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Abstract

Magnesium alloy developments have traditionally been driven by requirements of
aerospace and automobile industries. Interest in Mg based alloys stems from their low density,
high strength-to-weight ratio and low inertia which results from its low density. The primary
problem in all alloy systems is that dendrites are produced in normal castings because of their
large freezing ranges, whereby a constitutionally undercooled region can be readily produced
ahead of the growing front. Therefore, suppressing the formation of these coarse dendrites is a

key issue in improving the alloy properties.

During solidification of alloys, there are generally two ways to achieve a refined
microstructure. One is to break up the growing dendritic structure so that each secondary
dendritic arm becomes a grain. Another way is to provide a large quantity of nuclei so that
there is no excess room for each grain to grow into a dendrite. Several techniques such as
inoculation, electromagnetic vibrations, and mechanical stirring are employed for the

modification of grains and the grain size distribution in AZ series magnesium alloys.

Use of physical methods such as mechanical vibrations/ stirring and electromagnetic
vibration techniques during solidification are known to result in finer grain size in cast
products. A new effective but less practiced method of grain refinement is the ultrasonic
treatment (UST). Ultrasonication is environmentally cleaner and one of the simple and
effective physical methods used to refine the grain size of alloys during solidification process.
Application of high intensity ultrasonic vibrations during solidification produces two effects-
ultrasonic streaming of the liquid (increased convection) and ultrasound induced cavitations.
These lead to various physical and indirect chemical effects in the liquid. Scientific literature

documents the vast capability and potential of high power ultrasonics in materials processing.

Much work has been carried out to study the solidification behavior during ultrasonic
treatment, in particular the microstructure refinement and properties of various alloys.
However, it mostly concerns with the studies in aluminum alloys. A major problem with Mg-Al
alloys is their large and variable grain size with coarse dendritic morphology which results in
their poor mechanical properties. Unlike the Zr containing magnesium alloys, Mg-Al alloys are

Zr free and no potent inoculants are available in order to obtain uniform and finer grain size.



Therefore, physical method of microstructure modification such as ultrasonication during

solidification may prove useful.

Further, Al containing Mg alloy systems suffer from lack of a potent nucleating agent.
In this regard, grain refining techniques such as superheating of the melt, ferric chloride
inoculation (Elfinal process), and carbon inoculation have been tried with moderate success.
Among these methods, carbon inoculation using reagents like C,Clg, CCl,, and graphite offer
many practical advantages because of lower operating temperatures and less fading effects with
long holding times, at a lower cost. Carbon black is an easily available and inexpensive form of
carbon that has nano size morphology. Present work investigates the inoculation potency of
these nano particles in Mg-Al alloy melts. This approach will also help replace the
conventionally used toxic waste generating hexachloroethane, C,Clg, grain refiner. When
ultrasonic vibrations are coupled to the melts, it is expected to accelerate the wetting, de-
agglomeration, and dispersion of inoculant particles and also facilitate degassing of the melts

thereby reducing the microporosity.

Similarly, use of ultrasonic vibrations is also being explored in a new solidification
processing technique in order to fabricate fine-grained, wear resistant MMCs reinforced with
nano and microsized ceramic particles, in order to overcome the drawbacks of stir casting. In
view of the potential of in situ synthesis approach and the UST, both these techniques can be
coupled for the fabrication of AZ91 alloy matrix composites by the addition of suitable reactant
to the melt. Such approach is expected to result in refined micro/nano composites because of

the physical and concomitant chemical phenomena induced by UST.

In view of the above, there is a need to study the grain refinement, distribution of
intermetallic phases and microstructure modification of magnesium alloys by high intensity
ultrasonic vibration and different mechanisms operating under varying ultrasonic processing
conditions. In the present work, individual and combined effects of physical (ultrasonic
vibrations) and chemical (inoculation) techniques on the microstructural development and
mechanical properties in AZ series magnesium alloy melts is studied. Reactively synthesized
and ultrasonically processed MMCs are fabricated and their microstructural evolution,
mechanical and sliding wear properties is investigated. Formation of hard oxide reinforcement
particles by in situ reactions is studied. The microstructure of the composites is characterized
for the uniformity in the distribution of reinforcement particles and is correlated with their
mechanical properties. By evaluating the dry sliding wear behavior over a range of loads, the

operating wear mechanisms are analysed.



