Q) and undercooling. As a result, finer microstructures  are 

observed in peritectic based aluminium alloys [19]. Wang et al. [18] observed that addition of 

peritectic forming zicronium, niobium, and vanadium solutes significantly reduced the average 

grain size of as-cast aluminium. On the other hand, the grain refining efficiency is poor for 

silicon, copper and magnesium containing eutectic-based alloys having a similar values of 

growth restriction factor (Q) [20]. Among the eutectic aluminium alloys, it was reported that the 

grain refinement in Al-Mg alloys is larger as compared to Al-Si and Al-Cu alloys at the similar 

values of growth restriction factor (Q) [21,22]. Various methods have been employed during 

solidification for grain refinement of alloys, including rheocasting, inoculation, and physical 
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methods such as mechanical stirring, electromagnetic vibrations, and use of ultrasound vibrations 

[23–27]. Wang et al. observed that the nucleation efficiency of eutectic alloys can be changed 

with the application of UST [28]. UST can refine the grain structure of hypoeutectic alloys, which 

can give superior mechanical properties and these alloys can be used in automobile and structural 

applications. 

The chief possible influences of UST on the properties of as cast materials are [27,29–31]:  

1. Decrease in grain size and primary & secondary arm spacing; 

2. Promotion of columnar to equiaxed transition;  

3. Influence on the size, amount, and distribution of secondary phases; 

4. Promotion of uniformity in the dispersion of non-metallic inclusions and particles;   

5. Reduction in dendritic segregation and enhancement in the material homogeneity; 

A number of studies have focused on UST of aluminium alloy melts. Puga et al. observed 

that the grain morphology of cast AlSi9Cu3 alloy changed from dendritic to globular upon UST 

and the grain size of α-Al decreased significantly from 700 µm to 41µm [32]. Feng et al. showed 

that the dendritic morphology of the primary α-Al in Al-23%Si alloy changed to the equiaxed 

one after the UST [33]. Jian et al. obtained a globular and refined microstructure in A356 alloy 

by UST [34]. Tuan et al. showed that applying UST at 720°C resulted in a uniform grain structure 

in an Al-Mg-Sc alloy [35]. Atamanenko et al. studied the effect of UST in both the liquid state 

and the semisolid state in Al-Cu, Al-Zr-Ti and Al-Zr-V alloys. Ultrasonic refinement of these 

alloys depended on the amplitude of the sonotrode, UST time, and volume of the melt [16]. Das 

and Kotadia demonstrated that the α-Al phase in LM6 alloy can be modified into globular grains 

by UST [36]. Li et al. observed that UST refined the microstructure of Al-1%Si alloy (herein all 

compositions are given in wt.%) [24]. Recently, Wang et al. showed that there is no effect of 

UST on grain refinement of Al-2%Cu alloy, when the UST is applied above the liquidus 

temperature [37]. This finding suggests that ultrasonic grain refinement occurs within the 

liquidus-solidus range. Accordingly, the freezing range of an alloy can be an important factor 

that affects ultrasonic grain refinement. 

Another method of improving the mechanical properties of aluminium alloys is by adding 

micron size and nano-sized particles in aluminium alloys [38,39]. Generally micron sized 

particles are used to enhance the yield strength and ultimate tensile strength of the aluminium 

alloy matrix, but the ductility of the composite degrades significantly [40]. As compared to 
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micron size particles, nano particle reinforcements can improve the mechanical properties more 

efficiently from particle strengthening mechanisms while retaining good ductility [41,42]. Nano-

sized spheres reduce the critical solidification velocity for particle engulfment and thus provide 

better dispersion [43,44].  

In literature, there are two efficient methods for adding the nano-particles in metal matrix 

via solid-state processing (e.g. powder metallurgy) and liquid-state solidification processing 

[45,46]. In the powder metallurgy method, high shear stress is used to shear the clusters of nano-

particles, which is produced by high-energy ball milling [45,47]. Powder metallurgy method can 

be used to disperse low volume fraction of nano-particles reinforcement (< 2 vol. %) in the metal 

matrix. However, when the volume fraction of nano-particles reinforcement in metal matrix is 

greater than 2 vol.%, the agglomeration and non-uniform distribution of particles is observed by 

increasing the duration of high-energy ball milling [47,48]. 

There are also major challenges in reinforcement of the nano-particles via liquid state 

solidification processing. These are [45,49]: 

1. Non-oxide nano-sized reinforcements easily degrade or oxidize when nano-particles are 

introduced into the molten metal at high temperature. 

2. Nano-sized reinforcements has tendency to float into the melt due to the poor wettability 

of the nano-sized reinforcements with the molten metal. 

3. Nano-sized reinforcements tend to form agglomerates or clusters in molten metal due to 

the lack of a repulsive force and attractive Van der Waals force.  

4. In solidification, nano-sized reinforcements are generally pushed to the grain boundary 

by solidification fronts. 

 Due to above challenges, a uniform dispersion of nano-sized reinforcement in metal 

matrix is less observed by solidification processing even in specimens with a low content of 

nano-sized reinforcement in literature [45]. In literature, various processing methods for 

reinforcing the nano-sized particles in aluminium alloys matrix have been examined via 

solidification processing method. Yang et al. added SiC nano-particles to A356 alloy using an 

ultrasonic assisted casting method, wherein the ultrasonic nonlinear effects helped in efficiently 

dispersing the SiC nano-particles in the A356 alloy matrix [40]. Sajjadi et al. used a stir casting 

technique to disperse nano-sized alumina particles in pure aluminium matrix [50]. Akbari et al. 

fabricated the A356/1.5 vol.% nano-Al2O3 reinforced composite by stir casting technique. The 
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tensile properties of the composites enhanced as compared to the base alloy [51]. Ezatpour et al. 

investigated the influences of reinforcing alumina nano-particles (0.5, 1 and 1.5 wt.%) to Al6061 

alloy using the stir casting method [52]. Sajjadi et al. observed the microstructure evolution and 

mechanical properties of A356 alloy/Al2O3 composites using stir and compo-casting techniques 

[53]. Su et al. fabricated the Al/Al2O3 nano-composites using ultrasonic solidification technique 

[54]. Mula et al. investigated the mechanical properties of Al–2%Al2O3 nano-composite using 

non-contact ultrasonic solidification technique [54]. 

Stir casting is an established, economical, most productive and industrially feasible 

method for fabricating aluminium alloy composites [53,55]. However, it is ineffective in 

dispersing the nano particles uniformly in metal matrix due to poor wetting of the nano particles 

by the molten metal, and formation of clusters of nano particles in molten metal from the Van 

der Waals attraction force [40,56]. For overcoming these difficulties, it is suggested that 

ultrasound assisted solidification is a promising method. High intensity shock waves generated 

by UST break the clusters of nano particles and improve the wettability thereby ensuring their 

uniform dispersion in the melt [40,54,57,58].  

As discussed earlier, both the UST and the solute content affect the microstructural 

evolution during solidification in aluminium alloys. However, a systematic study of the 

combined effect of solute content and UST in aluminium alloys is lacking in literature (a study 

on Mg alloys was reported by Qian et al. in 2010 [59]). In this research, the grain refinement in 

Al-Si, Al-Cu and Al-Ni alloys is studied by varying the respective solute content (1%, 2%, 3% 

and 5%) and the applied ultrasonic intensity (88, 350, 790 and 1400 W/cm2). The resulting 

microstructure of each aluminium alloy is characterized and the combined effect of solute content 

and UST is discussed. The resulting grain structure with the application of UST in binary 

aluminium alloys is studied in light of well-established grain refinement theories. Effect of UST 

on the eutectic phase and mechanical properties of aluminium alloys is also investigated. 

Temperature of the melt and content of reinforcement play an important role in particle 

dispersion [54]. There is little work on the dispersion of nano-particles in aluminium alloys from 

ultrasonic solidification technique at different processing temperatures. Therefore, there is a need 

to study the effect of ultrasonic processing temperature on the incorporation and dispersion of 

nano particles, and the resultant inter-particle spacing in the composites. In this research, 

ultrasound assisted solidification is used to fabricate Al6061-1wt.%Al2O3 composites by varying 
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the processing temperatures (700°C, 725°C, 750°C, and 775°C ). Microstructural and mechanical 

properties of composites are studied. Al6061 alloy composites reinforced with three weight 

fractions (1, 2, and 3 wt.%) of alumina nano-particles are also fabricated with UST at ultrasonic 

processing temperature of 775⁰C and effect of nano-particles on the microstructure and tensile 

properties of aluminium alloy composites is studied. Effect of various mechanisms i.e. Orowan 

strengthening, Hall-Petch strengthening, and coefficient of thermal expansion (CTE) mismatch 

between the matrix and the particles on the strengthening of the composites is analyzed. To 

estimate the theoretical yield strength of composites, different strengthening models are used. 

The experimental and theoretical yield strength of composites is compared.  
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CHAPTER 2 

LITERATURE REVIEW 

 

This chapter gives a comprehensive literature review on basic theories/models of 

solidification, the effect of solute content on the grain refinement of as-cast and USTed 

aluminium alloys and studies involving processing methods that are best for dispersing the nano-

particles in aluminium alloy melts. It also defines objectives of the present work based on the 

literature review, scope of the work and the methodology adopted in the present investigation. 

Microstructures consisting of fine equiaxed grains generally exhibit a combination of 

good strength and good ductility [60,61]. Further, if an alloy solidifies with the globular grained 

structure, it has many benefits including isotropic microstructure and properties, less micro-

segregation, and reduced tendency of hot tearing susceptibility, enhanced resistance to corrosion, 

and enhancement of mechanical properties [16,62,63]. Thus, grain size reduction is an easy and 

inexpensive way to enhance the mechanical properties of aluminium alloys [64]. Many 

techniques are used to achieve grain refinement in aluminium alloys. 

Among the solidification processing methods, the basic mechanism and models for grain 

refinement are described here: 

2.1. Grain Refinement Theories/ Models 

`For last 50 years, many theories and models are reported for understanding the grain 

nucleation and growth mechanisms in solidification of light alloys [65]. These models and 

theories are deliberated here. 

2.1.1. Classical Nucleation theory 

2.1.1.1. Nucleation and Growth Mechanisms 

A phase system is characterized by Gibbs free energy, which is represented in the 

equation 2.1. 

G = H – TS……………………………. (2.1) 

Where H is the enthalpy, T is the absolute temperature, and S is the entropy. 
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For any phase, G varies with T as shown in Figure 2.1 that shows the variation of G for a pure 

metal with respect to T. 

Phase transformations in the system are indicated when the lines for two states (parent 

and product phase) cross each other: a system can decrease its free energy G by shifting to the 

lower line. The free energy difference between the lines is called the driving force, as shown in 

Figure 2.1. Gl and Gs denote the free energy of liquid and solid for pure metals respectively. The 

free energy change (∆G) for a liquid to solid transformation is depend up-on the melting point 

(Tm) of the metal [65]. 

Above Tm, ∆G > 0;  

at Tm, ∆G = 0;  

below Tm, ∆G < 0. 

Nucleation and growth are two steps in the transformation of phase. When ∆G < 0, very 

tiny particles are formed due to thermal fluctuations that will not be dissolved in the parent 

matrix. This is called nucleation. In growth, size of the particles is increased. 

 

 
Figure 2.1. Free energy change between solid to liquid [65]. 

2.1.1.2. Homogeneous Nucleation 

In homogeneous nucleation, the probability of nucleation remains constant throughout 

the volume of the parent phase. In other words, homogeneous nucleation occurs below the 
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liquidus temperature of the pure metal at a given volume. According to equation 2.2, change in 

internal energy (U) can be represented in terms of surface energy and volume free energy for 

spherical as shown in Figure 2.2 [65,66]. 

Net energy change = Volume free energy + Surface energy 

𝑈 =
4

3
𝜋𝑟3∆G + 4𝜋𝑟2ϒ𝑆𝐿………………. (2.2) 

where ∆G is driving force for solidification, r is the radius of spherical particles and ϒ𝑆𝐿 is the 

specific surface energy. 

 

 

Figure 2.2. The free energy change (∆G) related with homogeneous nucleation of a sphere of 

radius r [65]. 

In equation 2.3, driving force for solidification can be expressed as [65]:     

∆𝐺 =
∆𝐻∆𝑇

𝑇𝑚
…………………………………….. (2.3) 
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where ∆𝐻 is the latent heat of fusion per unit volume at the melting point, Δ𝑇 is the undercooling 

(difference between the solidification temperature and melting temperature (equilibrium liquidus 

temperature)), and 𝑇𝑚 is the melting point. 

 For maximum U, differentiating U with respect to r gives: 

𝜕𝑈

𝜕𝑟
= 0……………………………………….. (2.4) 

and, free energy of nucleation is 

𝑈∗ =
16𝜋ϒ𝑆𝐿

3

3(ϒ𝑆𝐿)2
………………………………….. (2.5) 

Thus, the critical radius of nucleus is derived from equation 2.6.   

Critical radius  𝑟∗ = −
2ϒ𝑆𝐿

∆G
……………………………………… (2.6) 

2.1.1.3. Heterogeneous nucleation 

In heterogeneous nucleation, the probability of nucleation is much higher in preferred 

sites as compared to other sites. These preferred sites being the container wall containing the 

liquid, inclusions and grain boundaries in solid. Heterogeneous nucleation on a matrix is typically 

studied in terms of a classical model with a solid embryo (a form of a spherical cap) making a 

contact angle θ as shown in Figure 2.3. In Figure 2.3, surface energies (ϒ𝑆𝐿 ,ϒ𝑁𝑆 𝑎𝑛𝑑 ϒ𝑁𝐿 ) are 

chiefly interacting. Surface energy between the solid and liquid is denoted by ϒ𝑆𝐿. The wetting 

or contact angle (θ) can be determined from the equilibrium between surface tension forces acting 

on the periphery of the solid particle [12,65,66]. The energy barrier for heterogeneous nucleation 

𝑈ℎ𝑒𝑡
∗  turns out to be: 

𝑈ℎ𝑒𝑡
∗ =

1

4
𝑈ℎ𝑜𝑚𝑜

∗ (2 − 3𝑐𝑜𝑠𝜃 + 𝑐𝑜𝑠3𝜃)…………… (2.7) 

In heterogeneous nucleation, the energy barrier is much smaller as compared to 

homogeneous nucleation at small wetting angle. Wetting angle should be low for easier 

heterogeneous nucleation. Hypothetically, if the value of wetting angle becomes zero, there will 

be no energy barrier for heterogeneous nucleation. For this, specific particles are used in 

solidification processes in industries. These particles are known as inoculants [12,67,68]. 
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Figure 2.3: Schematic diagram of wetting angle between the flat mould walls and the 

nucleating surface [12,67,68]. 

2.1.2. Various grain refinement models in literature 

According to classical nucleation theory, the creation of a stable nucleus mainly depends 

on the competition between the driving force for the phase change from liquid to solid (the 

volume free energy) and the energy that is required for creating a new interface. The equation of 

free energy barrier for nucleation on a heterogeneous substrate in terms of undercooling (∆T) and 

the surface energy of new interface (σ)  is [65]: 

∆𝐺 = (
16𝜋

3
) (

𝜎3

∆𝑠𝑓∆𝑇2) 𝑓(𝜃)……………. (2.8) 

Where ∆𝑠𝑓 is the entropy of fusion and 𝜃 is the wetting angle between the liquid phase and the 

heterogeneous nucleation substrate. 

According to Equation (2.8), ∆𝐺 can be decreased by decreasing 𝜃 or increasing ∆𝑇. 

When wetting angle between the substrate and melt is low, the free energy barrier to nucleation 

is lower even at relatively small undercooling [65]. Therefore, the probability of nucleation will 

be more at a smaller undercooling for low wetting angles. Equation 2.8 is not valid for wetting 

angle less than 10° [69].  

Free energy barrier for nucleation is a function of the amount of solute and the nucleus 

size, which further complicates the alloy system analysis [65]. Effect of solute on free energy 

barrier may depend upon the lattice mismatch between the substrate and the matrix, and mixing 

entropy influences [69]. Greer et al. suggested that effectiveness of a grain refiner may be 

improved at a distinctive average diameter of particle [13]. 

Easton and StJohn [69] observed that mainly two mechanisms are responsible for grain 

refinement in solidification. First mechanism is observed at the wall of the casting as the result 

of initial undercooling and the other mechanism occurs in the bulk of the molten metal due to 
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effect of constitutional undercooling. Constitutional undercooling retards the dissolution or 

further promotes the growth of crystals, which are nucleated at or near the wall so that the 

survived nuclei move inside into the bulk of the casting. Constitutional undercooling which is 

developed at the interface of these first grains helps in the propagation of nucleation wave in 

everywhere the bulk of the melt [70]. A minor modification to the constitutional undercooling 

mechanism is suggested by Winegard and Chalmers [71]. Easton and StJohn’s model 

investigated the effect of both alloy composition and potency of nucleants on the grain size. Both 

growth restriction factor (Q) and supercooling parameters (P) are used for studying the effect of 

solute on the grain size [13,72]. The expressions for Q and P are written as: 

 

𝑄 = 𝑚(𝑘 − 1)𝐶0..…………… (2.9) 

𝑃 =
𝑚(𝑘−1)𝐶0

𝑘
… … … … … .. (2.10) 

Where m is the slope of the liquidus, k is the partition coefficient, and 𝐶0 is the alloy composition 

in binary alloy. 

Maxwell and Hellawell were the first to propose growth restriction factor (Q) [73]. It was 

observed that growth restriction factor is proportional to amount of constitutional undercooling 

that can be produced [73]. Spittle and Sadli [72] used the supercooling parameter for analyzing 

the grain refining efficiency of eutectic-based alloys. Easton and StJohn [74] observed that 

supercooling parameter does not clarify the grain refinement mechanism for peritectic-based 

alloys (titanium solute in pure aluminium). Hunt [75] proposed that the value of m(k-1)C0 is the 

difference between solidus temperature and liquidus temperature at a solute concentration of kC0. 

Chai et al. [76] suggested that growth restriction factor is inversely proportional to the growth 

rate of dendrite. They also proposed that the factor m(k-1)C0  can be added for the various 

elements present in an alloy system. Desnain et al. [77] estimated the value of growth restriction 

factor for multi-component system using Maxwell and Hellawell’s model [73]. Easton and 

StJohn [69] proposed a model for estimating growth restriction factor and supercooling 

parameter. It was assumed that the negative thermal gradient is negligible at the grain–liquid 

interface due to unconstrained growth as compared to the amount of constitutional undercooling, 

that there are enough substrates extant, and that nucleation starts when the constitutional 

undercooling is achieved [69,78]. This model derives the expression of growth restriction factor 

(Q) and supercooling parameter (P) [69]. 
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∆𝑇𝑐 =
𝑚𝐶0(𝑘−1)

𝑘
= 𝑃 … … … … … … …. (2.11) 

𝑑𝑇𝑐

𝑑𝑓𝑠
= 𝑚𝐶0(𝑘 − 1) = 𝑄 … … … … … …. (2.12) 

Equation 2.12 is true for either equilibrium or non-equilibrium Scheil solidification. 

For studying the effect of solute on grain size, this model introduced a new term, which 

is called relative grain size (RGS) to compare and determine the effect of solute content [69]. 

RGS is the fraction of solid (fsn), when the constitutional undercooling (∆Tc) achieves the required 

undercooling (∆Tn) for nucleation [69,78]. 

𝑅𝐺𝑆 = 𝑓𝑠𝑛 = (
𝑚𝐶0

𝑚𝐶0−∆𝑇𝑛
)

1/𝑝
… … … … … (2.13) 

Equation 2.13 can be used for any binary alloys system.  

Another model was proposed for analyzing the grain refining efficiency of solute in terms of 

potency by assuming that the constitutional influences on the grain size are closely related to the 

initial rate of development of constitutional undercooling according to equation 2.12 [79–81]. 

This model is expressed as: 

𝑑 = 𝑎 + 𝑏 𝑄 … … … … … … … … … .⁄  (2.14) 

Here slope (b) represents the potency of solute. Higher value of b means lower potency. 

Intercept (a) represents the number of active nucleants. Theoretically, if the value of a is zero, 

the number of active nucleants will be infinite. 

2.2. Effect of solute content on grain refinement of aluminium alloys 

For the last several decades, it has been reported that the processing condition and alloy 

constitution are significant factors affecting the grain size of alloys [64,82]. It was observed that 

the grain structure of metal is changed from columnar to equiaxed by adding solutes in the metal 

during solidification processing [17,83]. The research is maily focused on peritcectic based 

aluminium alloys. There has been less work reported on the effect of solute in eutectic based 

aluminium alloys. The effect of solute in eutectcic based aluminium alloys reported in the 

literature is summarized as follows. 

Martinez-Villalobos et al. [84] analyzed the effect of nickel solute in aluminium alloys at 

different solute contents (hypoeutectic, eutectic and hypereutectic alloys) and also studied the 
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influence of rapid solidification on the morphology and dispersion of intermetallic phases. Their 

results showed that hypoeutectic Al-Ni alloy had α-Al rich phase surrounded by eutectic phase. 

Eutectic phase was entirely composed of small needles of intermetallic compound (Al3Ni) 

surrounded by α-Al phase. For hypereutectic alloy, the microstructure consists of coarse 

intermetallic compound (Al3Ni) which is enclosed by the eutectic phase. By increasing the 

content of solute (Ni), grain size decreased significantly. Globular grains and uniform 

distribution of intermetallic phase were observed using rapid solidification method. 

Turchin et al. [85] investigated the macro and microstructure of Al–4.5%Cu alloy during 

solidification under the conditions of controlled melt flow. Their results indicated that columnar 

grains were observed during solidification in flowing melt and equiaxed grains were observed 

by increasing the melt flow in the regions with flow recirculation. Chaus et al. [86] studied the 

effect of rapid quenching on microstructure and mechanical properties of Al-Si alloy. Refined 

grain size, and refined eutectic phase and primary Si were observed using rapid quenching 

technology. Coarse plate-like eutectic Si phase was changed to a fine morphology at a higher 

cooling rate during solidification. Mechanical properties of alloys improved by rapid quenching 

technique. 

Eskin et al. [87] observed the combined effect of solute content (1 to 4 wt.%) and cooling 

rate (0.1-20 K/s) on the microstructure of binary Al–Cu alloys. Their results indicated that the 

grain size and dendrite arms spacing decreased with increasing solute content of copper and 

increasing the cooling rate. By increasing the content of solute (Cu), the amount of non-

equilibrium eutectics increased which depended in a complicated way on the cooling rate. It 

increased with increasing the cooling rate from 0 to 1K/s and then decreased from 1 to 10 K/s. 

Haghayeghi et al. [88] studied the influence of processing temperature and relaxation 

time after liquid shearing on the microstructure of the Al–10wt.%Mg alloy. The maximum grain 

size of the processed alloy was 40 µm in all relaxation time parameter (30, 45, 60 and 90 s). 

Therefore, there was no effect of the relaxation time on the shearing phenomenon for grain 

refinement. 

Li et al. [89] studied the influence of solute content (Mg) on the microstructure of Al–Mg 

alloys. Al-Mg alloys at different solute contents of Mg (0, 0.2, 0.7, 1.0, 3.0, 5.0 and 7 wt. %) 

were fabricated. Average grain size of Al-Mg alloy decreased significantly up to 1 wt.% of solute 

(Mg), while there was no effect on the grain size above 1 wt.% of solute.  
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Silva et al. [90] observed the effect of solute contents on the microstructure of Al-Ni 

hypoeutectic alloys. Al-Ni alloys were fabricated under unsteady-state solidification condition 

by varying the amount of solute (1, 3 and 5 wt.%). Their results showed that primary dendrite 

spacing decreased with increasing amount of solute. The microstructure consisted of α-Al 

dendritic phase and eutectic mixture (α-Al + Al3Ni). 

2.3. Effect of solute content and UST on grain refinement of aluminium alloys  

Grain refinement is a useful technique for control of grain morphology and grain size of 

alloy during solidification. During last several decades, various methods have been employed 

during solidification for grain refinement of lightweight alloys like rapid quenching, spray 

forming [91,92], inoculation and physical methods such as mechanical stirring, electromagnetic 

vibrations, and ultrasonic vibrations. UST is one of the easy and useful physical methods to refine 

grain size of lightweight alloys during the solidification process [3-6].  

Abramov et al. [93] studied the effect of UST on microstructure and mechanical 

properties of hypoeutectic Al–7Si alloy. Application of UST changed the microstructure to sub-

dendritic structure from the dendritic structure, refined the Si inclusions and improved the 

mechanical properties of alloy.  

Atamanenko et al. [94] studied the effect of melt temperature and UST on Al-4wt.%Cu 

alloy without and with adding the grain refiners (0.05 wt.% of Al-5Ti-1B). UST was employed 

in the melt by varying the ultrasonic power (2 to 5 kW) for 10 s at 700°C temperature. Upon 

increasing the power of UST, the grain size of alloys reduced without and with addition of grain 

refiner. Atamanenko et al. [95] further reported that the grain size and dendritic arm spacing 

decreased with UST in Al-4wt.%Cu and Al-11wt.%Cu alloys during continuous and semi-solid 

processing of UST. In case of Al-4wt.%Cu alloy, cavitation aided grain refinement was the 

dominant mechanism and for Al-11wt.%Cu alloy, grain refinement occurred due to influence of 

primary nucleation by UST. 

Jung et al. [96] examined the effect of UST on the microstructure of Al-Si alloys having 

different Si contents (12, 15, and 18 wt.%). UST was employed into the melt for 60 s in the 

temperature range of 700-750°C for the 12 wt.% Si alloy and 750-800°C for 15 wt.% Si and 18 

wt.% Si alloys. UST reduced the average grain size of the alloy and changed the morphology of 

α-Al grain from dendritic to equiaxed. UST also refined the size of eutectic Si phase and primary 

Si particles. Das and Kotadia [36]  studied the effect of UST on the microstructure of LM6 alloy. 



16 
 

Their results showed that UST eliminated dendritic α-Al phase and globular grains were 

produced. Very fine Si platelets were observed in the intergranular spaces near the ultrasonic 

horn. 

Ferguson et al. [97] studied the effect of UST, pouring temperature, and cooling rate on 

the microstructure of A356 alloy. A356 alloy samples were fabricated under three experimental 

processing conditions- 

a)  Melt cast at different pouring temperatures (610, 750, 850, and 950°C) and then poured 

into the steel mold without UST horn. 

b) UST horn (without preheat) inserted into the melt for 30 and 60 s accompanied with UST. 

After that, horn was removed and melt held in the electric resistance furnace for 0, 60 and 

120 s and then cast into a steel mold. 

c) UST horn (without preheat) inserted into the melt for 30 and 60 s without UST. After that 

probe was removed and melt was immediately quenched into the steel mold. 

The results showed that grain size decreased at lower pouring temperature without 

immersion of ultrasonic horn for as-cast samples. For as-cast samples with immersion of 

ultrasonic horn, grain size decreased with increasing ultrasonic horn immersion time, which 

definitely proved the chill effect of the cold horn. For UST samples, the grain size significantly 

decreased. 

Feng et al. [33] reported the influence of UST on the microstructure of hypereutectic Al-

23wt.%Si alloy. UST was applied to the melt in the temperature range of 680-700°C for 10 min, 

after which the crucible with melt was withdrawn from the furnace and quenched into water. The 

morphology of the α-Al phase changed from dendritic to equiaxed structure with the application 

of UST. UST also refined the primary silicon phase. 

Fukui et al. [98] reported the influence of UST on the microstructure of Al-18Si alloy. In 

experiment, aluminium alloy was melted at 750°C in alumina crucible. UST was applied at 

different temperatures of 583°C, 587°C, 592°C, 597°C, and 601°C for 10 s. After UST, sample 

was quenched into water. The results indicated that the as-cast sample quenched at 583°C had 

fine dendritic α-Al phase and eutectic structure. The α-Al phase, silicon grains and fine eutectic 

structure was observed in sample USTed at 583°C. At lower UST processing temperatures (583, 

587°C), globular α-Al grains were observed, and at higher UST processing temperatures (597, 

601°C), dendritic α-Al phase was observed.  
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Jia and Nastac [62] reported the effect of UST on the microstructure of A356 alloy. In 

their experiments, A356 alloy was melted in electric furnace. Ultrasonic probe was inserted into 

the melt for 15 min. The results showed more equiaxed dendritic structure after UST. UST also 

refined the size of the eutectic phase. Jian et al. [34] studied the influence of UST on A356 alloy 

melt at different stages of solidification. Three type of experiments were performed with 

application of UST into the melt, which are mentioned here: 

a) UST was applied to the A356 alloy melt in temperature range from 634°C to 574.8°C and 

then it was cooled in the furnace. This was called as continuous cooling treatment.   

b) In second type of experiment which was named as intermittent treatment, UST was 

applied to the melt in the temperature range of 614 to 574.8°C for varying durations of  

5, 10 and 20 s.  

c) In isothermal treatment, UST was performed at various solid fractions for different 

ultrasonic durations of 5, 10 and 20 s.  

In continuous cooling, UST time of 20 s was enough for produce globular grains of α-Al. Better 

results were obtained in intermittent treatment as compared to continuous cooling and isothermal 

treatment. Isothermal UST with a short duration into the mushy zone decreased the average grain 

size of α-Al but failed to yield globular grains.  

Jian et al. [99] reported the effect of UST on microstructure of A356 alloy. Globular α-

Al grains were obtained after application of UST. The morphology of eutectic silicon changed to 

fine structure form a coarse acicular plate-like structure with the application of UST. The length 

and width of eutectic silicon decreased from 26 µm to 2 µm and from 2.7 µm to 0.6 µm, 

respectively. Jian et al. [100] observed the influence of UST on the microstructure of Al7050 

alloy. UST was employed into the melt (a) in liquid state (670 to 655°C), (b) after the melt starts 

to crystallize (640 to 625°C), and (c) in mixed solid-liquid slurry state (625 to 590°C). Results 

indicated that UST showed a little effect on the grain refinement in liquid state processing, while 

significant refinement was observed in temperature range of 640-625°C. α-Al grains were also 

refined efficiently in the temperature range of 625-590°C. 

Jiang et al. [101]  studied the grain refinement mechanism for cast aluminium alloys under 

the influence of UST. Equiaxed microstructure was obtained when the molten melt was treated 

with ultrasonic vibration using a preheated ultrasonic radiator. It was seen that the equiaxed 

region occurred only in a small area at below the radiating face of ultrasonic horn (immersed in 



18 
 

chilled state), and coarse dendritic grains were observed at other positions below the radiating 

face. In this study, cavitation-promoted nucleation was the mechanism responsible for grain 

refinement. 

Khalifa et al. [102] investigated the effect of UST on eutectic silicon and iron-based 

intermetallic phases in 380, 384, 356 and 356 (with 0.8% Fe) grade Al-Si alloys. Isothermal UST 

was carried out at different temperatures (620, 605, 600 and 595°C) on the 380 alloy for 4 s, and 

at 623°C on the 356 and 356 (with 0.8% Fe) alloys for 5 and 15 s. The results indicated that more 

compacted Si particles were formed after UST near the ultrasonic horn. At higher temperatures, 

no effect of UST was observed on eutectic silicon phase. UST changed the morphology of iron-

based intermetallic phases from large plate-like particles to compacted form, when UST was 

applied 10°C above the liquidus temperature. UST did not have much effect on the morphology 

of iron-based intermetallic phases at higher temperatures. 

Khalifa et al. [103] studied the influence of UST on the size and morphology of the α-Al 

phase in A356 alloy by varying the UST time and ultrasonic processing temperature. UST refined 

the solidification microstructure when the melt was ultrasonically treated near the liquidus 

temperature. Fine non-dendritic globular grains in the range of 53-72 µm were observed. Khalifa 

[104] further studied the microstructural characterization of Al-4wt.%Mg alloy under the 

application of ultrasound vibrations. Non-dendritic aluminium grains were observed, when 

continuous ultrasonic vibrations were applied to the liquid for 2-3 minutes during solidification 

in temperature range from 660°C to 615°C. Dendrite fragmentation mechanism was responsible 

for the grain refinement. 

Kotadia and Das [26] reported the effect of UST on the primary α-Al phase, primary-Si 

and eutectic phase of hypoeutectic (Al–7wt.%Si) and hypereutectic (Al–16wt.%Si) alloys. Their 

results showed that dendrite to equiaxed transformation of α-Al phase was observed upon UST 

of hypoeutectic alloy and UST refined and uniformly dispersed the eutectic Si phase. For 

hypereutectic alloy, UST refined and better dispersed the primary silicon particles. It was 

suggested that the refinement of the primary α-Al phase occurred due to cavitation enhanced 

heterogeneous nucleation mechanism. Eutectic spheriodisation was observed near the ultrasonic 

horn because of strong fluid flow due to cavitation effect.  

Li et al. [105] studied the influence of UST on the microstructure of Al-l.65wt.%Si alloy. 

In their experiment, ultrasonic probe preheated to 600°C was inserted into the melt (750°C) for 
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different UST durations (20, 40, 60, 80, 100 and 120 s). It was observed that the macrostructure 

had a columnar grain structure in the outer region of ingots, an equiaxed grain structure region 

in central area below the ultrasonic probe, and a coarse columnar grain structure at the top of 

ingot when UST time was 20 s. When the UST time was increased to 40 and 60 s, the columnar 

grain structure in the outer region of ingots decreased and equiaxed grain structure region in 

central area of the ingots increased. When the UST time was increased to 80 and 100 s, many 

fine and homogeneous equiaxed grains were seen in the ingot section, the columnar grain 

structure in the outer region of ingots was reduced, and equiaxed grain area in the central region 

of ingots further increased. 

Li et al. [106] reported the effect of UST on microstructure of A1075 alloy with the effect 

of grain refiner (Al–5Ti–0.25C alloy). UST was applied to the alloy melt (A1075 and Al–5Ti–

0.25C alloy) at different temperatures (850 and 720°C) for 5 min. UST refined the TiAl3 phase 

and uniformly distributed the TiC phase into aluminium matrix. Cavitation and acoustic 

streaming effects were responsible for the microstructural refinement. 

Matsuda et al. [107] evaluated the effect of UST on the grain size of Al-4wt.%Si alloy. 

UST was applied at different conditions- (a) above liquidus temperature, (b) during undercooling 

before recalescence, (c) during recalescence, and (d) after recalescence for verifying the grain 

refinement mechanism. Grain refinement in aluminium alloy was not observed, when UST was 

applied after recalescence. Dendrite fragmentation mechanism did not initiate just under the 

liquidus temperature. It was observed that the grain refinement occurred due to an increase in the 

number density of non-equilibrium nuclei, when UST was applied above the liquidus 

temperature. Average grain size of aluminium alloy decreased upon UST during (b) and (c). The 

experimental results indicated enhanced nucleation, but the cause for this is not clear from their 

study. 

Puga et al. [32] observed the effect of UST on microstructure of AlSi9Cu3 alloy at 

different UST processing temperatures. UST was performed at various temperatures (615, 620, 

630 and 640°C) and different levels of ultrasonic power (200, 400 and 600 W) for 120 s with a 

preheated ultrasonic horn. UST led to the formation of globular α-Al grains and finer eutectic Si 

phase, whose size depended on the UST temperature and ultrasonic power. Use of higher UST 

temperatures and lower ultrasonic power produced rosette-like α-Al grains and exhibited inferior 

grain refinement efficiency. Puga et al. [108] reported the effect of UST on microstructure of 
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AlSi9Cu3(Fe) alloy. UST was applied continuously between 680°C and 580°C at different 

degree of ultrasonic power (200, 400 and 600 W). UST produced more refined α-Al and eutectic 

Si phases upon increasing the ultrasonic power. Globular α-Al microstructure was obtained at 

maximum ultrasonic power (600 W) with average grain size of 36 µm. 

Wang et al. [37] examined the influence of UST and melt temperature in Al–2wt.%Cu 

alloy. Significant refinement was observed when UST was applied at a temperature that was 

20°C above the liquidus temperature. No grain refinement was detected in the alloy, when 

ultrasonic vibration was introduced from above the liquidus temperature and ceased just above 

the liquidus temperature. Wang et al. [28] investigated the combined effect of Al3Ti1B master 

alloy and UST on the microstructure of  Al-2wt.%Cu alloy. Significant grain refinement was 

observed when UST was applied at 40°C above the liquidus temperature (655°C) and stopped at 

653°C for 4 minutes in Al-2wt.%Cu alloy without and with adding the master alloy. UST altered 

the nucleation efficiency of the master alloy by increasing the number of activated TiB2 particles. 

Wang et al. [14] studied the effect of UST on Al–0.4wt.%Ti alloy. They selected three 

temperature zones for application of UST- (a) above liquidus temperature (810 to 770°C), (b) 

across the liquidus temperature (770 to 730°C), and (c) below the liquidus temperature (730 to 

690°C). Size of the Al3Ti intermetallic phase refined in all the temperature zones. Cavitation-

enhanced nucleation mechanism was responsible for refinement of intermetallic phase when UST 

was applied above the liquidus temperature. Cavitation-induced fragmentation mechanism 

dominated for refinement below the liquidus temperature. 

Effect of UST applied at different pouring temperatures on the microstructures of Al-

1wt.%Mg-0.3wt.%Sc alloy was studied by Tuan et al. [35]. Substantial grain refinement was 

observed in alloy after UST as compared to the as-cast alloy. Cavitation-enhanced heterogeneous 

nucleation mechanism was responsible for grain refinement of alloy. Yu et al. [109] investigated 

the influence of UST on the microstructure and mechanical properties of Al–23wt.%Si alloy. 

Grain size of α-Al decreased with UST as compared to as-cast alloy. UST also refined and 

uniformly distributed the primary silicon phase. As a result, ultimate tensile strength of the alloy 

increased. 

Zhang et al. [110] analyzed the role of UST on Al–Cu, AA7075, Al–Ti, Al–Zr–Ti and 

AA2024 alloys cooled using different cooling rates. UST refined the microstructures and 

intermetallic phases when UST was applied in the solidification range. Grain refinement of Al 
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alloy depended upon the undercooling. With larger undercooling, more grain refinement 

occurred. 

Zhang et al. [111] investigated the effect of isothermal and continuous cooling UST on 

the microstructure of hypoeutectic (Al-5wt.%Si), hypereutectic (Al-17wt.%Si) and near-eutectic 

(Al-11wt.%Si) alloys at different ultrasonic processing temperatures (650, 670, 700 and 720 ºC). 

Refined grain size was observed with UST done during continuous cooling. In hypoeutectic Al-

Si alloy, cavitation-assisted fragmentation mechanism was found to be responsible for the grain 

refinement of alloy. A substantial refinement of primary silicon crystals was also observed in 

hypereutectic alloys when UST was applied near the liquidus temperature. However, application 

of UST during further solidification might have resulted in coarsening and agglomeration of 

primary Si. 

Zhang et al. [112] observed the morphology of α-Al phase and size of primary 

intermetallic compound formed under different ultrasound intensities in Al-0.4wt.%Zr-0.12 

wt.%Ti alloys. UST was applied for 10-20 s from temperature 790°C to 750°C into the melt. 4.0, 

3.5, 3, 2.5, and 2.0 kW of ultrasonic generator power were employed. They studied the 

mechanisms responsible for the formation of these primary intermetallic phases under UST. UST 

refined the α-Al phase and the eutectic silicon phase coarsened during solidification processing. 

For grain refinement, cavitation dendritic fragmentation mechanism was responsible.  

Zhang et al. [113] reported the effect of UST on the microstructure and mechanical 

properties of A356 alloy by varying the ultrasonic power (0.6, 0.8, 1.0 and 1.2 kW). UST was 

done to the melt for 10 min. With UST, morphology of α-Al and Si phases improved and their 

size decreased. It was observed that sharp and long dendrite-shaped silicon phase turned into 

smooth particle shape or short-rod shape with size of about 3–8 µm at maximum ultrasonic power 

of 1.2 kW.  

2.4. Processing methods for dispersing the micro and nano-particles in light alloy melts 

Adding the ceramic particles in to light alloys enhances their strength, high temperature 

strength, and wear resistance [114–116]. There are several established techniques for adding the 

ceramic particles in to metal alloy matrix. These conventional routes are mechanical alloying, 

powder metallurgy, squeeze casting, compocasting, spray deposition, stir casting, and ultrasound 

assisted solidification [40,115–121]. Processing route affects the mechanical properties of the 

alloy matrix composites. These conventional routes are mainly classified in to solid-state 
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processing route and liquid state processing route [45]. Each has to fabricate metal matrix 

composites (MMCs) with definite combinations of alloy matrix and ceramic particles. Therefore, 

a lot of research is mainly done for designing the processing routes to fabricate MMCs. Several 

researchers reported that liquid state processing route is a simple and effective method for 

fabricating large quantities of MMCs [45]. Table 2.1 shows different processing methods used 

for successfully adding the ceramic particles into the molten metal. 

Table 2.1: Summary of research work for adding ceramic particles in to the metal matrix. 

 

Cited work Alloy/ 

Materials 

studied 

Reinforcement particles Solidification 

method 

Ghosh et al. [38] Al-Mg Al2O3 particles (45-212 µm) Stir casting 

Ghosh and Ray [122] Al-Mg Al2O3 particles (45-212 µm) Compocasting 

Kumaran et al. [123] 6351 Al 

alloy 

Hybrid 0, 5 & 10 wt.% of 

B4C and 5 wt.% SiC  

Stir casting 

Kumaran et al. [124] 6351 Al 

alloy 

Hybrid 0, 5 & 10 wt.% of 

B4C and 5 wt.% SiC 

Stir casting 

Yamanoglu et al. 

[125]  

Al-Cu-Mg  4 wt.% SiC (650 nm) Stir casting 

Uju and Oguocha 

[126] 

A535 Alloy 5 wt.% Fly Ash and 5 wt.% 

SiC 

Proprietary stir 

casting 

Alaneme and Aluko 

[127] 

Al6063  3, 6, 9 and 12 vol.% SiC (30 

µm) 

Double stir 

casting 

Khan et al. [128] Al-5%Mg 10 and 20 vol.% B4C Stir casting 

Ozden et al. [129] Al2124, 

Al5083, and 

Al6063 

10 wt.% SiC (167 µm) Stir casting 

Yılmaz and Buytoz 

[130] 

  

Al-Cu-Mg-

Si alloy 

  

5, 7, 10 and 15 vol.% Al2O3 

(20μm) 

 

Stir casting 
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Baradeswaran and 

Elaya Perumal [131]  

Al7075 5, 10, 15 and 20 vol.% B4C 

(20 μm) 

Stir casting 

Li and Langdon  [132] Al 7005 20 vol.% Al2O3 (20 µm) Proprietary 

casting 

Mazahery and 

Shabani [133]  

A356 SiC (50 nm and 16 µm) P/M and Stir 

Casting 

Narasimha Murthy et 

al. [118] 

AA2024 2 and 3 wt.% Fly Ash (23 nm) P/M and UST 

Su et al. [54] Al 2024 Al2O3 (65 nm) P/M and UST 

Li and Langdon [134] Al 6061 20 vol.% Al2O3 (20μm) Proprietary 

casting 

S. G. et al. [44] AA 6061 TiC  Stir casting 

A. G. Rao et al. [45] AA 6061 

  

10 wt.% B4C (25 μm) Centrifugal 

Casting 

El-Sabbagh et al. [135] AA 6061 15 vol.% SiC (15 and 8 μm) Stir cast 

Benal and Shivanand 

[136] 

  

Al 6061 9 wt.% of SiC (60 μm) and 0, 

1, 3 , 5 wt.% of E-glass fibre 

(2-3 mm) 

Stir cast 

Srivatsan [137] Al2024 10 and 15 vol.% of Al2O3 Proprietary 

casting 

Ezatpour et al. [138] Al 6061  0.5, 1 and 1.5 wt.% Al2O3 

(40 nm) 

P/M and Stir 

casting 

Mahadevan et al. [139] AA 6061 15 vol.% SiC (23 μm) Stir cast 

Mula et al. [140] Pure Al 2, 3.57 and 4.69 wt.% of 

Al2O3 (10 nm) 

Non-contacting 

UST 

Mula et al. [141] Pure Al 2 wt.% of Al2O3 (10 nm) Non-contacting 

UST 



24 
 

Nie et al. [142] AZ91 1 vol.% SiC (60 nm) UST 

Nie et al. [143] AZ91 0.5, 1 and 2 vol.% SiC (60 

nm) 

UST 

Nie et al. [56]  AZ91D 0.5, 1 and 2 vol.% SiC (1 µm) UST 

Cao et al. [144] Mg-(2,4)Al-

1Si 

2 wt.% SiC (50 nm) UST 

Xuan and Nastac [145] A356 1 wt.% Al2O3 (20 nm) UST 

Jia et al. [115] A356 1 wt.% β-SiC (50 nm) or 

Al2O3 (20 nm). 

UST 

Li et al. [119] A356 1 wt.% SiC (30 nm) UST 

Harichandran and 

Selvakumar  [116] 

Pure Al 2, 4, 6, 8 and 10 wt.% B4C 

(80 nm) 

UST 

 

Among above processing methods, stir casting is a simple, effective and economical 

method for adding the micron sized particles in molten metal [38,146]. This method is also 

competent for forming the near net-structure MMCs into a complex structure by conventional 

foundry techniques [147]. Micron-sized ceramic particles are extensively used in the fabrication 

of MMCs [40]. Micron-sized particles enhance strength but reduce the ductility of the composite 

[148]. Due to poor ductility of MMCs reinforced with micron size particles, their application is 

limited.  For overcoming these problems, nowadays nano-particles are used for fabricating the 

MMCs [40]. It is observed that nano-particles can significantly enhance the mechanical 

properties of composites as compared to micron-size particles [45,119]. Nano-particles also 

retain the ductility of the matrix. It was reported that low content of nano-particle reinforcements 

is enough for enhancing the mechanical properties of composites as compared to micron-sized 

particles [45,56]. Recently, it was found that nano-particles can effectively promote the 

heterogeneous nucleation sites under solidification and hinder the grain growth because of Zener 

pinning effect during solidification [149,150]. Several strengthening mechanisms are observed 

in nano-composites that are responsible for increasing the yield strength of composites as 

compared to their base alloy. These mechanisms are Orowan strengthening [151], Hall-Petch 

strengthening, coefficient of thermal expansion (CTE) mismatch strengthening, and load bearing 
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mechanism [152–156]. For understanding the contribution of these strengthening mechanisms, 

several models are proposed that estimate the yield strength of composites. These models are 

Arithmetic summation method [157,158], Quadratic method [157,159,160], Compounding 

method, Zheng and Chen model, and other models [157,160]. 

However, it is extremely difficult to uniformly disperse the nano-particles in molten metal 

by stir casting method because nano-particles have a large surface to volume ratio and poor 

wettability in molten metal, which readily stimulate the agglomeration and clustering of particles 

[115,119,120,161]. It is propounded that ultrasonic solidification method is promising processing 

route to uniformly disperse the nano-particles in aluminium and magnesium alloys because of 

the acoustic streaming and ultrasonic cavitation effect. UST also has potential for minimizing 

melt oxidation by decreasing the processing time [41,45,57,144]. UST produces nonlinear effects 

such as cavitation and acoustic streaming into the liquid [18]. Acoustic streaming could enhance 

the transfer of small particles in to the molten metal, equalize the concentration of the solute in 

the melt and the temperature, and fragment the dendritic structure [40,46,115,145]. The basic 

mechanism of UST in molten metal is described below. 

2.5. Effects of ultrasonication in molten metals 

When high intensity ultrasound propagates through liquid melts, some phenomena like 

acoustic streaming and cavitation arise in the molten metal, which causes change in the 

morphology of the solidifying phases [162,163]. Some known metallurgical effects are observed 

during the treatment of molten metal under the application of power ultrasound. These effects 

are as follows [162,163]:  

i. Solidification under ultrasonic field 

a) Reduction in grain size 

b) Non-dendritic solidification 

ii. Refining of melts 

a) Ultrasonic degassing of melts 

b) Fine filtration in the ultrasonic field (USFIRALS process) 

iii. Dispersion of other substances into the melts 

iv. Acceleration of rate processes 

v. Other metallurgical and related effects 
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When ultrasonic waves are transmitted through a medium, its molecular structure is 

alternately stretched and compressed [30]. If the negative pressure during the stretching phase or 

rarefaction phase is strong enough to overcome intermolecular binding forces, it can tear apart 

the medium resulting in tiny cavities (micro bubbles). The cavities so formed can grow under 

tensile stresses in the succeeding cycles. Eventually they collapse with the release of large 

magnitude of energy as depicted in Figure 2.4. This phenomenon produces hot spots [31]. These 

local transient hot spots have very high temperatures (>5000 K) and large pressure (>1000 atm) 

which could significantly increase the wettability between the nano-particles and the molten 

metal and could break up the clustering of nano-particles [45,46,54,54,57,164]. In addition, the 

powerful acoustic streaming produced by UST can promote the uniform dispersion of nano-

particles into the molten metal [41,45,115,144].  

The important factors controlling the intensity of cavitation are[165,166] : 

Ultrasonic frequency: The lower the frequency, the more intense will be the cavitation 

occurrence. 

Ultrasonic power: The amount of cavitation per unit of time and volume is determined by the 

power level. Increase in power increases the number of cavitation events. When cavitation occurs 

in a melt, the occurrence of pulsating cavitation bubbles can cause the dispersion of crystals and 

increase in the nucleation rate of crystallization.  

Two mechanisms have been proposed for grain refinement of alloys using UST. These 

mechanisms are cavitation enhanced nucleation and cavitation assisted dendrite fragmentation 

[30,32,34,110,167,168]. UST may affect nucleation in several ways. Pressure influences the 

liquidus temperature of an alloy [162]. If ultrasonic energy is applied to a melt near its liquidus 

temperature, some regions in the molten alloy may be superheated while other regions may be 

undercooled. Each location the melt undergoes change from superheating to undercooling at high 

frequencies. This may result in the formation of an increased number of solid nuclei [170]. 

Another possibility is that the grain refiners added to the melt may also be affected by ultrasonic 

vibration, since each foreign particle can act as a nucleus and is most effective under a certain 

undercooling. Nucleation under the action of ultrasound vibrations may also occur in the melt at 

a temperature higher than the liquidus, corresponding to the increase in the pressure [8,25].  
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Figure 2.4. Cavitation phenomena in the melt [169]. 

2.5.1. Cavitation enhanced nucleation 

Possible mechanisms of crystal nucleation due to cavitation are [27]:  

1. From the surface of the expanding cavity, the liquid evaporates to cause cooling of the 

surface 

2. An increase in the melting point is produced from positive pressure pulse associated with 

cavity collapse 

3. Cooling is caused by negative pressure associated with cavity collapse 

Cavitation- enhanced nucleation is interpreted in terms of two different mechanisms discussed 

below [170,171]:  

2.5.1.1. Pressure pulse melting point (Tm) mechanism 

Cavitation bubbles produced in liquid metal start to collapse, inducing the pressure pulse 

waves, resulting in an increase of solid-liquid equilibrium temperature. Undercooling of the 

liquid phase occurs due to increase in pressure and consequently the melting point is increased, 

which is explained by the Clausius–Clapeyron equation (2.15) [31,172]. 

𝑑𝑇𝑚

𝑑𝑃
=

𝑇𝑚(𝑉𝐿−𝑉𝑆)

∆𝐻
………………………. (2.15) 
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Where, ∆H is the latent heat of freezing in J.g-1, P is pressure in 105 Pa, Tm is freezing point in K, 

VS, and VL are the specific volumes of solid and liquid phases in cm3.g-1, respectively. Nucleation 

rate increases due to an increase in Tm, which is equivalent to increasing the undercooling. 

2.5.1.2. Cavitation enhanced inclusion wetting 

In this case, the pressure pulse fills the cavities and cracks on the surfaces of the substrates 

such as the mould, or impurities by molten metal. Therefore, enhanced nucleation results from 

these defects that can act as effective nucleation sites [162]. 

2.5.1.3. Cavitation induced endothermic vaporization theory 

This mechanism involves undercooling of the molten metal at the surface of bubble. 

During cavitation, the expansion of gas inside the cavitation bubbles leads to increase the bubble 

size and decrease the bubble temperature, which will cause undercooling at the bubble surface 

and, as a result, form nuclei on the bubble’s surface. When these bubbles collapse, a significant 

number of nuclei are produced into the melt and this promotes the heterogeneous nucleation in 

the melt [27]. 

2.5.2. Cavitation assisted dendrite fragmentation 

The convection and shock waves created in the solidifying melt during ultrasonic 

vibration can promote dendrite fragmentation, which causes melting at a dendrite root, where the 

solutes are segregated. The melting at a dendrite root may be a result of local temperature 

increase. Diffusion of solutes away from the dendrite roots would lead to a reduction of the solute 

concentration and increase in the local temperature. Stirring can also promote dendrite 

fragmentation, since it produces local temperature variations and promotes diffusion of solutes 

in the liquid. Furthermore, the local pressure fluctuations given by equations (2.16) and (2.17) 

lead to fluctuations in the melting temperature which results in the melting of the dendrite roots. 

 

𝑝𝑚𝑎𝑥 = 𝑝0 + √2𝜌𝑐𝐼 ……………………… (2.16) 

𝑝𝑚𝑖𝑛 = 𝑝0 − √2𝜌𝑐𝐼 ………………………. (2.17) 

These fluctuations should aid in the melting of the dendrite roots. This will lead to more 

homogeneous microstructure with smaller grain size. However, if the applied ultrasonic field is 

strong enough to produce cavitation, then a major origin of grain refinement is the fragmentation 
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of crystals to produce new nuclei [30,32,34,110,167,168]. Abramov studied the 

destruction/fragmentation of growing crystals due to cavitation induced by ultrasound [163]. 

Equation (2.18) shows the pressure (Pd) required for the fragmentation of crystals [172]. 

Pd =
1

4 
( 

r

l
)2σmp ≈  γσmp……………………………… (2.18) 

Where σmp is strength of the material near the melting point, and l and r are the length 

and radius of the crystal, respectively. Table 2.2 shows that the ultrasonic intensity required for 

the crystal dispersion scales with the γ parameter. Both the alloy strength and the crystal 

morphology influences the dispersion of growing crystals. Table 2.2 also reveals how the crystal 

morphology is related to the ultrasound intensity [163,172].  

Table 2.2. Crystal geometry and ultrasound intensity necessary for crystal dispersion [172].   

Crystal growth 

velocity (μm.s-1) 

Crystal length          

(mm) 

Crystal 

radius (mm) 
 𝛄 × 𝟏𝟎−𝟐 Ultrasound intensity 

(W.cm-2) 

5 0.2 0.05 6.25 30 

16 0.4 0.06 2.25 20 

25 0.6 0.08 1.78 15 

50 1.0 0.12 1.44 10 

100 1.6 0.20 1.55 10 

It is also reported that UST helps the degassing of the melt and decrease the porosity of the cast-

structure [173–178]. Mechanism of ultrasonic degassing is described as follows. 

2.5.3. Ultrasonic degassing of melts 

The interaction of high intensity ultrasound with liquid reduces the amount of gas 

dissolved in liquid, leading to degassing. This effect can be used for degassing metal melts. 

Ultrasonic degassing of melts by UST is an environmentally clean and comparatively cheap 

technique. In this technique, Hydrogen is removed from the molten aluminium with the help of 

UST. The mechanism of ultrasonic degassing is dependent on the phenomenon of ultrasonic 

cavitation in the molten metal. When ultrasonic horn is applied into the melt, ultrasonic waves 
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produce tensile and compressive stress in the alternate cycle, which forms large number of tiny 

cavities in the melt at higher ultrasonic vibration. The surface area of pulsating bubbles in 

rarefaction phase is several times greater than compression phase. At this time, the hydrogen gas 

diffuses from the surrounding melt in to the bubbles. The amount of hydrogen gas that enters in 

to the bubble in rarefaction phase is larger than the amount of hydrogen gas leaving the bubble 

in compression phase, as shown in Figure 2.5. This is called rectified mass diffusion effect 

[169,179], due to which the bubble gains significant amount of hydrogen gas over several cycles. 

Due to hydrodynamic buoyancy force, large bubbles can float to the surface of the molten metal 

and escape from the surface [169]. 

An experiment was carried out for finding out the rates of removal of hydrogen from Al-

Si-Mg alloy by using different processes like chlorine salts processing, UST, vacuum degassing, 

combined UST and vacuum degassing and it was observed that combined UST and vacuum 

degassing gives promising results (as shown in Figure 2.6 and Table 2.3) [27,181]. 

2.6. Research gaps and Problem Formulation  

Increasing volumes of aluminium alloys are used in automobile and aerospace 

applications for satisfying the demands for fuel efficiency and to achieve low carbon dioxide gas 

emissions. Therefore, time-to-time modifications on aluminium alloys have been made by 

changing the composition, processing methods, and particle size of reinforcements in composites 

for achieving better mechanical properties. However, the demand for continuous improvement 

in performance of aluminium alloys, through its improvement of mechanical behavior, in 

automobile and aerospace application is ever increasing.  
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Figure 2.5. Schematic of rectified diffusion [180]. 

Table 2.3. Comparison of efficiencies of degassing techniques used in industry for Al-Si-Mg 

alloy [27,181]. 

 

Degassing 

techniques 

H2 (cm3 per 100 g) Density (103 Kg.m-3) Porosity 

number 

Ultrasonic degassing 0.17 2.706 1-2 

Vacuum degassing 0.20 2.681 1-2 

Argon purging 0.26 2.667 2-3 

C2Cl6 0.30 2.665 2-3 

Universal flux 0.26 2.663 3-4 

Initial melt 0.35 2.660 4 
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Figure 2.6. Rates of removal of hydrogen from Al-Si-Mg alloy (1) chlorine salts processing, (2) 

UST, (3) vacuum degassing, (4) combined UST and vacuum degassing [27,181]. 

An exhaustive review of the literature on aluminium and its alloys with effect of solute, 

ceramic particles, and UST has been carried out, and based on the identified research gaps the 

problem formulation is made in the present work. The important findings on aluminium alloys 

from the literature are summarized below: 

In literature, previous studies mainly dealt with grain refinement of the peritectic based 

aluminium alloys (Al-Ti, Al-Cr and Al-V) without and with UST. There is little work done on 

the grain refinement of eutectic-based aluminium alloys by using ultrasound solidification 

technique. Grain refinement mechanism in off-eutectic and hypoeutectic aluminium alloys with 

the application of UST is scarcely reported. A systematic study of the combined effect of solute 

content and UST in microstructural evolution of aluminium alloys is lacking in literature. It was 

observed that the nucleation efficiency of eutectic alloys could be changed with the application 

of UST. UST has potential to refine the grain structure of hypoeutectic alloys, which will show 

superior mechanical properties and could be used in automobile and structural applications. 

It is known that UST efficiency is changed with ultrasonic processing temperature. 

Therefore, melt temperature or melt viscosity can play a vital role in dispersing the nano-particles 

in aluminium alloy melts. There is little work on the dispersion of nano-particles in aluminium 

alloys from ultrasonic solidification technique by using different processing temperatures. 
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Therefore, there is a need to study the effect of ultrasonic processing temperature on the 

incorporation and dispersion of nano-particles, and the resultant inter-particle spacing in the 

composites. 

 

Thus the objectives of this work are: 

1. To study the combined effect of solute content and UST on microstructure of binary 

aluminium alloys. 

2. To investigate the dominant grain refinement mechanism. 

3. To study the mechanical behavior of ultrasonically treated binary aluminium alloys. 

4. To investigate the dispersion of nano-particles in aluminium alloy when UST is 

performed. 

5. To study the structure-mechanical property relationship in ultrasonically treated nano-

particles dispersed aluminium alloy composites. 
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CHAPTER 3                                                                        

EXPERIMENTAL PROCEDURE AND INSTRUMENTS 

 

This chapter describes the details of experimental procedures carried out in line with the 

scope of the work. The procedures of specimen preparation for microstructural characterization 

(scanning electron microscopy, optical microscopy and transmission electron microscopy) and 

mechanical testing (hardness and tensile test) are explained.  

3.1. Materials  

Pure aluminium was procured from Hindalco, India. Both pure copper and nickel were 

procured from Hindustan Copper Limited, India. The nominal composition of commercially 

available Al6061 alloy procured from Hindalco, India is given in Table 3.1. It melting range is 

580°C-660⁰C. γ-Al2O3 powder (30-70 nm) was procured from Sigma –Aldrich, India. 

 

Table 3.1. Chemical composition of the Al6061 alloy. 

 

 

 

3.2. Experimental procedure 

For fabricating the Al-x %Si, Al-x %Cu and Al-x %Ni alloys (x = 1, 2, 3 and 5 wt.%), 

the experimental setup used is as shown in Figure 3.1. A 20 kHz ultrasonic generator was used 

to generate vibrations in molten Al alloys using a 1.5 kW capacity ultrasonic generator unit 

(Model VCX 1500, Sonics and Materials, USA). The diameter and length of the niobium (Nb) 

acoustic radiator were 19 mm and 175 mm respectively. It should be noted that the frequency of 

the Nb radiator changes during UST with an increase in temperature due to being immersed in 

the melt and with an increase solid fraction in the melt as solidification goes on. However, the 

Mg Si Mn Cu Fe Ti Zn Cr Al 

0.88 0.70 0.33 0.29 0.18 0.02 0.003 0.006 97.591 
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variations are comparable for all the binary aluminium alloys processed in this work. The 

ultrasonic intensity is given by Equation (3.1) according to Eskin [27]: 

𝐼 =
1

2
 𝜌𝑐(2𝜋𝑓𝐴)2   ………………..………. (3.1) 

Where 𝜌 is the density of molten metal, c is the speed of sound in the melt, f is the 

frequency and A is the amplitude. Four amplitudes of ultrasonic horn vibrations were selected; 

viz. 24 μm, 18 μm, 12 μm and 6 μm (measured using a contactless vibrometer at room 

temperature).  They gave intensity values of about 1400 W/cm2, 790 W/cm2, 350 W/cm2 and 88 

W/cm2 by using Equation (3.1), where c ≈ 1.3×103 ms−1 in molten aluminium according to Eskin 

[27] and the density of molten aluminium was taken as 𝜌 = 2375 kgm−3. Eskin [27] determined 

that the threshold ultrasonic intensity required to produce cavitation in molten aluminium is about 

80 W/cm2. The lowest ultrasonic intensity of 88 W/cm2 used in this research thus still exceeds 

this threshold intensity.  

 

 

Figure 3.1. Experimental set-up for ultrasonic processing of binary aluminium alloys. 

Binary alloys of Al-Si, Al-Cu and Al-Ni with solute contents of 1%, 2%, 3% and 5% 

were selected for ultrasonic grain refinement. Table 3.2 lists the basic data of the Al-Si, Al-Cu 

and Al-Ni systems as per the ASM Handbook Vol. 3 Alloy Phase Diagrams (1992) [182]. Phase 

diagrams of Al-Si, Al-Cu and Al-Ni binary alloys are shown in Figures 3.2, 3.3, and 3.4, 

respectively [182]. In principle, all four selected Al-x%Cu (x = 1, 2, 3, 5) alloys are off-eutectic 
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alloys (<5.65 % Cu, Table 3.2) while all four selected Al-x%Ni (x = 1, 2, 3, 5) alloys are 

hypoeutectic alloys (>0.24 % Ni, Table 3.2). As for the four selected Al-Si alloys, Al-1%Si is 

off-eutectic (<1.65 % Si, Table 3.1) while the rest three (Al-2%Si, Al-3%Si and Al-5%Si) are all 

hypoeutectic.        

Table 3.2. Basic data of the Al-Si, Al-Cu and Al-Ni alloy systems (k = equilibrium solute 

partition coefficient; m = liquidus slope). 

 

 

 

 

 

 

 

 

 

Figure 3.2. Phase diagram of binary Al-Si alloy [182]. 

Alloy 

system 

Eutectic point  Maximum 

solubility in α-Al  

Al-Si 577°C, 12.6 % Si 1.65 % Si 

Al-Cu 548.2°C, 33.2 % Cu 5.65 % Cu 

Al-Ni 639.9°C, 5.7 % Ni 0.24 % Ni 
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Figure 3.3. Phase diagram of binary Al-Cu alloy [182]. 

 

 
 

Figure 3.4. Phase diagram of binary Al-Ni alloy [182]. 
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Commercial purity aluminium and respective master alloys were used to make Al–Si, Al-

Cu and Al-Ni alloys. In each experiment, 300 grams of the aluminium and master alloy were 

melted in a graphite crucible (inside diameter: 60 mm) in an electric resistance furnace at 

700±5°C, which is at least 40°C higher than the liquidus of each alloy. The melt was held for 30 

min to allow for complete dissolution. A thermocouple was placed into the melt to record the 

cooling process during solidification. The Nb ultrasonic horn was preheated to ~700°C prior to 

ultrasonic processing. The crucible was withdrawn from the furnace at 700°C and placed on 

refractory bricks. The Nb ultrasonic horn was then immersed into the melt and the UST system 

was switched on until solidification was nearly complete. A control sample was cast for each 

composition under identical conditions but without UST, which is referred to as “as-cast” alloy. 

Figure 3.5 shows the schematic experimental setup for the fabrication of aluminium alloy 

nano-composites by ultrasound assisted solidification technique. It consists of an electric 

resistance furnace, ultrasonic unit, and thermocouple, along with controlled argon atmosphere. 

A 19 mm diameter niobium probe was used to transmit 20 kHz ultrasonic waves generated with 

a 1.5 kW capacity ultrasonic generator unit (Model VCX 1500, Sonics and Materials, USA). 

In each experiment, 300 g of Al6061 alloy was heated to UST processing temperature in 

a graphite crucible (3 mm thickness, 60 mm diameter, and 80 mm length). Upon reaching the 

UST temperature, Al2O3 nano-particles wrapped in aluminium foil were fed into the bottom of 

the crucible with the help of a plunger. The melt was manually stirred with graphite rod for about 

5 min at approximately 45 revolutions per min for initial mixing of the powder and the melt. 

Ultrasonic probe was inserted into molten metal to a depth of 15-20 mm for 3 min. The processed 

melt was immediately poured into a steel mold preheated to 400⁰C. During UST of molten metal, 

temperature and time were controlled.  

Al6061 matrix nano-composites with one wt.% of nano-sized Al2O3 were fabricated at 

different temperatures of 700⁰C, 725⁰C, 750⁰C and 775⁰C using UST. These nano-composites 

with UST are named as NC700, NC725, NC750, and NC775 respectively. In order to isolate the 

effect of UST, one control specimen was cast after manual stirring at 775⁰C and is named as 

NC775MS. In this case, all other casting conditions were maintained identical. Best mechanical 

properties were observed in composites ultrasonically processed at 775⁰C. Therefore, two more 

Al6061 alloy nano-composites were also fabricated with 2 and 3 wt.% of nano-particles at 
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ultrasonic processing temperature of 775⁰C. These USTed nano-composites are named as 

2NC775 and 3NC775 respectively. 

 

 

Figure 3.5. Experimental set-up for ultrasonic processing of composites. 

3.3. Flow diagram of work 

Figure 3.6 shows the flow diagram of present research work. In present work, about ~200 

castings including duplicates were made for fabricating 70 actual cast compositions.  
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Figure 3.6. Flow diagram of present work. 

3.4. Microstructural Characterization 

3.4.1. Optical metallography 

  For metallographic examination, samples were cut from the center of the longitudinal 

section of each casting for binary aluminium alloys and aluminium alloy composites. Specimen 

preparation involved grinding in belt grinder using emery paper of 100 grit size followed by 

manual polishing using 320, 800, 1200, 1500 and 2000 grit-size emery papers. Subsequently, 

cloth polishing was performed on velvet cloth using a mixture of magnesium oxide powder and 

water. These polished specimens were cleaned in ultrasonic cleaner using acetone. All specimens 

were etched using Keller reagent.  The chemical composition of the Keller reagent is 2 ml HF, 3 

ml HCl, 20 ml HNO3, and 175 ml water. 

A Leica DMI5000 M optical microscope and a Zeiss scanning electron microscope 

(SEM) operated in secondary electron imaging mode were used for microstructural examination. 

Mean linear intercept method and ImageJ software were used to determine the average grain size 

for binary aluminium alloys and aluminium alloy composites. Average inter particle distance in 

aluminium alloy composites was measured by ImageJ software.  
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3.4.1.1. TEM sample preparation 

Electron microscopy of specimens was also performed using a transmission electron 

microscope (TEM) (Tecnai G2 20 S-TWIN at 200 kV). TEM provides information about the 

size, morphological, compositional, and crystallographic characteristics. In the present study, 

TEM study was used for the analysis of alumina nano powder and dislocations in Al6061 alloy 

composites. For TEM specimen preparation, a low speed diamond saw was used for cutting thin 

slice (1-2 mm). This thin slice was glued to an aluminium piece (18 × 18 × 15 mm). Then slice 

was thinned down using paper polishing with 1500 grit size emery paper. When the thickness of 

the specimen was reduced to about 100 µm, the specimen was removed from the surface of 

aluminium piece using acetone. Finally, a specimen punch was used for cutting the 3 mm 

diameter disc. A Fischione Model 110 twinjet electro-polisher was used for preparing thin foils 

for TEM examination. For that, the specimen was placed in twin-jet polisher in an electrolytic 

solution consisting of 20% perchloric acid and 80% methanol. The bath was maintained at a 

temperature of -20°C using a mixture of liquid nitrogen and methanol. Twinjet polishing was 

performed for 20-30 s at a voltage of 12V. 

3.4.2. Instruments used in microstructural characterization 

3.4.2.1. Diamond Cutter 

Buehler Isomet 4000-diamond wheel cutter used for cutting the specimens with precision 

is shown in Figure 3.7. The feed rate and wheel rotation speed of the diamond cutter can be 

adjusted as per the property of materials.  

 

Figure 3.7. Diamond cutter IsoMet 4000 for cutting the sample. 
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3.4.2.2. Optical microscopy 

A Leica DMI5000 M microscope was used for optical microscopy (Figure 3.8). 

Microstructures were captured digitally at different magnifications (5x, 10x, 20x, 50x, and 100x) 

at various locations in the specimens. In general, this instrument has light source, objective lens, 

condenser and ocular or eyepiece. A recording device can replace the eyepieces. In research, 

optical microscopy is used for the inspection, analysis, and testing of microstructure of materials.  

3.4.2.3. Scanning electron microscope 

Figure 3.9 shows the image of ZEISS EVO 18 scanning electron microscope (SEM). The 

SEM with energy dispersive X-ray spectroscopy (EDS) acquired the microstructural 

characteristics and elemental analysis of the binary aluminium alloys and aluminium alloy 

composites specimens. The fracture surface analysis was performed for identifying the type of 

fracture that occurs during tensile tests. An Oxford EDS spectrometer was used for detecting 

different elements of aluminium alloys and aluminium alloy composites. 

 

 

Figure 3.8. Leica (DMI5000 M) optical microscope was used for optical microscopy. 

3.4.2.4. Transmission electron microscope: 

A TECNAI G2 20 S-TWIN (FEI Netherlands) TEM (Figure 3.10) was used for revealing 

alumina nano-particles in Al60601 alloy composites. The TEM was operated at an accelerating 

voltage of 200 kV. 
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Figure 3.9. ZEISS EVO 18 Special Edition scanning electron microscope used for 

characterization of binary aluminium alloys and aluminium alloy composites. 

 

 

Figure 3.10. Transmission electron microscope (FEI Netherlands) used for characterization of 

aluminium alloy composites. 
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3.4.2.5. X-ray diffraction (XRD) 

 XRD is an analytical method used to for phase identification, phase quantification, and 

for determining the lattice parameter, crystallite size, and dislocation density of the materials. 

XRD (Rigaku SmartLab) equipment used in present research work for analysis the phase 

identification of binary aluminium alloys is shown in Figure 3.11. X-ray diffraction patterns were 

obtained by using Cu Kα radiation (wavelength -1.54 Å) with 2θ ranging from 10º to 120º. For 

all the diffraction peaks and corresponding values of 2θ, the inter-planer spacing, d, was 

calculated using the Bragg’s law. For identifying the various phases, JCPDS X-ray diffraction 

database was used. 

 

 

Figure 3.11. XRD (Rigaku SmartLab) used for characterization of binary aluminium alloys. 



46 
 

3.5. Mechanical testing 

Different mechanical testing procedures used for aluminium alloys and aluminium alloy 

composites are discussed in the following sections. 

3.5.1. Hardness tester  

Hardness of polished samples was measured using FIE-VM50 PC Vickers hardness 

tester (Figure 3.12) by applying 1 kg load for a dwell time of 10 s. At least five hardness 

readings were measured and the average hardness is reported along with standard deviation. 

 

 

Figure 3.12. Vickers hardness testing machine (FIE Model VM 50) used for the measuring the 

hardness of aluminium alloys and aluminium alloy composites. 

3.5.2 Tensile testing machine  

For tensile tests, specimens with a diameter of 4 mm and gauge length of 20 mm were 

machined and tested using a Tinius Olsen tensile testing machine (H25 K-S) using a constant 

crosshead speed of 1 mm/min at room temperature, as shown in Figure 3.13. Tensile testing was 

performed according to ASTM B557 standard. Three samples were tested for each 

composite/alloy. Tensile strength and ductility of the aluminium alloys and aluminium alloy 

composites were evaluated from the stress-strain data. 
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Figure 3.13. H25 K-S Tinius Olsen tensile testing machine used for the tensile testing of 

aluminium alloys and aluminium alloy composites. 
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CHAPTER 4 

GRAIN REFINEMENT ON BINARY ALUMINIUM ALLOYS 

 

In this chapter, the influence of UST and content of solute (1, 2, 3, and 5 wt.%) on the 

grain refinement of Al-Si, Al-Cu and Al-Ni alloys is examined. Ultrasonic intensities of 0, 88 

W/cm2, 350 W/cm2, 790 W/cm2, and 1400 W/cm2 were applied during continuous cooling. 

Resulting microstructure of each aluminium alloy is characterized and the combined effect of 

solute content and UST is discussed.  

4.1. Introduction 

Al-Si alloys are widely used in automotive and aerospace applications due to their low 

thermal expansion coefficient, high specific strength, better mechanical properties, and excellent 

wear and corrosion resistance [26,60,183,184]. Al-Si alloys are mostly used as a foundry alloys 

[185,186].  

Al-Cu alloys are used in automobile, defense, structural, and aircraft applications. 

Therefore, there is increasing demand in the industries to develop Al-Cu alloys, which show 

superior creep strength, high strength, stiffness, good fracture toughness, and low heat resistance 

[187,188]. Addition of Cu solute as a chief alloying element can help to enhance the strength and 

hardness of aluminium alloys [189,190]. 

In Al-Ni alloys, reactions between aluminium and nickel form a series of intermetallic of 

nickel aluminides compounds such as Al3Ni2, Al3Ni, AlNi3, and AlNi [191]. Eutectic reaction 

occurs at 640°C and at eutectic composition of 6.1 wt.%, producing a eutectic mixture of α-Al 

and Al3Ni [84,191]. This intermetallic phase has good mechanical properties and corrosion 

resistance at elevated temperature. Al-Ni alloys is generally used in engineering and 

nanotechnology applications such as coatings in turbine blades, sensors and nano-heaters 

[191,192]. 

4.2. Results and discussion  

4.2.1. Characterization of phases 
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For understanding the mechanism of grain refinement of Al-Si, Al-Cu, Al-Ni alloys, XRD 

analyses of cast Al alloys samples were carried out to determine the phases present. Figures 4.1, 

4.2, and 4.3 show the XRD spectra of the Al-Si, Al-Cu, Al-Ni alloys samples, respectively. In 

each alloy, the peak intensity of secondary phase increased with increasing of solute content due 

to increasing amount of secondary phase. Figure 4.1 shows that the phase constituents in all four 

Al-Si alloys are primary α-Al phase and secondary silicon phase.  

The XRD spectra of Al-Cu alloys show primary α-Al phase and secondary Al2Cu phase, 

as shown in Figure 4.2.  

Figure 4.3 shows primary α-Al phase and secondary Al3Ni phase in Al-Ni alloys. Small 

intensity peak of Al3Ni phase is observed in c and d spectra. These observed phases in binary 

aluminium alloys are also verified from the phase diagram of Al-Si alloy, Al-Cu alloy, and Al-

Ni alloy, which are shown in Figure 3.2, Figure 3.3, and Figure 3.4, respectively. 

 

 

Figure 4.1. XRD patterns of as-cast Al-Si binary alloys. 
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Figure 4.2. XRD patterns of as-cast Al-Cu binary alloys. 

 

Figure 4.3.  XRD patterns of as-cast Al-Ni binary alloys. 
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4.2.2. Effect of applied ultrasonic intensity and solute content on microstructure of binary 

Al-Si, Al-Cu, and Al-Ni alloys 

Figure 4.4 shows representative optical micrographs of the as-cast Al−(1-5)%Si alloys. 

Dendritic grains are prominent and the grain structure varies noticeably in each alloy in terms of 

both grain size and morphology. Dendritic arm spacing and length is decreased by increasing the 

amount of solute. Primary α-Al phase in Al-1wt.%Si alloy has a larger average grain size of 1625 

µm (Figure 4.4a) as compared to 1300, 1078 and 768 µm grain size in Al-2wt.%Si alloy (Figure 

4.4b), Al-3wt.%Si alloy (Figure 4.4c), and  Al-5wt.%Si alloy (Figure 4.4d), respectively. 

 

 

Figure 4.4. Optical micrographs of as-cast Al-Si alloys containing (a) 1 (b) 2 (c) 3, and (d) 5 

wt.% Si. 

Figure 4.5 shows the SEM micrograph with corresponding EDS spectrum of as-cast Al-

5wt.%Si alloy. SEM/EDS analyses were used to help identify the secondary or intermetallic 

phase present in Al-5wt.%Si alloy. The secondary phase observed in the Al-5wt.%Si alloy is 

silicon (Figure 4.5). For Al-Si alloy, the microstructure is composed of α-Al dendrites and a 

eutectic phase. According to the amount of solute (Si), Al-Si alloys can be divided into three 

categories. These categories are hypoeutectic Al-Si alloys, eutectic Al-Si alloys and 



53 
 

hypereutectic Al-Si alloys. In hypoeutectic Al-Si alloys, range of silicon content is from 1.65 

wt.% to less than 12.6 wt.% Si. Compositions of 12.6 wt.% Si and more than 12.6 wt.% Si are 

categorized as eutectic Al-Si alloy and hypereutectic Al-Si alloys. Phase diagram of the binary 

Al-Si alloy is shown in Figure 3.2. The eutectic reaction in the Al-Si system is a change of liquid 

to a solid solution and nearly pure silicon [193]. i.e. 

 L → Aleut + Sieut…………………….. (4.1) 

Dendritic α-Al phase forms at the liquidus temperature of the alloy [193]. At the eutectic 

temperature, eutectic silicon nucleates in the solute field ahead of the growing α-Al dendrites. 

Once nucleated, the eutectic silicon grows as flakes into the eutectic liquid. The liquid 

surrounding the eutectic silicon flakes become enriched with aluminium as it is being depleted 

of silicon; consequently, eutectic aluminium nucleates and grows on the edges and tips of the 

eutectic silicon flakes [193]. Finally, aluminium dendrites stop growing upon impingement with 

the growing eutectic aluminium grains.  

It is observed from Figure 4.5 that coarse acicular and long plate-like eutectic silicon 

phase is distributed non-uniformly among the α-Al dendrites in the as-cast Al-5wt.%Si alloy. 

The grain boundaries between the eutectic phase and the primary α-Al are hackly type. 

Figures 4.6, 4.7, 4.8 and 4.9 show optical micrographs of the Al−(1-5)%Si cast with UST 

using ultrasonic intensity of 88 W/cm2, 350 W/cm2, 790 W/cm2, and 1400 W/cm2 processed 

under continuous cooling condition. These structures reveal finer grains with UST as compared 

to as-cast Al-Si alloys. Distinct changes in both grain size and morphology are observed after 

UST. 

Figure 4.6 shows the micrograph of Al-Si alloys processed using ultrasonic intensity of 

88 W/cm2. These microstructures show that the grain size of the primary α-Al phase decreases 

gradually with increasing the amount of solute at a fixed ultrasonic intensity. Upon UST, the 

dendritic structure that is observed in as-cast Al-Si alloys is changed in to equiaxed structure. 

However, the morphology of the grain is somewhat coarse possibly because of relatively lower 

ultrasonic intensity. Average grain size decreased to 241 μm (Figure 4.6d) in USTed Al-5wt.%Si 

alloy from 768 µm (Figure 4.4d) size of as-cast Al-5wt.%Si alloy. The grain size of USTed Al-

1wt.%Si (350 μm), Al-2wt.%Si (312 μm) and Al-3wt.%Si (275 μm) alloys is smaller than 

respective as-cast alloys. 
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Figure 4.5. SEM images and EDS spectrum of the secondary or intermetallic phases 

observed in as-cast Al-5wt.%Si alloy. 

Figure 4.7 shows optical micrographs of Al-Si alloys processed using ultrasonic intensity 

of 350 W/cm2. When ultrasonic intensity increases from 88 W/cm2 to 350 W/cm2, grains of α-Al 

become more fine and globular and the average grain size decreased to 190 μm (350 W/cm2) 

from 241 μm (88 W/cm2) in Al-5wt.%Si alloy. A similar trend in average grain size is observed 

with different contents of solute.  

There is a marginal difference in grain size of alloys USTed using ultrasonic intensity of 

790 W/cm2 (Figure 4.8) and 1400 W/cm2 (Figure 4.9) at a fixed amount of solute. At the 

maximum ultrasonic intensity (1400 W/cm2), more fine and globular α-Al grains with an average 

grain size of 124 µm are obtained in Al-5wt.%Si alloy (Figure 4.9d) as compared to samples 

treated with lower ultrasonic intensity levels of  88, 350, and 790 W/cm2. 
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Figure 4.6. Optical micrographs of Al-Si alloys containing (a) 1, (b) 2, (c) 3, and (d) 5 wt.% Si 

solidified with UST using ultrasonic intensity of 88 W/cm2. 

 

Figure 4.7. Optical micrographs of Al-Si alloys containing (a) 1, (b) 2, (c) 3, and (d) 5 wt.% Si 

solidified with UST using ultrasonic intensity of 350 W/cm2. 
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Figure 4.8. Optical micrographs of Al-Si alloys containing (a) 1, (b) 2, (c) 3, and (d) 5 wt.% Si 

solidified with UST using ultrasonic intensity of 790 W/cm2. 

 

Figure 4.9. Optical micrographs of Al-Si alloys containing (a) 1, (b) 2, (c) 3, and (d) 5 wt.% Si 

solidified with UST using ultrasonic intensity of 1400 W/cm2. 
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Figures 4.10, 4.11, 4.12, 4.13, 4.14 and 4.15 show optical micrographs of as-cast and 

USTed Al−(1-5)%Cu alloys while Figs 4.16, 4.17, 4.18, 4.19, 4.20 and 4.21 show the cases for 

as-cast and with UST Al−(1-5)%Ni alloys. Dendritic structures are dominant in all the as-cast 

Al-Cu alloys (Figure 4.10) and Al-Ni alloys (Figure 4.16). Smallest average grain size of 738 

µm is obtained in as-cast Al-5wt.%Cu alloy (Figure 4.10d).  

Figure 4.11 shows the SEM micrographs of as-cast Al-5wt.%Cu alloy. The atomic ratio 

of Al to Cu obtained from the EDS spectrum suggests that the intermetallic phase in Al-5wt.%Cu 

alloy is Al2Cu compound (Figure 4.11). Microstructure consists of α-Al dendrites and inter-

dendritic eutectic phase (α-Al+ Al2Cu). Such non-equilibrium eutectic phase is also reported in 

Al-0.92wt.%Cu alloy, Al-2.12wt.%Cu alloy, Al-3.24wt.%Cu alloy, and Al-4.23wt.%Cu alloy 

[87], and in Al-2.53wt.%Cu alloy [194] . 

 

 

Figure 4.10. Optical micrographs of as-cast Al-Cu alloys containing (a) 1 (b) 2 (c) 3, and (d) 5 

wt.% Cu.  

Figures 4.12, 4.13, 4.14 and 4.15 show optical micrographs of Al-Cu alloys treated using 

ultrasonic intensity of 88 W/cm2, 350 W/cm2, 790 W/cm2, and 1400 W/cm2 during continuous 

cooling UST.  Finer and globular grains are observed in Al-5wt.%Cu alloy at highest ultrasonic 

intensity of 1400 W /cm2 employed in this work. 
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Figure 4.11. SEM images and EDS spectrum of the secondary or intermetallic phases observed 

in as-cast Al-5wt.%Cu alloy. 

Figure 4.12 shows the micrographs of Al-Cu alloys USTed using ultrasonic intensity of 

88 W/cm2. Grain size of primary α-Al phase decreased with increase in solute content. α-Al phase 

has finer dendritic structure as compared to as-cast alloy in all four Al-Cu alloys. Largest grain 

size of 920 µm is obtained in Al-1wt.%Cu alloy (Figure 4.12a). Grain sizes of  Al-2wt.%Cu 

alloy, Al-3wt.%Cu alloy and Al-5wt.%Cu alloy are 722 µm (Figure 4.12b), 643 µm (Figure 

4.12c) and 410 µm (Figure 4.12d), respectively. The coarse dendritic structure, which is observed 

in as-cast Al-1wt.% Cu alloy and Al-2wt.% Cu alloy, is changed to fine dendritic or rosette type 

structure by applying the UST. More fine dendrites and some equiaxed grains are obtained at 3 

wt.% of solute, and the density of equiaxed grains are higher at the largest amount of solute (5 

wt.%) used in this work. As compared to Al-Si alloys, grain refinement efficiency of Al-Cu alloys 

is poor at lower ultrasonic intensity (88 W/cm2). Grain refinement efficiency of alloy is mainly 

dependent upon the potency of solute and other factors, which are discussed in Chapter 5. 
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Figure 4.12. Optical micrographs of Al-Cu alloys containing (a) 1, (b) 2, (c) 3, and (d) 5 wt.% 

Cu solidified with UST using ultrasonic intensity of 88 W/cm2. 

Figure 4.13 shows the optical micrographs of Al-Cu alloys USTed using ultrasonic 

intensity of 350 W/cm2. By increasing the ultrasonic intensity from 88 W/cm2 to 350 W/cm2, 

mixed type of microstructure is observed in Al-Cu alloys (Figure 4.13). Al-1wt.%Cu alloy and 

Al-2wt.%Cu alloy show small dendrites or rosette-like grains (Figure 4.13a and b). For Al-

3wt.%Cu alloy and Al-5wt.%Cu alloy, mixed type of structure is observed with some equiaxed 

grain structure and few small dendrites or rosette-like grains (Figure 4.13c and d). For a fixed 

intensity, equiaxed grains are more in Al-5wt.%Cu alloy as compared to other alloys. Average 

grain size of Al-5wt.%Cu alloy (208 µm) (Figure 4.13d) is smaller than Al-1wt.%Cu alloy (650 

µm) (Figure 4.13a), Al-2wt.%Cu alloy (413 µm) (Figure 4.13b), and Al-3wt.%Cu alloy (388 

µm) (Figure 4.13c). The applied ultrasonic intensity of 350 W/cm2 is over four times is more 

than the threshold intensity. 

UST performed using ultrasonic intensity of 790 W/cm2 produced more equiaxed grains 

and fewer small sized dendritic grains as compared to microstructures of specimens USTed at 

lower ultrasonic intensity values of 350 W/cm2 and 88 W/cm2 (Figure 4.14). UST at the intensity 

of 1400 W/cm2 resulted in finest and equiaxed grains in Al-3wt.%Cu alloy and Al-5wt.%Cu 

alloy. An average grain size of 107 μm (Figure 4.15d) was achieved in the Al-5wt.%Cu alloy 
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after UST. However, small dendrites or rosette-like grains are still visible at Al-1wt.%Cu alloy 

and Al-2wt.%Cu alloy (Figure 4.15a and b). 

 

Figure 4.13. Optical micrographs of Al-Cu alloys containing (a) 1, (b) 2, (c) 3, and (d) 5 wt.% 

Cu solidified with UST using ultrasonic intensity of 350 W/cm2. 

 

Figure 4.14. Optical micrographs of Al-Cu alloys containing (a) 1, (b) 2, (c) 3, and (d) 5 wt.% 

Cu solidified with UST using ultrasonic intensity of 790 W/cm2. 
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In as-cast Al-Ni alloys, dendrite arm spacing and dendritic arm length decreased in Al-

Ni alloys up to 3 wt.% of solute (Figure 4.16). Upon adding 5 wt.% nickel in pure aluminium, 

there is no further decrease in the dendrite arm spacing and dendritic arm length as compared to 

Al-3wt.%Ni alloy. However, extent of grain refinement in Al-5wt.%Ni is higher than Al-

1wt.%Ni alloy and Al-2wt.%Ni alloy under all conditions, either as-cast or with UST.  

Figure 4.17 shows SEM micrograph and corresponding EDS spectrum of as-cast Al-Ni 

alloys. The microstructure of as-cast Al-5wt.%Ni alloy consists of dendritic α-Al phase 

surrounded by (α-Al + Al3Ni) eutectic. Figure 4.17 also shows the composition of the grain 

boundary phase. EDS results show that the atomic ratio of Al and Ni is about 1:3, which suggests 

that the intermetallic phase in the Al-5wt.%Ni alloy is Al3Ni.  

 

Figure 4.15. Optical micrographs of Al-Cu alloys containing (a) 1, (b) 2, (c) 3, and (d) 5 wt.% 

Cu solidified with UST using ultrasonic intensity of 1400 W/cm2. 

Figures 4.18, 4.19, 4.20, and 4.21 depict the optical micrographs of Al-Ni alloys cast with 

UST. Al-Ni alloys showed even more promising response to UST where the grain morphology 

changed from dendritic to nearly globular even at the low solute levels at all the ultrasonic 

intensity levels. Grain size is drastically reduced as compared to respective as-cast Al-Ni alloys. 

Stronger grain refinement effect with an average grain size of 120 μm is observed in the Al-

3wt.%Ni alloy at maximum ultrasonic intensity, as shown in Figure 4.21c. In all the conditions, 
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either as-cast or with UST, the grain refinement in Al-3wt.%Ni alloy is more as compared to Al-

5wt.% Ni alloy. 

 

Figure 4.16. Optical micrographs of as-cast Al-Ni alloys containing (a) 1 (b) 2 (c) 3, and (d) 5 

wt.% Ni. 

 

 

Figure 4.17. SEM images and EDS spectrum of the secondary or intermetallic phases observed 

in as-cast Al-5wt.%Ni alloy. 
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Figure 4.18. Optical micrographs of Al-Ni alloys containing (a) 1, (b) 2, (c) 3, and (d) 5 wt.% 

Ni solidified with UST using ultrasonic intensity of 88 W/cm2. 

 

Figure 4.19. Optical micrographs of Al-Ni alloys containing (a) 1, (b) 2, (c) 3, and (d) 5 wt.% 

Ni solidified with UST using ultrasonic intensity of 350 W/cm2. 
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Figure 4.20. Optical micrographs of Al-Ni alloys containing (a) 1, (b) 2, (c) 3, and (d) 5 wt.% 

Ni solidified with UST using ultrasonic intensity of 790 W/cm2. 

 

Figure 4.21. Optical micrographs of Al-Ni alloys containing (a) 1, (b) 2, (c) 3, and (d) 5 wt.% 

Ni solidified with UST using ultrasonic intensity of 1400 W/cm2. 
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The relative effect of each factor, i.e. solute content and ultrasonic intensity, is evaluated 

by estimating the percentage decrease in grain size induced by each factor, as shown in Figure 

4.22. For as-cast Al-Si alloys, increasing Si content by 5 times from 1% to 5% reduced the grain 

size by ~52% (Figure 4.22a). While at 1wt.%Si, increasing ultrasonic intensity by 15 times from 

88 W/cm2 to 1400 W/cm2 resulted in a decrease in average grain size by ~37%. The decrease in 

average grain size is ~48% in the case of Al-5wt.%Si alloy (Figure 4.22b). As for as-cast Al-Cu 

alloys, increasing Cu content from 1% to 5% reduced the average grain size by 58% (Figure 

4.22c). Similarly, increasing ultrasonic intensity from 88 W/cm2 to 1400 W/cm2 reduced the 

average grain size by 66% at 1 wt.% Cu, (Figure 4.22d) and by 85% at 5 wt.% Cu, which is much 

more pronounced than the cases with 1wt.% Si and 5 wt.% Si. The smallest grain size obtained 

(107 µm) is at 5 wt.% Cu with UST intensity of 1400 W/cm2. As regards as-cast Al-Ni alloys 

(Figure 4.22e), the average grain size decreased by 23% with increasing Ni content from 1% to 

5%. At 5wt.%Ni, the grain size is reduced by ~40% with increasing ultrasonic intensity from 88 

W/cm2 to 1400 W/cm2 (Figure 4.22f).  

Another observation of the role of solute in ultrasonic grain refinement is its influence on 

grain morphology. In addition to grain size reductions, solute content has also affected the 

consistency in grain morphology in the microstructure after UST. At low solute contents (e.g., 

1% and 2%), although equiaxed grains can be achieved by UST as shown in Figure 4.15 (a, b), 

it has been found that the grain morphology is often inhomogeneous and inconsistent. In contrast, 

at the highest solute content (e.g. 5%), the grain morphology is homogeneous and consistent 

throughout each sample after UST, particularly at the highest applied ultrasonic intensity level 

(i.e., 1400 W/cm2). This is an important advantage of combining the highest solute content with 

the highest ultrasonic intensity.  In general, the combined use of the highest solute content and 

highest ultrasonic intensity produces highest grain refinement. This is consistent with 

observations reported by Qian et al. [59] on ultrasonic grain refinement of Mg-Al and Mg-Zn 

alloys. 
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Figure 4.22. Variations of average grain size with solute content for Al-Si alloys- (a) as-cast 

and (b) with UST, Al-Cu alloys- (c) as-cast and (d) with UST, and Al-Ni alloys- (e) as-cast and 

(f) with UST. 
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4.2.3. Effect of UST and solute content on grain density 

From the changes in microstructure, several researchers have studied the influence of 

solute and ultrasonic intensity in terms of grain density [28,59,195]. Grain density is more closely 

linked with nucleation than grain size [59,195]. Figures 4.23, 4.24, 4.25 show the variations in 

grain density of Al-Si, Al-Cu and Al-Ni alloys with respect to different levels of ultrasonic 

intensity (88, 350, 790, and 1400 W/cm2) and solute contents (1, 2, 3 and 5 wt.%). Grain density 

values of as-cast and with USTed aluminium alloys are calculated by assuming that the grains 

are spherical. Grain density of as-cast aluminium alloys is very small, less than five grains/mm3. 

That is why they are invisible in the plot. The results show that at a fixed ultrasonic intensity 

level, the grain density of aluminium alloys increased with increasing solute content, which 

highlights the important role of solute. 

For Al-Si alloys (Figure 4.23), the grain density increased from 45 to 136 grains/mm3 

with increasing solute content from 1 wt.% to 5 wt.% at the minimum ultrasonic intensity of 88 

W/cm2. At the solute content of 5 wt.% Si, the grain density increased from 179 to 867 

grains/mm3 at ultrasonic intensity of 1400 W/cm2, i.e. the grain density increased by about 6 

times upon increasing the ultrasonic intensity 16 times  from 88 to 1400 W/cm2. An almost linear 

relationship is observed between the grain density and ultrasonic intensity in the range of 88-

1400 W/cm2, for Al-3wt.%Si and Al-5wt.%Si alloys. For Al-1wt.%Si and Al-2wt.%Si alloys, 

linear relationship is found in the range of 88-790 W/cm2 and 350-790 W/cm2, respectively. 

For Al-Cu alloys (Figure 4.24), at ultrasonic intensity of 1400 W/cm2, the grain density 

increased from 61 to 1554 grains/mm3 with increasing solute content from 1 wt.% to 5 wt.%. In 

particular, the grain density of Al-1wt.%Cu alloy, at ultrasonic intensity of 1400 W/cm2, is thirty 

times higher than that at 88 W/cm2. The grain density values of Al-1wt.%Cu alloy, Al-2wt.%Cu 

alloy, and Al-3wt.%Cu alloys show a nearly linear increase with increasing ultrasonic intensity 

of 88 to 790 W/cm2. However, thereupon, there is a sharp change of slope from 790 W/cm2 to 

1400 W/cm2. By increasing the ultrasonic intensity ~16 times from 88 to 1400 W/cm2, the grain 

density in the Al-5wt.%Cu alloy increased by about 58 times. A drastic change of grain density 

of the Al-5wt.%Cu alloy is observed at ultrasonic intensity of 1400 W/cm2 as compared to other 

UST cast alloys. Grain density of Al-5wt.%Cu alloy increased by about 777 times as compared 

to Al-1wt.%Cu alloy at ultrasonic intensity of 88 W/cm2. 
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Figure 4.23. Variation of grain density with ultrasonic intensity for Al-Si binary alloys. 

 

Figure 4.24. Variation of grain density with ultrasonic intensity for Al-Cu binary alloys. 

For Al-Ni alloys (Figure 4.25), a linear relationship exists between the grain density and 

ultrasonic intensity (88-1400 W/cm2) only for Al-1wt.%Ni and Al-2wt.%Ni alloys. The value of 

grain density in Al-5wt.%Ni alloy is lower than that of Al-3wt.%Ni alloy but higher than those 

of Al-1wt.%Ni and Al-2wt.%Ni alloys. At a given solute level of three and 5 wt.% Ni, the grain 
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density increased by 17 times and 9 times respectively, when the ultrasonic intensity is increased 

16 times from 88 to 1400 W/cm2. 

Grain density is significantly increased by increasing both the solute content and 

ultrasonic intensity. Thus, it is clear that the combined effect of solute and ultrasonic intensity in 

the grain refining of Al alloys is significant. Qian et al. [59] also reported similar effects of solute 

content and ultrasonic intensity on the grain density of magnesium alloys. 

 

Figure 4.25. Variation in grain density with ultrasonic intensity for Al-Ni binary alloys. 

4.2.4. Ultrasonic grain refinement mechanism 

Ultrasonic grain refinement mechanisms are briefly described in Chapter 2. However, in 

literature, there is still no definite evidence available as to which mechanism is dominant in 

ultrasonic grain refinement of aluminium alloys. 

As per Radjai and Miwa [196], ultrasonic irradiation is important to produce the nuclei 

or crystallites initially, in the volume of the liquid near the ultrasonic horn by enhanced nucleation 

due to wetting of insoluble nucleating particles and/or due to the pressure pulse mechanism. 

These nuclei can be subsequently dispersed into other parts of the melt by convection and other 

dynamic effects such as cavitation and ultrasonic streaming, as per Ramirez et al. [197] and Qian 

et al. [59]. Wang et al. [37] reported that high intensity UST produced more bulk nuclei in the 
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irradiated melt than in conventional solidification. These nuclei can be effectively distributed 

throughout the melt by acoustic streaming, which is related to acoustic pressure (P) defined 

below by Eskin [27].  

𝑃 = 2𝜋ρAcf……………… (4.1) 

The acoustic pressures corresponding to the four amplitudes used (24 μm, 18 μm, 12 μm 

and 6 μm ) in this work are 10.6 MPa,7.9 MPa, 5.3 MPa and 2.7 MPa, respectively, which are 

clearly greater than the threshold value of 1 MPa required for the generation of acoustic streaming 

in molten aluminium according to Eskin [27]. Thus, acoustic steaming has most likely 

contributed to the effective distribution of nuclei and therefore extensive grain refinement 

observed in this work. 

Table 4.1 summarizes the common ultrasonic grain refinement mechanisms discussed in 

literature. The main operating mechanism depends on ultrasonic processing temperature, 

ultrasonic processing time, and temperature of the horn and nature of the molten alloy. It is often 

difficult to determine which mechanism is predominant and similar is the case for this research.  

 

Table 4.1. Summary of ultrasonic grain refinement mechanisms reported in literature. 

 

Referred 

work  

Material Ultrasonic 

horn  

UST temperature Mechanism 

Fukui et al 

[98] 

Al-18%Si 

alloy 

Preheated to 

processing 

temperature 

Semi-solid range Cavitation enhanced 

heterogeneous nucleation 

Ramirez et 

al. [82] 

AZ31,AZ91 

and AJ62 

----- Above liquidus 

(680°C) for 3 min 

Pressure pulse 

mechanism 

Matsuda et 

al. [107] 

Al-4%Si 

alloy 

Preheated to 

800°C 

Above and below 

liquidus  

Cavitation enhanced 

heterogeneous nucleation 

Atamanenko 

et al. [95] 

Al-11%Cu ---- Continuous 

cooling 

Cavitation enhanced 

heterogeneous nucleation 

Wang et al. 

[14] 

Al-0.4%Ti Preheated Above liquidus 

temperature 

Cavitation enhanced 

heterogeneous nucleation 

Wang et al. 

[28] 

Al-2%Cu Without 

preheated 

695°C to 653°C 

(liquidus to just 

below solidus, 

655°C) 

Cavitation enhanced 

heterogeneous nucleation 
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Ramirez et 

al. [82] 

Mg alloy ------ Above liquidus 

temperature 

(680°C) for 3 min. 

Either cavitation 

enhanced heterogeneous 

nucleation or dendritic 

fragmentation 

Youn and 

Kim  [198]  

A356 and 

A390 alloy 

Preheated to 

400°C 

Above liquidus 

temperature and 

semi-solid range 

(1, 5,10, 15 and 20 

min) 

Cavitation enhanced 

heterogeneous nucleation   

Li et al. 

[105] 

Al-1.65%Si Preheated to 

600°C 

Above liquidus 

(20, 40, 60, 80, 

100 and 120 s) 

Pressure- pulse 

mechanism 

Kotadia and 

Das  [36] 

Al-Si alloy ------- Continuous 

cooling 

Cavitation enhanced 

heterogeneous nucleation   

4.3. Summary of results 

Following conclusions are drawn from this chapter: 

1. By increasing the content of solute, the average grain size decreased in as-cast binary 

aluminium alloys. 

2. Average grain size of all the Al alloys decreased with increasing ultrasonic intensity and 

solute content. Nearly equiaxed grains were obtained in binary Al-Si, Al-Cu and Al-Ni 

alloys that contained sufficient solute (3% or 5%) and solidified under ultrasonication at 

the intensity level of 1400 W/cm2.  

3. A combination of high solute content and high-intensity UST during solidification 

produced significant grain refinement in terms of both grain size and grain morphology 

for the Al-Si, Al-Cu and Al-Ni systems studied. In addition, high solute content is 

important to ensure homogenous and consistent grain morphology in ultrasonic grain 

refinement.      
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CHAPTER 5 

GRAIN REFINEMNT MECHANISMS 

 

In Chapter 4, combined influence of solute concentration and UST on the grain 

refinement of aluminium-based alloys is studied. In this chapter, grain refining efficiency of 

different solutes is analyzed by considering the growth restriction factor, StJohn’s model, 

freezing range, and constitutional supercooling parameter.  

5.1. Calculation of growth restriction factor  

As discussed earlier, binary alloys of Al-Si, Al-Cu and Al-Ni with solute contents of 1%, 

2%, 3% and 5% were studied for ultrasonic grain refinement. Table 5.1 shows the values of 

liquidus slope and equilibrium partition coefficients of the Al-Si, Al-Cu and Al-Ni systems, 

which are calculated from Figures 3.2, 3.3, and 3.4. The m(k-1) parameters for Al-Si, Al-Cu and 

Al-Ni systems are also listed in Table 5.1. 

 

Table 5.1. Data from the phase diagrams of the Al-Si, Al-Cu and Al-Ni systems (k= equilibrium 

solute partition coefficient; m= liquidus slope). 

Alloy system k  m  m(k-1) 

Al-Si 0.130 −6.62 5.759 

Al-Cu 0.17 −3.38 2.805 

Al-Ni 0.042 −3.6 3.449 

 

Murty et al. observed that solute content plays an important role in grain refinement in 

multi-component aluminium alloys [12]. StJohn and co-workers showed that both the nuclei and 

solute play an important role in the grain refinement of both aluminium and magnesium alloys 

[199]. As discussed in chapter 2, growth restriction factor (Q), offers an effective means of 

analyzing the grain refining efficiency of solutes. It was first used by Maxwell and Hellawell 

[73] to assess the dependence of grain refinement on alloy system characteristics for Al-Ti, Al-

Zr and Al-Cr alloys.  
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Values of Q calculated by using the equation 2.9 are shown in Figure 5.1. Value of Q 

increased with the weight percentage of solute. For 1 wt.% solute, the value of Q for Al-Si alloy 

is two and 1.7 times higher than Al-Cu and Al-Ni alloys, respectively. This is reflected in Figures 

4.6, 4.7, 4.8, and 4.9, which show that the grain refinement in Al-Si alloys upon UST is more as 

compared to Al-Cu alloy at low amount of solute (1% and 2%) due to higher segregating power 

of silicon in aluminium alloy as compared to solute copper. There is not much difference in 

values of Q between copper and nickel solutes in pure aluminium. However, inconsistent results 

are observed in terms of growth restriction factor for Al-Si and Al-Ni alloys. Whereas Q values 

are larger for silicon solute at 1 and 2 wt.% as compared to nickel solute, the grain size of these 

alloys is approximately similar at 1 and 2 wt.% of solute with UST. Further, as mentioned earlier, 

the grain refinement of Al-3wt.%Ni alloy is larger as compared to Al-3wt.%Si alloy, although 

the growth restriction factor of silicon solute is approximately two times higher as compared to 

nickel solute. Therefore, growth restriction factor cannot fully explain the mechanism of grain 

refinement.  

 

 

Figure 5.1. Growth restriction factors of Al-Si, Al-Cu and Al-Ni alloys. 

For the understanding of grain refinement mechanism, another model was proposed by 

Easton and StJohn [69] and formulated theoretically by Qian et al. [59] in equation 2.14. Figure 

5.2 shows average grain size vs. 1/Q for the as-cast and USTed Al-Si, Al-Cu and Al-Ni alloys. 
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Table 5.2 shows the values of a and b obtained via best linear fit of the data between grain size 

and 1/Q shown in Figure 5.2. For as-cast alloys, the number of active nucleants (proportional to 

1/a) is small in each alloy as compared to the same alloy with UST. This is consistent with the 

coarse grain structures of all the base alloys shown in Figures 4.4, 4.10 and 4.16. The largest 

intercept (a ≈ 1094 μm) was obtained for as-cast Al-Ni alloys (Figure 5.2e). This implies that 

only a small number of active nucleants existed during solidification of as-cast Al-Ni alloys or 

that the constitutional undercooling was insufficient to activate more nucleants in as-cast Al-Ni 

alloys. This inference also applies to the base alloys of Al-Si and Al-Cu because of their large 

values of a as shown in Figure 5.2 (a, c).  Figure 5.2 (b, d, and f) shows the effect of ultrasonic 

intensity on the grain refinement of aluminium alloys for a range of Q values. Upon increasing 

the ultrasonic intensity from 88 to 1400 W/cm2, both the potency of solutes and the number of 

active nucleants are increased. Consequently, the grain size decreased drastically for all the alloys 

studied. This can be inferred from the largely decreased values of a and b upon UST. In Al-Si 

alloys, increasing ultrasonic intensity from 88 to 1400 W/cm2 decreased the intercept a from 229 

µm to 115 µm and the slope b from 737 μm°C to 570 μm°C. 

For Al-Cu alloys, the intercept a  and the slope b decreased from 386 µm to 78 µm and 

1582 μm°C to 697 μm°C, respectively (Table 5.2) upon increasing the ultrasonic intensity from 

88 to 1400 W/cm2. Similarly, for Al-Ni alloys the value of a decreased from 277 µm to 109 µm 

and slope b decreased from 585 μm°C to 442 μm°C. The smallest values of a and b are observed 

at the highest ultrasonic intensity of 1400 W/cm2 in all the alloys tested. Different values of a 

and b listed in Table 5.2 reflect different degrees of response of each alloy to UST. At maximum 

ultrasonic intensity of 1400 W/cm2, the value of a is approximately similar for solute (Cu and 

Ni). Table 5.2 shows that the potency of nickel solute is higher as compared to copper and silicon 

solute at the highest ultrasonic intensity used in this work. 



76 
 

 

Figure 5.2. Variations of average grain size with 1/Q for Al-Si alloys (a) as-cast and (b) with 

UST, Al-Cu alloys (c) as-cast and (d) with UST, and Al-Ni alloys (e) as-cast and (f) with UST. 
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Table 5.2. The values of intercept a and slope b obtained by linear fit of data from Figure 5.2. 

 

Schmid-Fetzer and Kozlov proposed a new technique for calculating growth restriction 

factor (QT) in binary and multi-component systems by using Themo-Calc software [200]. It is 

reported that the conventional technique for calculating Q is not accurate [22] and its value is 

overestimated, which was verified in case of Mg–Mn alloys (Figure 5.3) [200]. Schmid-Fetzer 

and Kozlov [200] reported that the different values of liquidus slope and partition coefficient are 

obtained at 3 and 30 wt.% of solute in Mg-Al alloy because of  nonlinearity of the liquidus and 

solidus lines, as a result, the segregating power values varied from 3.59 to 5.44 in Mg–Al alloy 

(Figure 5.4).  

Alloy 
Ultrasonic 

intensity (W/cm2) 

Intercept (a) 

(μm) 

Slope (b) 

(μm°C) 
R2 

Al-Si 

As cast 691 5683 0.87 

88 229 737 0.86 

350 182 677 0.71 

790 147 589 0.69 

1400 115 570 0.82 

Al-Cu 

As cast 612 3388 0.91 

88 386 1582 0.81 

350 160 1405 0.90 

790 152 878 0.79 

1400 78 697 0.89 

Al-Ni 

As cast 1094 1682 0.91 

88 277 585 0.88 

350 190 507 0.83 

790 147 500 0.74 

1400 109 442 0.59 
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Figure 5.3. Phase diagram of binary Mg–Mn binary alloy (basic data at 0.3 wt% and 1.8 wt.% 

of solute Mn) [200]. 

 

Figure 5.4. Phase diagram of binary Mg–Al binary alloy (basic data at 3 and 30 wt.% of solute 

Al) [200]. 
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These mathematical inaccuracies in growth restriction factor obtained from conventional 

technique can significantly affect the calculation of the value of supercooling parameter, P for 

the predicating the grain refining efficiency of solute. 

In the present work, the influence of silicon, copper and nickel solutes on grain size of 

aluminium-based alloys is studied using the growth restriction factor (QT) values obtained from 

the Scheil-Gulliver solidification simulation by using Themo-Calc software. QT can be written in 

terms of the change of the initial rate of the development of constitutional supercooling as a 

function of solid fraction (fS) formed, as per equation. 5.1 [69]. 

𝑄𝑇 = (
𝜕(∆𝑇𝐶𝑆)

𝜕𝑓𝑠
)

𝑓𝑠→0
………………………….. (5.1) 

A thermodynamic analysis of Al-Si, Al-Cu and Al-Ni alloys in solidification path is 

calculated by Scheil-Gulliver simulation from the Thermo-Calc software and it is shown in 

Figures 5.5, 5.6, and 5.7. For calculation of QT, the solid fraction amount must be very small as 

per equation 5.1. The step size of temperature decrement should satisfy the requirement 𝑓𝑠 → 0, 

with reasonably numerical accuracy of the sampling points. Therefore, temperature step size of 

0.01°C is used to simulate Scheil-Gulliver solidification curve for each binary aluminium alloy 

[200].  

Figure 5.5 shows the Scheil-Gulliver solidification curve of binary Al-1wt.%Si alloy, Al-

2wt.%Si alloy, Al-3wt.%Si alloy and Al-5wt.%Si alloy, where the composition of the binary 

alloys is denoted in terms of wt.% rather than mole fraction. It shows that Al-Si alloy contains α-

Al phase and eutectic silicon phase. Similarly, Figures 5.6 and 5.7 show the Scheil-Gulliver 

solidification curve of Al-1wt.%Cu alloy, Al-2wt.%Cu alloy, Al-3wt.%Cu alloy & Al-5wt.%Cu 

alloy and Al-1wt.%Ni alloy, Al-2wt.%Ni alloy, Al-3wt.%Ni alloy & Al-5wt.%Ni alloy, 

respectively. All binary alloys contain α-Al phase. Additionally, Al-Cu alloys show eutectic (α-

Al + Al2Cu) mixture and Al-Ni alloys show (α-Al + Al3Ni) eutectic mixture.  
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Figure 5.5. Scheil solidification curves for Al-Si alloys. 

 

Figure 5.6. Scheil solidification curves for Al-Cu alloys. 

0.0 0.2 0.4 0.6 0.8 1.0

580

600

620

640

660

(i)

d bc

a- Al-1Si

b- Al-2Si

c- Al-3Si

d- Al-5Si

 Liquid  -Al + Liquid  -Al + Si

T
em

p
ea

tu
re

 (
C

)

Weight fraction of solid formed (f
s
)

a

0.0 0.2 0.4 0.6 0.8 1.0

560

580

600

620

640

660

(ii)

d

c
b

 Liquid  -Al + Liquid  -Al + Al
2
Cu

T
em

p
ea

tu
re

 (
C

)

Weight fraction of solid formed (f
s
)

a

a- Al-1Cu

b- Al-2Cu

c- Al-3Cu

d- Al-5Cu



81 
 

 

Figure 5.7. Scheil solidification curves for Al-Ni alloys. 

Figures 5.8-5.19 show the amount of constitutional undercooling (∆TCS) produced as a 

function of the weight fraction of solid for Al-Si, Al-Cu and Al-Ni alloys containing different 

amounts of solutes. The value of growth restriction factor (QT) is obtained from the slope of 

curves, as shown in Figures 5.8-5.19. A polynomial fit (∆TCS= a+b.fs+c.fs
2) is employed for 

precise estimation [200]. A comparison of the values of growth restriction factor, which is 

calculated by conventional technique and Scheil-Gulliver solidification simulation, is shown in 

Figures 5.20, 5.21, and 5.22. The error percentage between these values of Q and QT are shown 

in Table 5.3. It shows that the value of QT increased with weight percentage of solute.  
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Figure 5.8. Computation of growth restriction factor (QT) in Al-1wt.%Si alloy using Scheil 

solidification simulation. 

 

Figure 5.9. Computation of growth restriction factor (QT) in Al-2wt.%Si alloy using Scheil 

solidification simulation. 
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Figure 5.10. Computation of growth restriction factor (QT) in Al-3wt.%Si alloy using Scheil 

solidification simulation. 

 

Figure 5.11. Computation of growth restriction factor (QT) in Al-5wt.%Si alloy using Scheil 

solidification simulation. 
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Figure 5.12. Computation of growth restriction factor (QT) in Al-1wt.%Cu alloy using Scheil 

solidification simulation. 

 

Figure 5.13. Computation of growth restriction factor (QT) in Al-2wt.%Cu alloy using Scheil 

solidification simulation. 
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Figure 5.14. Computation of growth restriction factor (QT) in Al-3wt.%Cu alloy using Scheil 

solidification simulation. 

 

Figure 5.15. Computation of growth restriction factor (QT) in Al-5wt.%Cu alloy using Scheil 

solidification simulation. 
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Figure 5.16. Computation of growth restriction factor (QT) in Al-1wt.%Ni alloy using Scheil 

solidification simulation. 

 

Figure 5.17. Computation of growth restriction factor (QT) in Al-2wt.%Ni alloy using Scheil 

solidification simulation. 
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Figure 5.18. Computation of growth restriction factor (QT) in Al-3wt.%Ni alloy using Scheil 

solidification simulation. 

 

Figure 5.19. Computation of growth restriction factor (QT) in Al-5wt.%Ni alloy using Scheil 

solidification simulation. 
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Calculated values of Q are overestimated as compared to QT for each alloy (Figures 5.20, 

5.21, and 5.22). The respective percentage error values are 8.5%, 6%, 4.20% and 0.15% for 1, 2, 

3 and 5 wt.% of Si solute in pure Al. Al-Cu alloys have percentage error values, which are 

19.87%, 18.6%, 19.19% and 16.48% corresponding to 1%, 2%, 3% and 5% Cu, respectively. For 

Al-Ni alloys, the % error values are large being 31.14%, 30.4%, 26.5%, and 18.2%, 

corresponding to 1%Ni, 2%Ni, 3%Ni and 5%Ni, respectively, as shown in Table 5.3. In this 

work, the composition of Al-Ni alloys lies in the range of near-eutectic alloy, therefore, the % 

error values are much higher as compared to Al-Si and Al-Cu alloys.  

 

 

Figure 5.20. Comparison of the values of growth restriction factor by conventional technique 

and Scheil-Gulliver solidification simulation technique for Al-Si alloys. 
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Figure 5.21. Comparison of the values of growth restriction factor by conventional technique 

and Scheil-Gulliver solidification simulation technique for Al-Cu alloys. 

 

Figure 5.22. Comparison of the values of growth restriction factor by conventional technique 

and Scheil-Gulliver solidification simulation technique for Al-Ni alloys. 
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Table 5.3. Percentage error between Q and QT. 

Alloy C (solute %) 1 2 3 5 

Al-Si alloys Q
T
 5.31 10.86 16.61 28.75 

Q 5.76 11.52 17.72 28.79 

Error (%) 8.5 6 4.201 0.15 

Al-Cu alloys Q
T
 2.34 4.73 7.06 12.04 

Q 2.8 5.61 8.41 14.202 

Error (%) 19.87 18.6 19.19 16.48 

Al-Ni alloys Q
T
 2.63 5.29 8.18 14.59 

Q 3.45 6.89 10.35 17.24 

Error (%) 31.14 30.4 26.5 18.2 

5.2. Freezing range mechanism  

The freezing range of an alloy, i.e. the liquidus-solidus gap (∆Tfreezing) or the value of Q/k 

for off-eutectic alloys [201] depends on the solute content for a given alloy system. It can affect 

the grain refinement of an alloy as first shown by Tarshis et al. [202] on binary Ni-X alloys and 

then by Abdel-Reihim et al. [203] on the Al-Si and Pb-Sb systems. A small ∆Tfreezing means a 

short solidification time when other conditions are similar. Consequently, only a small proportion 

of the effective nuclei are likely to have the chance to act as nucleation cites for grain refinement. 

Hence having an appropriate freezing range is necessary to enable the UST to produce desired 

grain refining results.  

Figures 5.23, 5.24, and 5.25 show the relationship between the average grain size at 

maximum ultrasonic intensity (1400 W/cm2) and the freezing range (∆T) for Al–Si, Al-Cu and 

Al-Ni alloys, respectively. The value of ∆T is measured using the phase diagrams of binary Al-

Si, Al-Cu, and Al-Ni alloys shown in Figures 3.2, 3.3, and 3.4. For Al-Si alloys, the freezing 

ranges are 79°C, 73°C, 65°C, and 53°C corresponding to 1%, 2%, 3% and 5% silicon, 

respectively (Figure 5.23).  The relatively large values of ∆Tfreezing at 1% and 2% silicon can help 

to understand the grain refinement results obtained at these low silicon contents under different 

ultrasonic intensity levels (Figures 4.6, 4.7, 4.8 and 4.9), in addition to the relatively large value 

of m(k-1) for Al-Si alloys (Table 5.1). Al-Cu binary alloys have wide solidification interval 

values, which are 27°C, 47°C, 63°C, and 92°C (Figure 5.24) corresponding to 1%, 2%, 3% and 
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5% Cu, respectively. Al-5wt.%Cu alloy thus exhibited excellent ultrasonic grain refining results 

at maximum ultrasonic intensity. The largest freezing values Al-Cu alloys indicates that, more 

nucleants particles can be activated for promoting the heterogeneous nucleation in Al-Cu alloys 

as compared to Al-Ni alloy at comparable growth restriction factor. This factor favors enhanced 

grain refinement in Al-Cu alloys. The range of freezing range in Al-5wt.%Cu alloy (92°C) is 

higher than Al-5wt.%Si alloy (54°C) and Al-5wt.%Ni (5°C). This is also confirmed from Figure 

4.15, which shows that the grain size of Al-5wt.%Cu alloy (107µm) is smaller than Al-5wt.%Si 

alloy (120 µm) and Al-5wt.%Ni alloy (140 µm) upon UST. 

However, Al-Ni alloys appear to be an exception. Their ∆Tfreezing values are very small, 

being 17°C, 13°C, 10°C, and 5°C corresponding to 1%Ni, 2%Ni, 3%Ni and 5%Ni, respectively 

(Figure 5.25). Such narrow freezing ranges are not expected to show excellent ultrasonic grain 

refinement. However, the UST experimental results show that the grain refinement in Al-Ni alloy 

is larger than Al-Cu alloys at 1, 2 and 3 wt.% solute. These results are contradictory considering 

the freezing range mechanism. Therefore, freezing range factor alone cannot explain the 

mechanism of grain refinement in hypoeutectic alloys. It only explains the mechanism of off 

eutectic alloys (Al-Cu alloy). It tells as to which Al-X system has the largest proportion of potent 

nuclei in the melt for a fixed solute content for hypoeutectic alloys. However, the results shown 

in Figures 4.18, 4.19, 4.20, and 4.21 indicate that all four Al-Ni alloys were well grain-refined 

by UST. This highlights the complexity of understanding the mechanisms for ultrasonic grain 

refinement. Further studies are needed that focus on the ultrasonic grain refinement of alloys with 

very small ∆Tfreezing values.  

5.3. Supercooling parameter 

Supercooling parameter (P) might be useful for understanding grain refinement 

mechanism in hypoeutectic alloys. Tarshis et al. [202] observed significant grain refinement in 

Al and Ni based alloys by adding solute and initially they related the grain size with the 

supercooling parameter (P) for both binary Al-X and Ni-X alloys. Supercooling parameter P is 

defined as [201] [204][13]: 

𝑃 =
𝑚(𝑘−1)𝐶0

𝑘
……………………………… (5.2) 

Equations. 5.3 and 5.4 are used to calculate P for binary off-eutectic and hypoeutectic alloys, 

respectively [201] [20]. 
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𝑃 = ∆𝑇,         𝐶𝑜 ≤ 𝐶𝑚 ………………………. (5.3) 

P = 𝑄𝑇 𝑘⁄ ,  𝐶𝑚 < 𝐶𝑜 < 𝐶𝑒…………………… (5.4) 

where 𝐶𝑚, is the maximum solubility of solute in liquid aluminium and  𝐶𝑒 is the eutectic 

composition of alloy [20]. 

Figures 5.26, 5.27, and 5.28 show the plot between average grain size at maximum 

ultrasonic intensity and the parameter P and ∆T for each aluminium alloy. Figure 5.26 shows that 

the value of P and ∆T is same for Al-1wt.%Si alloy because the composition of 1 wt.% Si lies in 

the range of off-eutectic alloy, therefore, 𝑃 = ∆𝑇 . Above 1 wt.% of solute, value of ∆T is 

decreased and the value of P is increased up to 5wt.% of solute because 2, 3 and 5 wt.% 

composition lies on the range of hypoeutectic alloy. For hypoeutectic alloy P = 𝑄𝑇 𝑘⁄ . The value 

of P is 83.5, 127.8 and 221.2°C corresponding to 2, 3, and 5 wt.% silicon solute in aluminium, 

respectively that is higher as compared to the value of ∆T, as shown in Figure 5.26. By increasing 

the content of solute, the value of P is increased significantly and the average grain size is 

reduced. 

 For Al-Cu alloys, the value of P and ∆T is same because the composition of Cu (1, 2, 3, 

and 5 wt.%) in aluminium lies in the range of off-eutectic alloy, as shown in Figure 5.27.  

 

Figure 5.23. The relationship between the average grain size at maximum ultrasonic intensity 

(1400 W/cm2) and freezing range (∆T) in Al–Si hypoeutectic alloys. 
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Figure 5.24. The relationship between the average grain size at maximum ultrasonic intensity 

(1400 W/cm2) and freezing range (∆T) in Al–Cu off-eutectic alloys. 

 

Figure 5.25. The relationship between the average grain size at maximum ultrasonic intensity 

(1400 W/cm2) and freezing range (∆T) in Al–Ni near-eutectic alloys.        
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Figure 5.26. The relationship between the average grain size at maximum ultrasonic intensity 

(1400 W/cm2) and the parameters P and ∆T in Al–Si hypoeutectic alloys. 

 

Figure 5.27. The relationship between the average grain size at maximum ultrasonic intensity 

(1400 W/cm2) and the P and ∆T parameters in Al–Cu off-eutectic alloys. 
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Its values are 62.6, 125.9, 194.76 and 347.38°C, which correspond to 1, 2, 3 and 5 wt.% of Ni 

solute. Al-Ni alloys have a large value of P as compared to Al-Si and Al-Cu alloys. P value of 

Al-3wt.%Ni alloy is 1.52, which is about three times larger than that of Al-3wt.%Si alloy and 

Al-3wt.%Cu alloy. This is consistent with the results of Figure 4.22, which shows that grain size 

of Al-3wt.%Ni alloy is smaller than that of Al-3wt.%Cu alloy and Al-3wt.%Si alloy. P values in 

Al-Cu alloys are smaller as compared to Al-Si and Al-Ni alloys up to 3 wt.% of solute as a result, 

the grain size of USTed Al-Cu alloys is smaller as compared to other alloys. These results imply 

that P is a very important parameter in explaining the grain refinement of hypoeutectic alloys 

with the application of UST. 

 

Figure 5.28. The relationship between the average grain size at maximum ultrasonic intensity 

(1400 W/cm2) and the P and ∆T parameters in Al-Ni near eutectic alloys. 
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5.4. Summary of results 

The following conclusions are drawn from this chapter: 

1. A higher value of growth restriction parameter, Q, in hypoeutectic Al-Si alloys explains 

their increased grain refinement upon UST as compared to Al-Cu alloys, at lower content 

of solute contents of 1 and 2 wt.%. 

2. Among the three binary Al alloy systems studied, the number of potential nucleants that 

can be activated by ultrasound at the intensity level of 1400 W/cm2 is more in Al-Cu 

alloys than in Al-Ni and Al-Si alloys according to StJohn’s model.  

3. Freezing range (∆T) mechanism can satisfactorily explain grain refinement of Al-Cu 

alloys upon UST. ∆T increased with increasing the solute content resulting in increased 

grain refinement. Al-5wt.%Cu alloy which has a freezing range of 100ºC and the Al-

5wt.%Ni alloy which has a freezing range of just 5ºC at the same applied ultrasonic 

intensity (1400 W/cm2). However, there is not much difference between the average grain 

size of Al-5wt.%Cu alloy and Al-5wt.%Ni alloy. Therefore, some focused research on 

the influence of freezing range on ultrasonic grain refinement of Al alloys appears to be 

necessary. 

4. Supercooling parameter P explains the grain refinement mechanism with UST in Al-Ni 

alloys that have near-eutectic compositions as compared to Al-Cu and Al-Si alloys 

studied. 

5. In each alloy, both the P and Q values increase with increasing amount of solute. The ∆T 

value increases in off-eutectic alloy and decreases in hypoeutectic alloys with solute 

content. Evidently, such discrepancy in average grain size with content of solute cannot 

be completely described by considering Q, ∆T, and P values alone. 
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CHAPTER 6  

MECHANICAL PROPERTIES OF ULTRASONICALLY TREATED 

BINARY ALUMINIUM ALLOYS 

  

In this chapter, the effect of content of solute and UST on the mechanical properties of 

the binary Al-Si, Al-Cu and Al-Ni alloys is studied by varying the content of the solute (1, 2, 3 

and 5 wt.%) and ultrasonic intensity (0, 88 W/cm2, 350 W/cm2, 790 W/cm2, and 1400 W/cm2).  

6.1. Introduction 

The combined effects of grain size reduction, grain morphology, amount of porosity and 

distribution & refinement of eutectic phase significantly influenced the tensile properties, 

especially total elongation to failure of the investigated aluminium alloys. 

6.2. Results and discussion 

6.2.1. Mechanical properties 

Grain refinement resulting from both the effects of solute and the UST can improve the 

mechanical behavior of the processed alloys. The Hall-Petch equation relating hardness (H) and 

average grain size (d) of a polycrystalline material is: [205]  

𝐻 = 𝐻0 + 𝐾𝐻𝑑−1/2…………………………. (6.1) 

Where H0 and KH are the constants. 

Figures 6.1, 6.2, and 6.3 show the variation in hardness of Al−(1-5)%Si alloys, Al−(1-

5)%Cu  alloys, and Al−(1-5)%Ni alloys at different ultrasonic intensities of 0, 88 W/cm2, 350 

W/cm2, 790 W/cm2, and 1400 W/cm2 for the specimens that were used during continuous 

cooling. Increasing the amount of solute resulted in a noticeable increase in hardness for all the 

as-cast and USTed aluminium alloys. It is observed that the hardness of each as-cast aluminium 

alloy is lower as compared to respective USTed alloy. This is due to the coarse dendritic α-Al 

phase in as-cast alloys (Figures 4.4, 4.10, and 4.16). UST increases the degree of refinement of 

α-Al phase and produces globular grains. As a result, the hardness is increased upon UST. The 

maximum values of hardness are obtained in Al-5wt.%Si alloy, Al-5wt.%Cu alloy, and Al-
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3wt.%Ni alloy processed with ultrasonic intensity of 1400 W/cm2, which are 52, 58 and 36.2 

VHN respectively. This is due to the smaller grain size is obtained in Al-5wt.%Si alloy and Al-

5wt%Cu alloy upon UST (Figures 4.9 and 4.15). For Al-Ni alloys, there is not much difference 

between the hardness of Al-3wt.%Ni alloy and Al-5wt.%Ni alloy, as shown in Figure 6.3. This 

is due to no further decrease in the grain size of Al-5wt.%Ni alloy as compared to Al-3wt.%Ni 

alloy in each casting condition. It was reported that mechanical properties of Al-Ni alloys are 

inferior due to comparatively weak primary aluminium matrix of eutectic Al-Ni alloy because of 

low solubility of nickel solute in aluminium [206]. In the present study, the solute solubility in 

aluminium, in the descending order is copper, silicon and nickel (see Table 3.2). Thus, low nickel 

solubility may be a reason for decrease in hardness of as-cast Al-Ni alloys. Hardness of eutectic 

phase may be the other factor for influencing the hardness of as-cast binary aluminium alloys. 

For USTed samples, UST improves the mechanical properties of USTed aluminium alloys as 

compared to respective as-cast alloys, which is discussed later. 

The relative effect of solute content and UST on hardness is evaluated through estimating 

the percentage increase in hardness induced by each factor. For as-cast Al-Si alloys, increasing 

silicon content by 5 times from 1% to 5% increased the average hardness by ~38% (Figure 6.1). 

For 1%Si, increasing ultrasonic intensity by ~16 times from 88 W/cm2 to 1400 W/cm2 increased 

average hardness by ~14%. The increase in average hardness is ~23% in the case of USTed Al-

5wt.%Si alloy (Figure 6.1). 

As for as-cast Al-Cu alloys, increasing the amount of copper from 1% to 5% increased 

the average hardness by 71% (Figure 6.2). Similarly, increase in ultrasonic intensity from 88 

W/cm2 to 1400 W/cm2, increased the average hardness by approximately 22% for 1%Cu, and 

31% for 5%Cu alloy, which is more pronounced as compared to 1%Si and 5%Si alloy for same 

case. Addition of 5%Cu solute along with the UST done at maximum ultrasonic intensity of 1400 

W/cm2 shows maximum hardness of 58 VHN. For as-cast Al-Ni alloys (Figure 6.3), the average 

hardness increases by 26% upon increasing the nickel content from 1% to 5%. At 5 wt.% Ni, the 

average hardness increased by ~12% upon increasing the ultrasonic intensity from 88 W/cm2 to 

1400 W/cm2. 
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Figure 6.1. Variation of hardness with ultrasonic intensity (W/cm2) for both as-cast and 

ultrasonically treated Al-Si alloy: Role of solute content. 

 

Figure 6.2. Variation of hardness with ultrasonic intensity (W/cm2) for both as-cast and 

ultrasonically treated Al-Cu alloy: Role of solute content.  
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Figure 6.3. Variation of hardness with ultrasonic intensity (W/cm2) for both as-cast and 

ultrasonically treated Al-Ni alloy: Role of solute content.  

UST refines the eutectic and secondary phase in aluminium alloys, which also enhances 

their mechanical properties. Several contradictory reports exist in the literature on eutectic 

modification by UST. Jian et al. reported that UST refined the eutectic Si phase and uniformly 

distributed it [99]. Similar observations were made by Zhang et al. [113] and Kotadia and Das 

[26]. In contrast, Zhang et al. observed that eutectic silicon coarsened in Al-5wt.%Si alloy by 

UST [111]. Feng et al. reported that the eutectic lamellar spacing increased in hypereutectic Al-

Si alloys with UST [33]. Eskin and Eskin [207] reported coarsening of eutectic constituents after 

UST. Kocatepe and Burdett observed that mechanical vibrations produced coarse eutectic silicon 

in LM6 alloy [208] .  

Eutectic solidification occurred in all three Al-5%X (X= Si, Cu, Ni) alloys, although 

under equilibrium solidification conditions the Al-5wt.%Cu alloy is off-eutectic (<5.65%Cu, see 

Table 3.2). Figure 6.4 shows higher magnification SEM micrographs of as-cast and with USTed 

Al- 5wt.%Si alloy, Al-5wt.%Cu alloy, and Al-5wt.%Ni alloy using ultrasonic intensity of 1400 

W/cm2. Coarse acicular and long plate-like eutectic silicon particles distributed non-uniformly 

among the α-Al dendrites are observed in the as-cast Al-5wt.%Si alloy (Figure 6.4a). In contrast, 
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to 37 µm from 68 µm and to 2 µm from 4.7 µm as compared to as-cast Al-5wt.%Si alloy. Eutectic 

silicon structure is more uniformly dispersed in the USTed microstructure (Figure 6.4b). 

Figure 6.4(c, d) shows the SEM micrographs of as-cast and USTed Al-5wt.%Cu alloy at 

higher magnification. The microstructure of as-cast Al–5wt.%Cu alloy is composed of α-Al rich 

phase with an inter-dendritic eutectic mixture (α + Al2Cu). Noticeable influence of UST on the 

microstructure of the Al–5wt.%Cu alloy is shown in Figure 6.4(c, d). The inter-dendritic eutectic 

phase (α + Al2Cu) became much thinner after UST. The average width of eutectic phase 

decreased to 6.3 µm (Figure 6.4d) from 14 µm (Figure 6.4c) with the application of UST.  

As-cast Al-5wt.%Ni alloy consists of eutectic mixture of α-Al + Al3Ni surrounding the 

dendritic α-Al (Figure 6.4e). This type of eutectic mixture has alternate α-Al rich phase and Al3Ni 

phase [209], which is confirmed from Figure 4.17. It is clear from Figure 6.4(e, f) that Al3Ni has 

rod like morphology. Other researchers also reported the rod like shape of Al3Ni phase [209,210]. 

With the application of UST, very fine and better dispersion of eutectic phase is observed as 

compared to as-cast Al-5wt.%Ni alloy. 

The mechanism for the refinement of the eutectic phase observed in this research is 

unclear. Kotadia and Das [26] suggested that finer eutectic Si particles could form in the last 

stage of solidification due to the limited growth space available and the faster cooling effect 

resulting from larger contact surface with existing solid. 

Figures 6.5, 6.7, and 6..9 show the engineering stress-strain curves of as-cast and USTed 

(using highest ultrasound intensity of 1400 W/cm2) Al-Si alloys, Al-Cu alloys, and Al-Ni alloys. 

Variation in their tensile properties is depicted in Figures 6.6, 6.8, and 6.10, respectively. In these 

Figures, as-cast Al-1wt.%Si alloy, Al-2wt.%Si alloy, Al-3wt.%Si alloy, Al-5wt.%Si alloy, Al-

1wt.%Cu alloy, Al-2wt.%Cu alloy, Al-3wt.%Cu alloy, Al-5wt.%Cu alloy, Al-1wt.%Ni alloy, 

Al-2wt.%Ni alloy, Al-3wt.%Ni alloy, and Al-5wt.%Ni alloy are named as 1Si, 2Si, 3Si, 5Si, 

1Cu, 2Cu, 3Cu, 5Cu, 1Ni, 2Ni, 3Ni, and 5Ni, respectively. Similarly, USTed alloys are named 

as 1Si-UST, 2Si-UST, 3Si-UST, 5Si-UST, 1Cu-UST, 2Cu-UST, 3Cu-UST, 5Cu-UST, 1Ni-UST, 

2Ni-UST, 3Ni-UST, and 5Ni-UST, respectively. It can be seen that the yield strength (σ0.2), 

ultimate tensile strength (UTS) and ductility of all the UST aluminium alloys are superior to as-

cast alloys. 
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Figure 6.4. Eutectic modification by UST. Al-5wt.%Si alloys- (a) as-cast and (b) with UST 

(1400 W/cm2), Al-5wt.%Cu alloys- (c) as-cast and (d) with UST (1400 W/cm2), and Al-

5wt.%Ni alloys- (e) as-cast and (f) with UST (1400 W/cm2). 

 

Among all the Al-Si alloys, Al-5wt.%Si alloy shows the largest σ0.2 and UTS values upon 

UST. It is due to higher amount of solute (Si content) and more refined and globular 

microstructure as shown in Figure 4.9(d). It can be observed that UTS, σ0.2, and total elongation 

to fracture values are lowest for as-cast alloys (Figure 6.6). This is due to higher porosity content 

of as-cast alloys (see in Table 6.1). UST is known for its degassing ability [19][173], thus it 

lowers the porosity (Table 6.1).  
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UTS of the as-cast alloys shows abnormal behavior. Upon doubling the solute content, 

UTS increased by about 13%. Upon further increase in the Si content to 3 wt.% and 5 wt.%, the 

UTS is decreased. UTS of USTed Al-1wt.%Si, Al-2wt.%Si, Al-3wt.%Si and Al-5wt.%Si alloys 

is about 41%, 45%, 56% and 79% higher than those of respective as-cast alloys (Figure 6.6). 

Further, yield strength and % elongation values of the USTed Al-Si alloys are higher than that of 

as-cast alloys (Figure 6.6). These results are related to the grain refinement observed after UST. 

A finer and globular (non-dendritic) microstructure results in higher values of the σ0.2 and UST. 

The cavitation phenomenon resulting from UST might have caused degassing of the molten metal 

and thus decreased porosity. Figure 6.6 shows that total elongation of Al-Si alloy with UST is 

higher than as-cast alloys for respective solute contents. 

At a fixed solute content, USTed Al-Cu alloys and Al-Ni alloys show better mechanical 

properties as compared to respective as-cast alloy. For all four Al-Cu alloys, it is clearly observed 

that the UTS remarkably increased with UST as compared to respective as-cast alloys. At a fixed 

content of solute (5%), the UTS of USTed Al-Cu alloy is ~70% higher than as-cast alloy. 

Similarly, for Al-5wt.%Ni alloy, the UTS of USTed Al-Ni alloy is ~18% higher than as-cast 

alloy. This can be explained by the Hall-Petch equation [212] (equation 6.2). According to Hall-

Petch equation,  

𝜎y=𝜎0 + kyd
-1/2………….. (6.2) 

  Where, 𝜎y is the yield strength, ky is constant and d is the mean grain diameter. Yield 

strength of the materials is inversely related to the grain size [212]. In the case of USTed alloys, 

grain refinement is mainly dependent on solute content and ultrasonic intensity. Significant 

change in the microstructure with respect to the distribution of eutectic phases such as eutectic 

phase (α-Al + Si) in Al-Si alloys, eutectic phase (α-Al + Al2Cu) in Al-Cu alloys, and eutectic 

phase (α-Al + Al3Ni) in Al-Ni alloys, also might have had significant influence on the observed 

mechanical properties of aluminium alloys. 

The results show that the mechanical properties of USTed aluminium alloys are better 

than that of respective as-cast alloys. This is mainly attributed to three aspects: 

a. Nearly equiaxed and finer grains are obtained upon UST, which increased the grain 

boundaries area leading to grain boundary strengthening. As a result, the strength and 

ductility of USTed aluminium alloys increased of as compared to as-cast aluminium 

alloys.  
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b. Relatively finer and better distribution of eutectic phase is achieved upon UST, which 

is beneficial to improvement of strength and ductility of the alloys.  

c. Mechanical properties and micro porosity have a very strong correlation in aluminium 

alloys. Micro-porosity can initiate cracking during tensile loading. Therefore, 

mechanical properties of as-cast samples that contained higher porosity are lower than 

USTed samples. UST has a great potential in degassing of molten metal, resulting in 

reduced porosity upon UST. This improved the mechanical properties of USTed 

aluminium alloys. 

Therefore, the improvement of strength and ductility upon UST in this present work can could 

be mainly attributed to the combined effect of the equiaxed refined α-Al grain, refined and better 

dispersed eutectic phase and reduced porosity. 

 

Table 6.1. Porosity content (vol.%) in as-cast and USTed binary aluminium alloys. 

Specimens  Conditions Measured 

density 

(gm/cm3 ) 

Theoretical 

density 

(gm/cm3 ) 

Porosity 

(vol.%) 

Al-1wt.%Si As-cast 2.61 2.695 3.10 

USTed 2.66 2.695 1.17 

Al-2wt.%Si As-cast 2.58 2.691 3.98 

USTed 2.65 2.691 1.49 

Al-3wt..%Si As-cast 2.56 2.687 4.65 

USTed 2.63 2.687 1.97 

Al-5wt.%Si As-cast 2.53 2.679 5.38 

USTed 2.62 2.679 2.28 

Al-1wt.%Cu As-cast 2.62 2.719 3.63 

USTed 2.68 2.719 1.46 

Al-2wt..%Cu As-cast 2.62 2.738 4.29 

USTed 2.69 2.738 1.87 

Al-3wt.%Cu As-cast 2.64 2.758 4.43 

USTed 2.70 2.758 1.94 
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Al-5wt.%Cu As-cast 2.65 2.798 5.20 

USTed 2.73 2.798 2.36 

Al-1wt.%Ni As-cast 2.64 2.719 2.82 

USTed 2.68 2.719 1.51 

Al-2wt.%Ni As-cast 2.64 2.738 3.60 

USTed 2.69 2.738 1.6 

Al-3wt.%Ni As-cast 2.66 2.758 3.63 

USTed 2.70 2.758 1.97 

Al-5wt.%Ni As-cast 2.65 2.797 5.18 

USTed 2.73 2.797 2.46 

 

 

Figure 6.5. Engineering stress-strain curves of Al-(1-5%)Si alloys processed using different 

processing conditions. 
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Figure 6.6. Variation of tensile properties of Al-(1-5%)Si alloys processed using different 

processing conditions. 

 

Figure 6.7. Engineering stress-strain curves of Al-(1-5%)Cu alloys processed using different 

processing conditions. 
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Figure 6.8. Variation of tensile properties of Al-(1-5%)Cu alloys processed using different 

processing conditions. 

 

Figure 6.9. Engineering stress-strain curves of Al-(1-5%)Ni alloys processed using different 

processing conditions. 
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Figure 6.10. Variation of tensile properties of Al-(1-5%)Ni alloys processed using different 

processing conditions. 

6.2.2. Fractography 

Figure 6.11 shows the SEM fractographs of Al-(1-5%)Si alloys fabricated in as-cast and 

USTed (at ultrasonic intensity of 1400 W/cm2) conditions. For as-cast alloys, dendritic 

morphology present in the shrinkage porosity is clearly observed (Figures 6.11a, c, e, and g). 

Amount of shrinkage porosity increased with increasing the content of solute, which is also 

confirmed from Table 6.1. Due to existence of structural defects in as-cast specimens such as 

shrinkage porosity, their strength and ductility is decreased (Figure 6.6). Interdendritic crack 

propagation is responsible for fracture in all the as-cast alloys (Figures 6.11a, c, e and g) 

[138,213,214]. The UST employed in this work reduced the porosity and refined the 

microstructure; as a result, shrinkage porosity is approximately eliminated from the USTed 

specimens (see Figures 6.11b, d, f. and h). As a result, the strength and ductility of the USTed 

specimens increased as compared to respective as-cast specimens (Figure 6.6). With UST, 

dendritic fracture surface morphology in as-cast specimens is replaced by cleavage facets, 

dimples, and tear ridges in USTed specimens. The fracture surfaces of USTed Al–Si specimens 

show an enhancement in the degree of brittleness with increasing content of solute (see Figures 

6.11b, d, f, and h). Abdizadeh reported that the micro-cracks propagate along the interdendritic 
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aluminium-silicon eutectic phase for as-cast Al-Si alloys [215]. In high silicon alloys, cracks 

propagated along the embrittled grain boundaries of primary aluminium phase because of 

existence of brittle and hard eutectic silicon phase [216]. Gupta and Ling reported similar 

observations [216]. Therefore, ductility of the USTed specimen is also decreased upon increasing 

the content of silicon. In addition, acicular and fine eutectic silicon phase leads to stress 

concentration, which further breaks and forms the facets during fracture in USTed specimens 

[214]. The sizes of dimples decreased with increasing the amount of solute in USTed specimens. 

Micro-cracks are also observed in USTed specimens. Fracture surface of USTed Al-5wt.%Si 

alloy is covered mainly by cleavage facets and some tearing ridges, which indicates 

predominantly brittle fracture. 

SEM fractographs of as cast Al-(1-5%)Cu alloys and those USTed at ultrasonic intensity 

of 1400 W/cm2 are shown in Figure 6.12. Dendrite arms and shrinkage porosities are observed 

on the fracture surface of as-cast alloys (Figure 6.12a, c, e, and g). Therefore, interdendritic 

cracking mechanism appeared to be the leading mechanism for fracture of as-cast Al-(1-5%)Cu 

alloys (Figure 6.12a, c, e, and g). While dimples, tear ridges and some facets are observed in 

USTed Al-(1-5%)Cu alloys. Size of dimples decreased with the content of solute in USTed Al-

(1-5%)Cu alloys (Figure 6.12b, d, f, and h). Reduction in dimple size in the USTed specimens 

may be because of the grain refinement of primary aluminium phase and work hardening, which 

occurs upon plastic deformation of the specimens [217]. In USTed Al-1wt.%Cu alloy, large sized 

and deeper dimples are observed in fracture surface, which indicates ductile fracture as dominant 

mechanism for failure. Fracture surface of USTed Al-5wt.%Cu alloy specimen show small sized 

dimples, some tear ridges, and more cleavage facets, which shows mixed mode fracture behavior. 

It can be observed that there are more dimples on the fracture surface of the USTed specimens 

(see Figures 6.12b, d, f. and h), as compared to respective as-cast specimens alloy (Figures 6.12a, 

c, e and g)). This shows that the ductility of the Al-Cu alloys increased with UST. 

Fracture surfaces of as-cast and USTed Al-(1-5%)Ni alloys are shown in Figure 6.13. For 

the as-cast Al-Ni alloys, (Figure 6.13a, c, e and g), the fracture surfaces consist of dimples, micro 

voids, and some shrinkage porosity, with ductile fracture features being more dominant. Cante 

et al. reported that cavities or micro voids in as-cast samples are found due to Al3Ni particles 

[209]. The existence of dimples in samples means that an enough amount of plastic deformation 

occurred before fracture. Therefore, higher ductility is observed in as-cast Al-Ni alloys (Figure 
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6.10). However, the ductility of USTed samples is higher than respective as-cast samples because 

of decrease in porosity upon UST, which is reflected in the absence of microvoids in the 

fractographs (Table 6.1). In addition, Wang reported that fine structure showed high ductility 

because of inferior particle cracking rate as compared to large and elongated eutectic or 

secondary phase [206].  In USTed Al-1wt.%Ni alloy sample (Figure 6.12b), some micro-carks 

are observed along the grain boundary in some regions, suggesting that intergranular fracture 

occurred in these regions. Whereas, in some regions, no micro-cracks are found along the grain 

boundary, and transgranular fracture is observed. In other USTed samples (see Figure 6.12d, f, 

and h), very few micro-cracks are observed along the grain boundary, therefore, transgranular 

fracture is dominant mechanism for failure of these samples. Some tear ridges, few fine dimples, 

and some cleavage facets are also observed in these USTed samples. Therefore, mixed mode 

failure is observed in USTed samples. 

These results show that UST changes the fracture mode and thereby leads to increase the 

strength and ductility of binary aluminium alloys. 
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Figure 6.11. SEM fractographs of fractured tensile specimens of Al-1wt.%Si alloys- (a) as-cast 

and (b) with UST, Al-2wt.%Si alloys- (c) as-cast and (d) with UST, Al-3wt.%Si alloys- (e) as-

cast and (f) with UST, and Al-5wt.%Si alloys- (e) as-cast and (f) with UST. 
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Figure 6.12. SEM fractographs of the tensile fractured surface of Al-1wt.%Cu alloys- (a) as-

cast and (b) with UST, Al-2wt.%Cu alloys- (c) as-cast and (d) with UST, Al-3wt.%Cu alloys- 

(e) as-cast and (f) with UST, and Al-5wt.%Cu alloys (e) as-cast and (f) with UST. 
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Figure 6.13: SEM fractographs of the tensile fractured surface of Al-1wt.%Ni alloys- (a) as-

cast and (b) with UST, Al-2wt.%Ni alloys- (c) as-cast and (d) with UST, Al-3wt.%Ni alloys- 

(e) as-cast and (f) with UST, and Al-5wt.%Ni alloys- (e) as-cast and (f) with UST. 
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6.3. Summary of results 

1. High-intensity ultrasonic treatment during solidification produced significant refinement 

of the eutectic structures in the Al-5wt.%Si alloy, Al-5wt.%Cu alloy, and Al-5wt.%Ni 

alloy. 

2. Mechanical properties of USTed alloys are better than respective as-cast alloys due to 

combined effect of grain refinement of primary aluminium phase, refinement of eutectic 

phase, and reduction in porosity upon UST. 

3. UST also changed the fracture mode from interdendritic fracture in as-cast, Al-1wt.%Si, 

Al-2wt.%Si, and Al-3wt.%Si alloys to mixed mode in USTed alloys and from 

interdendritic fracture in as-cast Al-Cu alloys to dominant ductile fracture in USTed 

alloys. For Al-Ni alloys, fracture mode is changed from dominant ductile fracture in as-

cast alloys to dominant mixed mode. 
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CHAPTER 7 

DISPERSION OF NANO-PARTICLES DURING UST 

 

7.1. Introduction 

Al6061 alloy is a 6xxx series aluminium alloy, which contains magnesium and silicon as 

major solute elements [52,218]. Al6061 alloy is widely used in the application of industrial, 

construction, automobile, and marine applications due to its favorable properties like good 

weldability, good forgeability & extrudability, high strength-to-weight ratio, and excellent 

corrosion resistance [52,218,219]. The properties of Al6061 alloy can be further improved by 

adding the nano-particles reinforcement using UST. Adding ceramic Al2O3 particles into 

aluminium alloy matrix, enhances properties such as high temperature properties, specific 

stiffness, oxidation resistance, and mechanical properties as compared to base alloy [51,220]. 

Micron sized Al2O3 particles are widely used in fabricating MMC’s [221], and now nano-sized 

Al2O3 particles are easily available for fabricating the nano-composites [220]. 

Because dispersion of nano-particles in molten metals is challenging because of 

agglomeration and wettability issues, this chapter deals with the effect of temperature of high 

power ultrasonic processing (700⁰C, 725⁰C, 750⁰C, and 775⁰C) on the distribution of 1 wt.% 

Al2O3 nano-particles in Al6061 alloy melt. Al6061 alloy composite is also fabricated with 

varying content (1, 2 and 3 wt.%) of nano-particles at ultrasonic processing temperature of 775⁰C. 

The microstructural features and mechanical properties of nano-composites are characterized. 

Various strengthening mechanisms operating in the ultrasonically processed nano-composites 

are analyzed. 

7.2. Effect of UST processing temperature on the microstructure and mechanical 

properties of nano-composites 

7.2.1. Density 

Figure 7.1 shows the porosity content of Al6061 alloy and its composites, which are 

fabricated under the different processing conditions. It can be observed that NC775MS and 

NC700 specimens show higher porosity as compared to other composites. The porosity is also 
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higher for the NC775 specimen. Melt temperature influences the viscosity of the melt and thereby 

plays an important role in the porosity of cast materials. Figure 7.2 shows the effect of processing 

temperature on viscosity of molten Al6061 and its composites. Relationship between temperature 

and viscosity of particle dispersed composite (η
c 

)  melt is represented by equation 7.1 [222]. 

η
c 

= η
m

(1 + 2.5 Vp + 10.5Vp
2)………. (7.1) 

Where, Vp is the volume fraction of dispersed particles. Viscosity of molten matrix (η
m 

) 

at temperature T is given by equation (7.2) [223]. 

η
m 

= η
0

exp (
E

RT
)………………………. (7.2) 

where E is the activation energy for viscous flow. By using equations (7.1) and (7.2), ηc is 

calculated as a function of temperature and the results are shown in Figure 7.2. 

Higher melt viscosity at 700°C inhibits the ultrasonic cavitation phenomenon and 

therefore ultrasonic degassing efficiency is poor. On the other hand, at higher temperature of 

775°C, the solubility of hydrogen gas in molten aluminium alloy is high as compared to other 

processing temperatures [27,181,224]. Some hydrogen is always picked up because of 

inadequate protection from argon in aluminium melting and degassing is often necessary 

[225,226].  It is also reported that even after argon degassing, the melt has some amount of 

hydrogen content [227]. In addition, the clusters of added particles also contain air and in the 

present work, it is likely that the argon protection was insufficient during stirring and nano-

particles addition process. Therefore, UST duration longer than that used in the present work is 

possibly required for effective degassing and minimization of porosity in the latter case. The 

mechanism of ultrasonic degassing is thoroughly interrelated to the phenomenon of cavitation in 

the molten metal. The surface area of pulsating bubbles is many times larger in rarefaction phase 

when compared to compression phase. At this time, the hydrogen gas diffuses from the 

surrounding melt in to the bubbles. In rarefaction phase, the amount of hydrogen gas that enters 

in to the bubble is greater than the amount of hydrogen gas leaving the bubble in compression 

phase. This is called rectified mass diffusion effect [180], due to which the bubble gains 

significant amount of hydrogen gas over several cycles. Due to hydrodynamic buoyancy force, 

large bubbles can float on the surface of the molten metal and escape from the surface [27][228]. 
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Figure 7.1. Porosity (vol.%) content in Al6061 alloy and its composites. 

 

Figure 7.2. Calculated variation of melt viscosity with temperature for Al6061 alloy and its 

composites. 

7.2.2. Microstructural analysis 

Figure 7.3 shows the optical micrographs of aluminium alloy and its nano-composites 

processed at different UST temperatures. The average grain size of as-cast aluminium alloy 

shown in Figure 7.3a is 310 μm. By adding the 1 wt.% Al2O3 reinforcement at 775⁰C with manual 

stirring (MS) and at 700⁰C with UST, grain size reduced drastically by 61% and 41% as 

compared to as-cast Al6061 alloy (Figure 7.3b and c). By increasing the UST temperature beyond 

700°C, a finer dendritic microstructure is obtained (Figure 7.3d, e, and f). It can be observed that 

the grain size of primary α-Al phase decreased effectively with increasing UST temperature. 
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Figure 7.4 shows that with increase in the UST temperature to 725⁰C, 750⁰C, and 775⁰C the 

average grain size by reduced 74%, 77%, and 79%, respectively, with respect to the as-cast 

Al6061 alloy. 

One reason for this refinement is the presence of Al2O3 nano-particles in the melt, which 

provide heterogeneous nucleation sites and thus increase the rate of nucleation. UST further 

enhances the wetting of non-metallic and reinforcement particles, and uniformly disperses them 

into the molten metal because of the acoustic streaming effect [16,106,229]. The increased 

uniformity in the dispersion of nano-particles with UST processing temperature, which is 

discussed later, further contributed to the grain refinement. 

 

 

Figure 7.3. Optical micrographs of (a) Al6061 alloy, and its composites- (b) NC7775MS, (c) 

NC700, (d) NC725, (e) NC775, and (f) NC775. 
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Figure 7.4. Variation in grain size of Al6061 alloy and its composites. 

7.2.3. Nano-particles distribution 

Figure 7.5 shows the SEM micrographs of Al6061/ Al2O3 composites fabricated with MS 

and with UST. Figures 7.5a and b show sporadic clusters of alumina particles remaining in the 

melt after manual stirring (1 µm size) and after UST at 700⁰C (200-250 nm size). Figures 7.5c, 

d, and e show that Al2O3 particles are increasingly well distributed in the aluminium alloy matrix. 

With increasing processing temperature, the UST broke the clusters effectively and uniformly 

dispersed the nano-particles inside the grains. The ultrasonic cavitation is weaker at low UST 

temperature (specimens NC700 and NC725) as compared to at higher temperatures (specimens 

NC750 and NC775). 

Further investigation of the NC775 composite is performed with high magnification 

bright field TEM image, as shown in Figure 7.6. It shows the dispersion of Al2O3 particles in the 

Al6061 alloy matrix. It can be clearly seen in Figure 7.6a that single nano-particles are dispersed 

in Al6061 alloy matrix whereas some clustered particles are also observed. Nano-particles are 

engulfed inside the primary aluminium grain. Uniform distribution of Al2O3 nano-particles 

confers some heterogeneous nucleation sites during solidification. As a result, a more refined 
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microstructure is observed in NC775 composite as compared to as-cast Al6061 alloy. Dislocation 

loops are also observed in NC775 composite, as seen in Figure 7.6b, which are generated due to 

thermal mismatch between the Al6061 alloy matrix and Al2O3 nano-particles. 

 

 

Figure 7.5. SEM micrographs of (a) NC775MS, (b) NC700, (c) NC725, (d) NC750, and (e) 

NC775 nano-composites showing dispersion of alumina particles. Inset in (b) shows the energy 

spectra of an alumina cluster. 
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Figure 7.6. TEM micrographs of NC775 nano-composite showing (a) dispersion of alumina 

particles and the (b) dislocation loops. 

7.2.4. Mechanism of improved dispersion during UST 

As discussed earlier in Chapter 2, ultrasound assisted solidification is a promising method 

for uniform dispersion of nano-particles in molten matrix [116,144,153]. During UST, acoustic 

waves generate tensile stress in the molten metal, which leads to formation of tiny cavities. 

During the expansion cycles, the cavities grow whereas during the compression cycles they 

collapse and produce transient (in the order of microseconds) micro “hot spots” [16,169,230], 

where very high temperatures (5000°C) and pressures (~ 1000 atm) are generated. Equation 7.3 

suggests that contact angle θ can be decreased and the wettability of the nano-particles can be 

increased by increasing their surface energy in vapor phase (σsv) or by decreasing the surface 

energy of liquid (molten metal) in vapor phase (σlv) [231]. 

σsv - σsl = σlv cosθ…………….. (7.3) 

Clusters of Al2O3 particles, which are filled with air, loosen, and individual dispersed 

particles act as nuclei for solidification. As discussed earlier, when the ultrasonic probe is inserted 

into molten metal, the high-pressure pulses and localized high temperature generated by UST 

induced cavitation [232] enhance the wettability of Al2O3 particles by removing or desorbing the 

gases from the surface of the ceramic particles and filling up of the micro cracks by the melt 

[46,118]. It increases the surface energy of nano-particles in vapor phase. At very high 

temperature (5000°C), the surface tension of liquid with vapor is significantly decreased which 
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further enhances the wettability of the nano-particles. High intensity shock waves generated by 

UST break the clusters of nano-particles and improve the wettability thereby ensuring their 

uniform dispersion in the melt [46,57].   

7.2.5. Mechanical Properties 

Hardness and tensile properties of fabricated aluminium alloy composites are studied as 

a function of UST processing temperatures. Figure 7.7 shows the average hardness of differently 

processed nano-composites and the as-cast Al6061 alloy. All the nano-composites have higher 

hardness as compared to the as-cast Al6061 alloy. Among the UST nano-composites, those 

processed at higher temperatures exhibit progressively higher hardness. As compared to the as-

cast Al6061 alloy, increase in hardness of about 20%, 31%, 42%, 53% and 61% is observed for 

NC775MS, NC700, NC725, NC750, and NC775 composites respectively. Hardness increases 

significantly due to combined effect of reduction of grain size and particle strengthening effects.  

 

 

Figure 7.7. Variation in hardness of Al6061 alloy and its composites. 

Figure 7.8 shows engineering stress-strain curves of as-cast Al6061 alloy and alloy nano-

composites. Variation in tensile properties is depicted in Figure 7.9. It can be seen that the yield 

strength (σ0.2) and ultimate tensile strength (UTS) of all the composites are superior as compared 

to the as-cast Al6061 alloy. The yield strengths of NC775MS and NC775 composite are 20% 
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and 67% higher than that of the as-cast Al6061 alloy. Tensile strength and ductility of NC775MS 

composite is inferior to other composites due to poor distribution and more agglomeration of 

particles (Figure 7.5a). For NC775MS composite, there is no role of Orowan strengthening 

mechanism for improving the tensile strength of composite because average particle/cluster size 

is about one µm (Figure 7.5a) and the improvement in tensile strength occurred due to grain 

refinement and thermal mismatch strengthening mechanisms. The numerical value contributions 

from these mechanisms are discussed later.   

Tensile strength of USTed composites shows improvement with increasing the UST 

processing temperature because of increasing dislocation density due to larger CTE mismatch 

between matrix and reinforcement, increment of grain boundary area because of grain 

refinement, and presence of uniformly distributed Al2O3 particles that increase the effect of 

Orowan strengthening. By increasing the ultrasonic processing temperature, clusters of particles 

are broken (Fig. 7.5). Therefore, Orowan strengthening acts more effectively in USTed 

composites as compared to composite processed using manual stirring (NC775MS).  

At the highest UST temperature of 775⁰C, absorption of hydrogen in the molten alloy is 

more, which increased the percentage of micro porosity in NC775 composite (Figure 7.8). 

Therefore, it’s percent elongation value is lower than those of NC725 and NC750 specimens. 

NC700 specimen exhibited poor ductility as compared to as-cast Al6061 alloy. Upon adding 1 

wt.% nano-particles, viscosity of molten metal is increased which reduced the efficacy of UST. 

Less efficient UST resulted in poor degassing (higher porosity), and the reinforcement particles 

remained in clustered form in the matrix (Figure 7.8). Therefore, ductility of NC700 composite 

is reduced.  

7.2.6. Strengthening mechanism 

To observe the effect of Al2O3 particles on mechanical properties of aluminium alloy 

composites, mainly two strengthening mechanisms should be considered. One is the classical 

load transfer from matrix to reinforcement (the continuum mechanics) mechanism, the 

contribution of which is insignificant because the amount of reinforcement in this work is very 

small i.e. ~0.7 volume pct. The other mechanism is micromechanics strengthening mechanism. 

In this, the improvement in yield strength can be attributed to grain refinement, thermal mismatch 

strengthening, and Orowan strengthening mechanisms. 
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Figure 7.8. Engineering stress-engineering strain curves of Al6061 alloy and its composites. 

 

 

Figure 7.9. Variation in tensile properties of Al6061 alloy and its composites. 
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7.2.6.1. Grain refinement strengthening mechanism 

Decrease in grain size of aluminium alloy increases the yield strength of the composites 

according to Hall–Petch relationship [48,116,157,212]. The relative increment in yield strength 

of composite as compared to the base alloy due to grain refinement can be described as: 

∆𝜎𝐻𝑎𝑙𝑙−𝑃𝑒𝑡𝑐ℎ = 𝑘 (
1

√𝑑
−

1

√𝑑0
)……………….. (7.4) 

where, d is the average grain size of the composite at different processing temperatures, 𝑑0 is 

average grain size of as-cast Al6061 alloy, and the value of k (Hall-Petch equation slope) is taken 

as 74 MPaμm1/2 [233]. 

7.2.6.2 Orowan strengthening mechanism 

It is known that Orowan strengthening mechanism is not significant when the 

reinforcement particles are coarse (micron sized) and inter-particle spacing is large. However, 

when Al2O3 particles of very small size (less than 1 μm) are reinforced in the alloy matrix, as in 

the present work, it also contributes to strengthening. It is observed that increasing the UST 

processing temperature dispersed the particles better and inter-particle distance is decreased 

(Figure 7.5). Therefore, ∆𝜎𝑂𝑟𝑜𝑤𝑎𝑛  can be calculated for Al6061-1wt.%Al2O3 composites by 

using Orowan Ashby equation [157][151] : 

 

△ σOrwan =  
0.13Gb

λ
 ln

D

 2b
 ………………….. (7.5) 

Where G is the shear modulus of base alloy, b is the Burgers vector of Al, λ is the average 

inter-particle spacing, and D is the average diameter of nano-particles. The inter-particle spacing 

λ is expressed as [157][151]: 

λ = D [(
1

2Vp
)

1/3

− 1]  ……………………… (7.6) 

7.2.6.3 Thermal mismatch strengthening mechanism: 

Aluminium alloy matrix and Al2O3 particles have different CTE. During cooling of 

composite in solidification process, great amount of dislocation density will be generated due to 

thermal mismatch between the matrix and the reinforcement [234] . Therefore, △ σCTE can be 

calculated as [149]:  



126 
 

 

△ σCTE = ηGb√ρ    ……………………………. (7.7) 

Here η is a constant with value close to 1. Dislocation density (𝜌) can be calculated as 

[235,236]:  

ρ =
12△α△TVp

bD(1−Vp)
 ………………………… (7.8) 

Where, Δα is the difference in CTE between the Al alloy matrix (25.2×10-6 K-1) and the 

reinforcing particles Al2O3 (8.2×10-6 K-1). ΔT is the difference between stress free homologous 

temperature and room temperature. Between the solidus temperature and the stress free 

homologous temperature, diffusional processes including creep will relieve the stresses. Thus, 

during cooling until this stress free homologous temperature, the alumina particle and the matrix 

are stress-free. Assuming that the dislocation punching is initiated at a temperature of 504 K 

(related to a stress free homologous temperature of 0.59) [237], the value of ΔT is 206 K. For 

each of the strengthening contributions, the important parameters used in calculating the yield 

strength are given in Tables 7.1 and 7.2. 

Table 7.1. Important parameters used for estimating the value of increment in yield stress due 

to various strengthening mechanisms for the Al6061-1wt%Al2O3 nano-composites. 

 

G (GPa) D (nm) k (MPa-μm1/2) ∆α (K-1) b (nm) Vp 

26  50  74  17×10-6  0.286  0.007 

 

Using the parameters in Table 7.1 and using the equations 7.4, 7.5, 7.6, 7.7, and 7.8, 

different operating strengthening mechanisms are evaluated/discussed. The results showing 

respective contributions of each mechanism for composites specimen are given in Table 7.2. 

Average inter-particle distance is decreased significantly by increasing the UST processing 

temperature. Average inter-particle distance and ΔσOrowan of NC775 composite is about two times 

and 1.6 times that of NC700 and NC725 composites. In NC775MS composites, Orowan 

strengthening mechanism is not applicable because the cluster size is around 1 μm. The ΔσCTE of 

NC775 specimen is approximately 6.6 and 1.4 times that of the ΔσHall-Petch and ΔσOrowan, 

respectively. It is clear that thermal mismatch strengthening mechanism is most efficient one, 
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followed by Orowan strengthening mechanism and then the grain size strengthening mechanism 

in all composite specimens. 

 

Table 7.2: The yield stress contributions from various strengthening mechanisms for the 

NC700, NC725, NC750, NC775, and NC775MS composites. 

7.2.7. Use of various models for calculating the yield strength of composites 

Several researchers reported the various superposition methods for analyzing the yield 

strength enhancement of aluminium alloy nano-composites. These methods are an arithmetic 

summation, quadratic summation, and compounding methods [157]. In the present, there is no 

general opinion as to which model is more accurate for predicting the yield strength of 

composites. 

7.2.7.1. Arithmetic summation method 

This method is a simply addition of each strengthening mechanisms in a linear manner. 

It is assumed that different strengthening mechanisms do not influence each other and can freely 

contribute to the final yield strength of composites [157,158]. 

∆𝜎 = ∆𝜎𝐻𝑎𝑙𝑙−𝑃𝑒𝑡𝑐ℎ + ∆𝜎𝑂𝑟𝑜𝑤𝑎𝑛 + ∆𝜎𝐶𝑇𝐸 + ∆𝜎𝐿𝑂𝐴𝐷………… (7.9) 

 

Al alloy 

composites  

 

Average  

grain 

size 

(μm) 

Average size  

of nano-

particles 

(nm) 

Inter-

particle 

distance 

(nm) 

∆𝛔𝐎𝐫𝐨𝐰𝐚𝐧 

(MPa) 

∆𝛔𝐂𝐓𝐄 

(MPa) 

∆𝛔𝐇𝐚𝐥𝐥−𝐏𝐞𝐭𝐜𝐡 

(MPa) 

NC700 190 156 390 13.9 14.9 1.31 

NC725 80 107 337 15 23.1 4.07 

NC750 72 80 288 16.1 28.6 4.51 

NC775 67 56 200 22.6 32 4.84 

NC775MS 120 1000 ** 0 0.239 2.55 

** Not applicable because of large cluster size. 
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7.2.7.2. Compounding method 

This method is differed from the arithmetic summation and quadratic summation 

methods. In this analysis, improvement of the yield strength due to nano-particles (∆𝜎) is not 

added to the yield strength of the base alloy (𝜎𝑚), but it is multiplied to the 𝜎𝑚 [157]. According 

to eq. 

𝜎𝑦,𝑐 = 𝜎𝑚 × ∆𝜎…………….…………………………………………… (7.10) 

Where ∆𝜎 = (1 +
∆𝜎𝐻𝑎𝑙𝑙−𝑃𝑒𝑡𝑐ℎ

𝜎𝑚
) (1 +

∆𝜎𝑂𝑟𝑜𝑤𝑎𝑛

𝜎𝑚
) (1 +

∆𝜎𝐶𝑇𝐸

𝜎𝑚
) (1 +

∆𝜎𝐿𝑂𝐴𝐷

𝜎𝑚
) … …… (7.11) 

7.2.7.3. Quadratic summation method 

Clyne and co-workers proposed a new method for predicated the yield strength of 

composites, which is quadratic summation method. In this method, assuming that that the each 

strengthening mechanisms interact with each other and the sum of the squares of each 

strengthening mechanism is proportional to the square of the total yield strength enhancement 

[157,238,239]. However, this method is proposed for micron-sized composites. It is reported that 

the properties of composites alter significantly in nano-composites; therefore, the assumptions 

for micron-sized composites cannot be essentially applied to nano-composites. In this approach, 

the square root of the sum of the squares is applied for considering the contributions of different 

strengthening mechanisms into the yield strength of the composite [157,238,239]. Equation 7.12 

is called Sanaty-Zadeh model. 

∆𝜎2 = ∆𝜎𝐻𝑎𝑙𝑙−𝑃𝑒𝑡𝑐ℎ
2 + ∆𝜎𝑂𝑟𝑜𝑤𝑎𝑛

2 + ∆𝜎𝐶𝑇𝐸
2 + ∆𝜎𝐿𝑂𝐴𝐷

2
………  (7.12) 

For arithmetic summation and quadratic summation methods, the yield strength of the composites 

is calculated using the equation 7.11  

𝜎𝑦,𝑐 = 𝜎𝑚 + ∆𝜎. …………………………………………………… (7.13) 

In present research, Orowan and CTE strengthening mechanisms played major roles in 

the enhancement of the yield strength of nano-composites. On the other hand, there is 

insignificant effect of Hall-Petch and load bearing strengthening mechanisms on the strength of 

composite. Therefore, it is necessary to take the square root of the sum of squares of Orowan and 

CTE strengthening contributions that directly influenced the strength of nano-composites. Hence, 



129 
 

Modified Clyne model is used in present work to evaluate precisely the predicted the yield 

strength of the aluminium alloy nano-composites [155]. 

σy,c = σ0 +△ σHall−Petch + +∆𝜎𝐿𝑂𝐴𝐷 + √(△ σOrowan)2 + (△ σCTE)2……………….. (7.14) 

 

Where, σy,c is the yield strength of the composite.  

The estimated theoretical and experimental yield strength values are summarized in Table 

7.3. It shows that theoretically highest value of yield strength is observed by using compounding 

methods, followed by arithmetic summation method, Modified Clyne model and then quadratic 

summation method in all composite specimens. For NC700, NC725, NC750 and NC775 nano-

composites, the calculated value of  yield strength of composite using arithmetic summation 

method are 1.3, 1.2, 1.14 and 1.2 times higher the experimental values of composite specimens, 

respectively. Several researchers observed that the value of yield strength of composites, which 

is calculated by arithmetic summation method, is much higher than the experimental value of 

yield strength of composites [157,158]. The theoretical value of yield strength of composites 

calculated using Modified Clyne model and quadratic summation method are very close to 

experimental value for NC725, NC750 and NC775 nano-composites. In the present study, it is 

found that the Modified Clyne model is more accurate as compared to quadratic summation 

method.  

For Modified Clyne model, it is estimated that yield strength of NC775 nano-composite 

is 107 MPa, which is close to experimental value of 105 MPa. The experimental values of yield 

strengths of NC700 and NC725 nano-composites are 1.2 and 1.1 times smaller than their 

respective theoretical values. This difference between the theoretical and experimental values can 

be attributed to non-uniform distribution of nano-particles and retention of some particle clusters. 

This is because of the inefficiency of UST discussed above which inhibits the cavitation and 

streaming phenomenon at low processing temperatures, and leads to higher porosity. Clustering 

of nano-particles decreases the effect of Orowan strengthening by increasing the average inter-

particle distance and by offering fewer obstacles for dislocation motion. 
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Table 7.3. Comparison of calculated and experimental yield strengths for different nano-

composites. 

 

Specimens 

σy, MPa 

Arithmetic 

summation 

method 

Quadratic  

summation 

method 

Compounding  

method 

Modified 

Clyne 

model 

Experimental 

value  

NC700 93.1 83.4 97.06 
 

84.7 72±2.4 

NC725 105.2 90.8 113.5 94.6 85±2.5 

NC750 112.2 96.1 123.3 100.3 98±2 

NC775 122.4 102.5 139 107 105±2.2 

NC775MS 66 69.6 65.7 63 65±3 

 

7.2.8. Fractographs of Al6061 alloy and its nano-composites 

Figure 7.10 shows SEM fractograph of the fracture surface of tensile specimen of the as-

cast Al6061 alloy. It shows that the failure occurs due to a mixed mode fracture. It can be 

observed from Figure 7.10 that the as-cast Al6061 alloy has mainly failed due to presence of 

dendritic structure. Dendritic structure looks like clusters of grape and micro-porosities exist in 

the interdendritic region [240]. Dendritic structure of the base alloy is also confirmed from 

micrograph of Figure 7.3a. The sample is fractured along the free surface of the dendritic 

structure and gap between the dendrites. Few tear ridges, micro-voids and tiny dimples are also 

observed in fracture surface of as-cast Al6061 alloy. 

Figure 7.11 shows the SEM fractographs of the fracture surface of tensile specimens of 

NC700, NC725, NC750, and NC775 nano-composites. In all the nano-composites, there is clear 

evidence of increase of tear zones (Figure 7.11) as compared to as-cast Al6061 alloy (Figure 

7.10) that suggest increase tensile strength of composites as compared to as-cast Al6061 alloy. 

Few micro-cracks are also observed in all composites, which is probably produced due to casting 

defects. 
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Figure 7.10. SEM fractograph of the fracture surface of tensile specimen of the as-cast Al6061 

alloy. 

NC700 shows finer dendritic structure (clusters of grapes) and shrinkage porosity in 

Figure 7.11a that confirmed inter-dendritic cracking as the main mechanism of fracture. Similar 

observations are made by other researchers about the fracture of cast composites [215,241]. 

However, Figure 7.11a shows that some regions of the fracture surfaces show tiny dimples and 

tear ridges. For NC725, NC750, and NC775 nano-composites, there is no evidence of dendritic 

structure in Figures 7.11b, 7.11c, and 7.11d. The fracture surface of these composites show mixed 

mode fracture due to presence of tiny dimples, tear ridges, and cleavage facets. In addition, no 

particle debonding and fracture features are observed in these composites. Figure 7.9 shows that 

there is not much difference in the ductility of NC750, NC775 nano-composites as result of better 

distribution of nano-particles (Figure 7.5). The retained ductility of these composites as 

compared to as-cast Al6061 alloy is confirmed from the existence of higher population of tiny 

dimples (Figure 7.11c and d). Extensive presence of tear ridges in NC750 and NC775 nano-

composites points to a higher degree of ductile plastic deformation that led to improved 

mechanical behavior of NC750 and NC775 nano-composites as compared to other composites. 

It is reported  that nano-particles could change the way of crack growth as a result of crack 

bridging, deflection and branching [242]. It is reasonable to infer that more energy would be 



132 
 

dissipated during tensile deformation, thus contributing to the enhancement of ductility of NC750 

and NC775 nano-composites as compared to NC700 and NC725 nano-composites. Figure 7.9 

shows that the ductility of NC700 and NC725 nano-composites is even lower than that of the as-

cast Al6061 alloy. It is due to larger average size of alumina particles of these composite as 

compared to NC750 and NC775 nano-composites, which is reported in Table. 7.2. Habibnejad-

Korayem et al. reported that larger size of particles (>100 nm) resulted to decrease ductility of 

such composites owing to enhanced the crack initiation and propagation [152], which is 

confirmed from Figures 7.11a and b, that show more micro-cracks in NC700 and NC725 

composites as compared to as-cast Al6061 alloy (Figure 7.10).  

 

Figure 7.11. SEM fractographs of the tensile fractured surface of (a) NC700, (b) NC725, (c) 

NC750, and (d) NC775 nano-composites. 

7.3. Effect of UST and nano-particles content on the microstructure and mechanical 

properties of composites 

As discussed earlier, uniform distribution of nano-particles is observed at UST 

temperature of 775°C. In addition, higher UST temperature is used to confirm the satisfactory 

flowability, when the molten metal was poured into mild steel mould from the graphite crucible. 

Therefore, Al6061 alloy nano-composites are fabricated with varying the content of nano-

particles (2 and 3 wt.%) and USTed at temperature of 775°C. This section deals with study on 
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the effect of amount of nano-particles, and the UST on the microstructure and mechanical 

properties of the aluminium alloy composites. 

7.3.1. Effect of the amount of nano-particles on the melt viscosity 

Table 7.4 shows the value of melt viscosity at different content of nano-particles at UST 

temperature of 775°C. Melt viscosity is calculated with the help of equations 7.1 and 7.2. Table 

7.4 shows that the viscosity of molten aluminium alloy melts increases with increased amount of 

alumina nano-particles. With increasing content of nano-particles, the contact surface area of 

nano-particles with air will be increased and more amount of the gas will enter into the molten 

metal during processing [52]. Therefore, porosity is higher at 3 wt.% of nano-particles as 

compared to 1 wt.% and 2 wt.% of nano-particles in Al6061 alloy composite, as shown in Figure 

7.12. Similar observations are reported by some researchers  that the porosity of composites is 

enhanced with increasing the content of particles [243][244]. In addition, this is because of the 

influence of low wettability and large agglomeration at higher content of nano-particles and 

easier pore nucleation at the interface of Al6061 matrix and Al2O3 particles [30,31]. Furthermore, 

ultrasonic cavitation phenomenon will be poor at the higher content of nano-particles (3 wt.%) 

due to higher melt viscosity, which will be affect the mechanical properties and distribution of 

nano-particles in Al6061 alloy nano-composites. Wang also reported that high viscosity of the 

melt  decreases the influence of UST [121].  

 

Table 7.4. Effect of content of nano-particles on the melt viscosity. 

Al2O3 nano-particles (wt.%) Viscosity (mPas) of the melt at ultrasonic 

processing temperature of 775°C 

1 1.007 

2 1.025 

3 1.040 
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Figure 7.12. Porosity content (vol.%) in NC775, 2NC775, and 3NC775 nano-composites. 

7.3.2 Microstructural evolution 

Figure 7.13 shows the EBSD images of as-cast Al6061 alloy and its nano-composites, 

containing different amount of nano-particles and USTed at 775°C.  Figure 7.13 shows that the 

reinforcing of Al2O3 nano-particles in Al6061 alloy matrix decreases the average grain size of 

primary aluminium phase. Figure 7.14 shows the variation in grain size of Al6061 alloy, NC775, 

2NC775, and 3NC775 nano-composites, with grain sizes being determined from EBSD data of 

Figure 7.13. Figure 7.15 shows the SEM microstructures of NC775, 2NC775, and 3NC775 nano-

composites, which is used to highlight the dispersion of alumina particles in the composites.  

For nano-composite specimens, the average grain size of the primary aluminium phase is 

mainly dependent upon the content of nano-particles. Upon adding of 1 wt.% of nano-particles, 

the average grain size decreases significantly when ultrasonic processing is done at temperature 

of 775°C, as compared to the as-cast Al6061 alloy. Upon adding of 2 wt.% of nano-particles, a 

few clusters of particles and fine single particles are observed in Figure 7.15a, where the apparent 

particle size varied from of 80-110 nm with average particle size of 95 nm in 2NC775 nano-

composite. As a result, there is not much improvement in the average grain size of 2NC775 nano-

composite as compared to NC775 nano-composite. However, the grain size of 2NC775 

composite is significantly reduced by 74% as compared to the as-cast Al6061 alloy (Figure 7.14). 
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Addition of 3 wt.% of nano-particles resulted in large agglomeration and poor distribution 

of Al2O3 particles with an average particle size of 228 nm for 3NC775 nano-composite, as shown 

in Figure 7.15c. It is due to low wettability, more gas entrapment in molten metal and higher 

amount of nano-particles. It is extremely difficult to obtain better distribution of alumina nano-

particles in molten Al6061 alloy when the amount of alumina nano-particles is more than 2 wt.% 

in present research, because of poor wettability and large surface-to-volume ratio. In addition, 

the efficiency of UST is inhibited at higher viscosity of 3NC775 melt. These problems induce 

agglomeration, micro-porosities and clustering in the 3NC775 nano-composite. Due to this 

effect, the average grain size of 3NC775 nano-composite (170 µm) is larger as compared to 

NC775 and 2NC775 nano-composites. Yet, the grain size of 3NC775 nano-composite is 

decreased by 41% as compared to as-cast Al6061 alloy (Figure 7.14).  

As discussed earlier, refinement of α-Al phase occurs due to better dispersion of nano-

particles by UST that confers heterogeneous nucleation sites by Al2O3 particles and thereby 

increase the rate of nucleation, dominantly in the NC775 and 2NC775 nano-composites. Some 

micro-cracks are also observed in 2NC775 and 3NC775 nano-composites (Figure 7.15). The 

sizes of micro-cracks are larger in 3NC775 nano-composite as compared to 2NC775 nano-

composite. This is likely to influence the mechanical properties of 3NC775 nano-composite 

mode adversely, which is discussed in following section.  

7.3.3. Mechanical Properties 

Hardness and tensile properties of the fabricated aluminium alloy nano-composites 

synthesized at UST temperature of 775°C are investigated as a function of content of nano-

particles. The average hardness of these nano-composites and as-cast Al6061 alloy is shown in 

Figure 7.16 at different content of nano-particles. NC775, 2NC775 and 3NC775 nano-

composites show higher hardness as compared to as-cast Al6061 alloy. An increment in average 

hardness of about 61%, 76%, and 23% is observed for NC775, 2NC775 and 3NC775 nano-

composites as compared the as-cast Al6061 alloy, respectively. Hardness increased significantly 

due to combined effect of decrease of grain size and particle strengthening effects. In addition, 

the hardness of composites increases due to the obstruction in the movement of dislocations by 

thermal strain [118,245], which developed due to difference in CTE between the alumina 

particles and Al60061 alloy matrix.  The hardness of 3NC775 composites is lower as compared 
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to NC775 and 2NC775 nano-composites due to presence of agglomeration of particles and micro-

porosities, which inhibit the particle strengthening effects. 

 

 

Figure 7.13. EBSD micrographs of (a) as-cast Al6061 alloy and its composites (b) NC775, (c) 

2NC775, and (d) 3NC775. 

 

Figure 7.14. Comparison of grain size of as-cast Al6061 alloy, NC775, 2NC775, and 3NC775 

nano-composites. 
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Figure 7.15. SEM micrographs of (a) 2NC775 and (b) 3NC775 nano-composites showing 

dispersion of alumina particles (Red arrows show clusters of alumina particles and yellow arrows 

indicate micro-cracks). 

The engineering stress-strain curves of base alloy and its nano-composites are shown in 

Figure 7.17. Figure 7.18 shows the variation in the tensile properties. It can be observed that the 

yield strength (σ0.2) and ultimate tensile strength (UTS) of all the nano-composites is higher than 

that of the base alloy. The yield strengths of NC775, 2NC775 and 3NC775 nano-composites are 

67%, 81%, and 11% higher as compared to the as-cast Al6061 alloy. It is due to combined 

influences of enhancement in grain boundary area due to refinement of primary phase, Orowan 

strengthening and the massive thermal stress is generated due to thermal mismatch between the 
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Al6061 alloy matrix and alumina particles. Improvement in tensile strength is observed up to 2 

wt.% of nano-particles as the result increasing the dislocation density due to CTE mismatch 

between Al6061 alloy matrix and alumina particles and Orowan strengthening. After that, tensile 

strength decreased for 3NC775 nano-composite as compared to NC775 and 2NC775 nano-

composites due to more clustering of nano-particles. Clusters of particles are reported adversely 

affect the mechanical properties of composites. Tszeng et al. [32] also observed that the micro-

cracks were prone to initiate at the interface between the metal matrix and particle clusters that 

eventually cause severe degradation in the strength of composites. 

It is observed from Figure 7.18 that the percent elongation decreased gradually with 

increasing the content of nano-particles. This may be the result of less efficiency of UST, which 

lead to more clusters of nano-particles and higher content of porosity (see in Figure 7.12) 

observed in the nano-composite with higher alumina nano-particles content.  

 

 

Figure 7.16. Comparison of hardness of as-cast Al6061 alloy, NC775, 2NC775, and 3NC775 

composites. 

At the highest 3 wt.% content of nano-particles, the percentage of micro-porosities and 

particles agglomeration in 3NC775 composites is more as compared to NC775 and 2NC775 
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and as-cast Al6061 alloy specimens. For 3NC775 nano-composites, viscosity of melt was higher 

which decreased the efficacy of UST. Less efficient UST resulted in higher porosity, and the 

reinforcement particles remained in clustered form in the Al6061 alloy matrix (Figure 7.15b). 

Therefore, ductility of 3NC775 nano-composite is reduced. 

 

 

Figure 7.17. Engineering stress-strain curve of as-cast Al6061 alloy, NC775, 2NC775, and 

3NC775 composites. 

 

Figure 7.18. Variation in tensile properties of as-cast Al6061 alloy, NC775, 2NC775, and 

3NC775 composites. 

60

80

100

120

140

160

180

200

E
lo

n
g
a

tio
n

 (%
)

Specimens processed at different conditions

 UTS

 YS

     Al6061        NC775       2NC775         3NC775

5.2

5.6

6.0

6.4

6.8

7.2

7.6

8.0

8.4

8.8

S
tr

es
s 

(M
P

a
)

 Elongation (%)



140 
 

7.3.4. Strengthening mechanisms 

As discussed earlier, Hall-Petch strengthening, Orowan strengthening, and coefficient of 

thermal expansion (CTE) strengthening mechanisms contribute to the enhancement yield 

strength of composites. For higher content of reinforcement (3 wt.%), load bearing strengthening 

mechanism may be play an important role. Thus, load-bearing strengthening mechanism is also 

considered in the present analysis. 

Table 7.5 shows that the ΔσCTE of NC775, 2NC775 and 3NC775 specimens are 

approximately 6.6 & 1.4 times, 9.2 & 1.1 times, and 18.3 & 1.6 times that of the ΔσHall-Petch and 

ΔσOrowan, respectively. It is clear that CTE mismatch strengthening mechanism is the main 

dominating mechanism for the enhancement of the yield strength of nano-composites. 

Contribution to strengthening from CTE mismatch and Orowan are increased up to 2 wt.% of 

reinforcement, after that its decreased at 3 wt.% of alumina reinforcement. ΔσOrowan of NC775 

and 2NC775 nano-composites are about 1.3 times and two times that of 3NC775 composites. It 

is due to agglomeration and non-uniform distribution of particles, which increases the inter-

particle distance in the 3 wt.% of alumina in Al6061 alloy matrix. ∆σload does not contribute to 

increment the yield strength of NC775 and 2NC775 nano-composites much due to its lower 

value. Even in 3NC775 nano-composite, ∆σload contribution for the enhancement of yield 

strength is very less.  

 

Table 7.5. The yield strength contributions from various strengthening mechanisms for the 

NC775, 2NC775, and 3NC775 nano-composites. 

 

 

The experimental results for nano Al2O3/Al6061 composites with different weight 

percentage of reinforcement are compared with the calculated values, as shown in Table 7.6. It 

Specimens Avg. 

grain 

size  

(μm) 

Avg. size  

of nano-

particles 

(nm) 

Inter-

particle 

 distance 

(nm) 

∆𝛔𝐎𝐫𝐨𝐰𝐚𝐧 

(MPa) 

∆𝛔𝐂𝐓𝐄 

(MPa) 

∆𝛔𝐇𝐚𝐥𝐥−𝐏𝐞𝐭𝐜𝐡 

(MPa) 

∆𝛔𝐥𝐨𝐚𝐝 

(MPa) 

NC775 67 56 200 22.6 32 4.84 0.4347 

 

2NC775 78 82 135 34 37.6 4.07 0.8694 

 

3NC775 170 228 341 17 27 1.47 1.3041 
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can be observed from Table 7.6 that the theoretical values of yield strength for Al60661 alloy 

nano-composites obtained using the quadratic summation method and Modify Clyne method, are 

approximately equal to the experimental values up to 2 wt.% of alumina reinforcement. At 3 

wt.% of alumina nano-particles, the experimental value of yield strength of 3NC775 nano-

composite is approximately 35% lower than the theoretical values. This is attributed to the 

presence of large amount of porosity and clusters of alumina particles in the 3NC nano-

composite. 

Table 7.6. Comparison of calculated and experimental yield strengths for the NC775, 2NC775, 

and 3NC775 nano-composites. 

 

 

Specimens 

σy, MPa 

Arithmetic 

summation 

method 

Quadratic  

summation 

method 

Compounding  

method 

Modified 

Clyne 

model 

Experimental 

value  

NC775 122 102 139 107 105 

2NC775 140 114 169 118 113 

3NC775 109 94 119 96 71 

7.3.5. Fractography 

Figure 7.19 shows the SEM micrographs of 2NC775 and 3NC775 nano-composites. 

Mixed mode fracture is clearly appeared in all the composites. In 2NC775 nano-composite 

(Figure 7.19a), population of tiny dimples is more as compared to the as-cast Al6061 alloy 

(Figure 7.10). Deeper, smaller dimples, and tear ridges point to relatively ductile fracture of 

2NC775 nano-composite that accompanied with significant plastic deformation. However, some 

shear fracture regions, containing facets/step-wise facets are also observed which shows less 

significant, brittle character of the fracture in 2NC775 nano-composite.  

In 3NC775 nano-composite, population of cleavage facets is more as compared to NC775 nano-

composite and 2NC775 nano-composite, which can be seen from Figure 7.19b. However, few 

tiny dimples are also seen in Figure 7.19b. Cleavage facets and smaller population of dimple 

suggests predominantly brittle behavior of 3NC775 nano-composite. Many pores are observed 

on the fracture surface of 3NC775 nano-composite, which are mainly attributed to improper 

distribution of alumina particles, clusters of particles, poor bonding between matrix and 
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reinforcement. As a result, ductility and strength of 3NC775 nano-composite is reduced as 

compared to NC775 nano-composite and 2NC775 nano-composite. In addition, clusters of 

particles segregate along the grain boundary because of inhomogeneous distribution and particle 

pushing nature. Due to this effect, clusters of particles generate cracking under lower stress which 

creates the low energy path along the grain boundaries for crack propagation [246]. Micro-cracks 

also worked as stress raisers that led to propagation of cracks at lower stress, which decreased 

the ductility of composite. Micro-cracks are also observed in 3NC775 nano-composites. 

 

Figure 7.19. SEM fractographs of the fractured surface of (a) 2NC775 and (b) 3NC775, nano-

composites.  
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7.4. Summary of results 

1. An excellent distribution of Al2O3 nano-particles is obtained in NC775 composite 

specimens after ultrasonic treatment. Some agglomerates of particles are observed in 

NC700 specimen because of less effectiveness of UST due to higher melt viscosity. 

2.  Increasing the ultrasonic processing temperature resulted in more uniform distribution of   

Al2O3 nano-particles that caused enhanced heterogeneous nucleation and significantly 

decreased the grain size of composites as compared to base aluminium alloy. 

3.  NC750 nano-composite exhibited the best combination of mechanical properties with 

yield strength, ultimate tensile strength, and ductility, which are 55%, 30% and 3% higher 

than that of the base alloy. 

5.  Melt viscosity increased with increasing the content of nano-particles, which affected the 

distribution of nano-particles. Poor distribution of nano-particles and clusters of particles 

are observed in 3NC775 nano-composite.  

6.  Al6061 based nano-composites with Al2O3 nano-particles addition were successfully 

made using ultrasonic processing up to 2 wt.% of nano-particles. These nano-composites 

showed marked improvement in strength and ductility when compared to unreinforced 

alloys. 

7.  There is not much improvement in grain size of 2NC775 nano-composite as compared to 

NC775 nano-composite. 

8.  2NC775 nano-composite shows good mechanical properties with yield strength and 

ultimate tensile strength, which are 81% and 53% higher than the base alloy. 3NC775 

nano-composite shows poor yield strength and ultimate tensile strength as compared to 

NC775 nano-composite and 2NC775 nano-composite due to agglomeration of particles. 

9.  In all the nano-composites, thermal mismatch strengthening mechanism is most dominant 

one followed by Orowan strengthening, and grain-size strengthening mechanisms. 
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CHAPTER 8  

CONCLUSIONS 

 

This chapter deals with the major findings of this work. The role of solute and ultrasonic 

intensity on the microstructural and mechanical properties of binary hypoeutectic and off-eutectic 

aluminium alloys are investigated. Further investigations involved the effect of ultrasonic 

processing temperature and content of nano-particles on the dispersion, other microstructural 

features, and mechanical properties of nanocomposites. The following conclusions are drawn 

based on the present work. 

1. Content of solute and UST had significant effect on the grain refinement of binary Al-Si, Al-

Cu and Al-Ni alloys. Increased grain refinement occurred with increase in ultrasound 

intensity and content of the solute. Maximum grain refinement was observed at higher 

content of solute (5 wt.%) and highest ultrasound intensity (1400 W/cm2) for Al-Si and Al-

Cu alloys. For Al-Ni alloy, highest grain refinement was obtained at 3 wt.% of solute and 

maximum ultrasound intensity of 1400 W/cm2. At ultrasound intensity of 1400 W/cm2, the 

values of minimum grain size were about 124 µm, 107 µm, and 120 µm for Al-5wt.%Si 

alloy, Al-5wt.%Cu alloy, and Al-3wt.%Ni alloy, respectively. 

2. Combination of higher content of solute (3 and 5 wt.%) and maximum ultrasound intensity 

produced non-dendritic, nearly-equiaxed, and globular grains.  

3. By increasing the amount of solute from 1% to 5%, grain size was reduced by ~52%, 58%, 

and 23% for as-cast Al-Si alloys, as-cast Al-Cu alloys, and as-cast Al-Ni alloys, respectively. 

At fixed amount of solute (5wt.%), the reduction in average grain size was about ~48%, 

85%, and ~40%, with increasing ultrasonic intensity from 88 W/cm2 to 1400 W/cm2 for Al-

Si alloy, Al-Cu alloy, and  Al-Ni alloy, respectively. 

4. Grain density of Al-Si alloys and Al-Cu alloys increased with increasing the content of solute 

at fixed ultrasonic intensity. Increase in grain density was about 6 times, 58 times, 9 times 

by increasing the ultrasonic intensity 16 times from 88 to 1400 W/cm for Al-5wt.%Si alloy, 

Al-5wt.%Cu alloy, and Al-5wt.%Ni alloy, respectively. 

5. Growth restriction factor (Q) increased with increasing the amount of solute. Q for Al-

1wt.%Si alloy was two and 1.7 times higher than Al-1wt.%Cu alloy and Al-1wt.%Ni alloy, 
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respectively. Q could not fully explain the mechanism of ultrasonic grain refinement for 

hypoeutectic alloys studied in present study.  

6. According to StJohn’s model, the value of largest intercept (a ≈ 1094 μm) was found for as-

cast Al-Ni alloys. Both the potency of solutes and the number of active nucleants increased 

with increase in the ultrasonic intensity from 88 to 1400 W/cm2. The intercept (a) and the 

slope ( b) decreased from 229 µm to 115 µm & 737 μm°C to 570 μm°C, 386 µm to 78 µm 

& 1582 μm°C to 697 μm°C, and 277 µm to 109 µm & 585 μm°C to 442 μm°C with 

increasing ultrasonic intensity from 88 to 1400 W/cm2 for Al-Si alloys, Al-Cu alloys, and 

Al-Ni alloys, respectively. Potency in Al-Ni alloys were higher than that in Al-Si and Al-Cu 

alloys at the highest ultrasonic intensity used in this work. 

7. Freezing range (∆T) mechanism satisfactorily explains the grain refinement mechanism of 

off-eutectic Al-Cu alloys upon UST. The ∆T value increased in off-eutectic alloy and 

decreased in hypoeutectic alloys with solute content. Supercooling parameter (P) explained 

the ultrasonic grain refinement mechanism of near eutectic Al-Ni alloys. Clearly, such 

inconsistency in average grain size with UST and amount of solute could not be completely 

explained by considering Q, ∆T, and P values alone. 

8. UST refined the eutectic phase. As a result, the average length of the Si plate decreased to 

37 µm from 68 µm for the as-cast Al-5wt.%Si alloy. Similarly, the average width of eutectic 

phase reduced to 6 µm from 14 µm for USTed Al-5wt.%Cu alloy. 

9. The yield strength, UTS, and total elongation of each USTed alloys were higher than 

respective as-cast alloy due to combined influence of refinement of primary aluminium 

phase and eutectic phase, and reduction in porosity content upon UST. At ultrasonic intensity 

of 1400 W/cm2, the highest values of hardness found in Al-5wt.%Si alloy, Al-5wt.%Cu 

alloy, and Al-3wt.%Ni alloy, were 52, 58 and 36.2 VHN, respectively. The UTS of USTed 

Al-5wt.%Si, Al-5wt.%Cu alloy and Al-5wt.%Ni alloy was ~79%, ~69%, and ~18% higher 

than respective as-cast alloys.  

10. Upon adding 1 wt.% of nano-particles in Al6061 alloy, the average grain size decreased with 

increasing the ultrasonic processing temperature. This is because of better distribution of 

nano-particles with increasing ultrasonic processing temperature, which increased the rate 

of nucleation from increased heterogeneous nucleation sites provided by alumina particles. 
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As a result, the average grain size of NC725, NC750, and NC775 nano-composites reduced 

by 74%, 77%, and 79%, respectively, with respect to the as-cast Al6061 alloy.  

11. UST uniformly dispersed the alumina nano-particles in the Al6061 alloy matrix for NC775 

composite due to low melt viscosity, which increased the efficiency of UST. The average 

size of alumina nano-particles/clusters was about 156 nm, 107 nm, 80 nm, and 56 nm for 

NC700, NC725, NC750, and NC775 nano-composites, respectively.  

12. Increment in hardness of about 20%, 31%, 42%, 53% and 61% respectively was obtained 

for NC775MS, NC700, NC725, NC750, and NC775 nano-composites with respect to as-

cast Al6061 alloy due to refinement of primary aluminium phase and particle strengthening 

effect. Mechanical properties of composites improved with increasing UST processing 

temperature that better dispersed the Al2O3 particles. As a result, the CTE mismatch and 

Orowan strengthening contributions increased. Yield strength of NC775 nano-composites 

increased by about 67% as compared to that of the as-cast Al6061 alloy. 

13. Al6061 alloy nano-composites were successfully fabricated using 1 and 2 wt.% of alumina 

nano-particles at ultrasonic processing temperature of 775°C. At higher alumina additions, 

i.e. in 3NC775 composite, higher melt viscosity reduced the efficiency of UST. 3NC775 

composite showed poor mechanical properties as compared to NC775 and 2NC775 

composites due to agglomeration and poor dispersion of Al2O3 particles in Al6061 matrix. 

Yield strength of NC775, 2NC775 and 3NC775 nano-composites is about 67%, 81%, and 

11% higher than that of base alloy. 2NC775 nano-composite showed best mechanical 

properties among all the composites. 

14. In all the nano-composites, thermal mismatch strengthening mechanism was the dominant 

one followed by Orowan strengthening, and grain-size strengthening mechanisms. ΔσCTE of 

NC775, 2NC775 and 3NC775 nano-composites were about 6.6 & 1.4 times, 9.2 & 1.1 times, 

and 18.3 & 1.6 times higher as compared to ΔσHall-Petch and ΔσOrowan, respectively. Quadratic 

summation method and modified Clyne method for calculating the yield strength of 1NC775, 

2NC775, and 3NC775 nano-composites showed best agreement with the experimental value 

of yield strength of these composites. 
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Chapter 9 

SCOPE OF FUTURE WORK 

 

Further studies could include investigation of the following: 

 Numerical simulation of acoustic pressure field for ultrasonic grain refinement of Al-Si 

alloys, Al-Cu alloys, and Al-Ni alloys can be done and studied. 

 Al-Ni alloys are promising new generation of eutectic alloys, which can be used for high-

temperature applications. Therefore, mechanical properties of eutectic Al-Ni alloy can be 

studied at high temperature, and improved upon by adding suitable solutes and 

reinforcements for high temperature applications.    

 The Al6061 alloy nano-composite has been successfully fabricated with UST. These 

nano-composites showed increase in yield strength and ultimate tensile strength as 

compared to base alloy. As these materials can be investigated further for fatigue and 

creep behavior, for automobile and aerospace applications.  

 Detailed TEM analysis of aluminium alloy nano-composites can be done. 

 Effect of heat treatment on the microstructural and mechanical properties of these 

materials can be studied. 
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