The thesis consists of eight chapters. The first chapter consists of introduction to the
topic and gives a brief idea about the overview and benefits of magnesium alloys used for
different applications. The second chapter gives a comprehensive literature review on the
recent developments in the field of magnesium alloys; recent processing techniques available
for magnesium alloys, history of ultrasonic processing techniques and different theories related
to ultrasonic processing. It also defines objectives of the present work based on literature
review, scope of the work and the methodology adopted in the present investigation.

The experimental study carried out in line with the scope of the work is explained in
detail in the third chapter. Results obtained are discussed in next three chapters. In the fourth
chapter results of various UST parameters on the microstructural evolution and mechanical
properties of magnesium alloys is discussed. Application of ultrasonic processing to the molten
magnesium alloys are carried out by two different processing approached: first one is
continuous cooling during the application of UST and other one is isothermal UST processing

followed by cooling.

In the Fifth chapter, synergy of nano carbon black inoculation and high intensity
ultrasonic processing in cast magnesium alloys is discussed. Commercial AZ series magnesium
alloy containing three, six, and nine weight pct of aluminum (AZ91, AZ61 and AZ31) are
investigated for their response to carbon black nano-particle inoculation and high intensity
ultrasonic processing. Potency of inoculants is assessed under varying experimental conditions
of untreated, carbon black treated and combined carbon black inoculation treatment followed
by ultrasonic treatment conditions. Resulting grain refinement is studied and explained based

on existing theories of nucleation and ultrasound induced phenomena in molten metal.

In chapter six, AZ91 and AZ31 alloys matrix composites are synthesized by in situ
reactive formation of hard MgO and Al203 particles by the addition of 1, 5, and 10 wt pct
magnesium nitrate (Mg(NO3),) as a reactant to the molten alloy. Application of ultrasonic
vibrations to the melt increased the uniformity of particle distribution, avoided agglomeration,
helped to reduce porosity in the castings. In situ chemical reactions were promoted and
accelerated because of the ultrasound induced physical phenomena such as cavitation and
liquid streaming. Presence of well dispersed, reactively formed, hard oxide and intermetallic
particles increased the hardness, ultimate strength, and strain-hardening exponent of the AZ91

and AZ31 alloys matrix composites. Their improved sliding wear resistance is attributed to

\



presence of hard oxide particles and further ultrasonic treatment produced distribution and

cavitation enhanced wetting of reactively formed particles in the AZ91 and AZ31 alloys matrix.

The chapters seven and eight contain the conclusions and scope for future work,

respectively.
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Chapter 1

INTRODUCTION

Magnesium and its alloys are attractive material for automobile industries, aerospace
engineering industries, electrical instruments, computer/laptops industries, household
equipment industries, sports industries, mobile phones manufacturers and for architects,
designers. This is due to their superior castability, reasonable cost, easy availability, scrap
recycling, high strength-to-weight ratio, low inertia, and low density that is about two thirds
that of aluminium. Some drawbacks like poor ductility and poor cold workability limit its
application. It also finds limited applications at elevated temperatures because of its high
oxidation rate, high chemical reactivity, low corrosion resistance and high coefficient of
thermal expansion. Yet it is a most attractive problem for researchers to improve its mechanical
properties and reduce its drawbacks [Blawert, et al. (2004), Kulekci, et al. (2008), Friedrich,
(2006 and 1992)]. The main driving force for use of magnesium alloy in automobile industry is
the reduced greenhouse gas emissions from light weighting of the vehicles. In order to maintain
this momentum it is necessary to pay attention to all the processing aspects of the alloys and

optimize their mechanical properties in order to increase in its use.

An easy and inexpensive way to improve mechanical properties of magnesium alloys is
by a reduction in grain size. According to Hall-Petch equation, a,=a, + kyd ™ (Where, oy is the
yield strength, ky is constant and d is the mean grain size diameter), yield stress of the materials
is inversely related to the grain size [Hall, (1951), Petch, (1953)]. Many techniques have been
used to achieve grain refinement. Depending on the processing temperatures, these can be
classified in to three categories- cryogenic temperature processing, room temperature
processing, and solidification processing. Solidification processing can be classified in to three
categories-namely rapid quenching, chemically stimulated (particle inoculation) methods, and
physical methods. Application of physical methods such as mechanical vibrations/stirring,
electromagnetic vibration techniques, and ultrasonic vibrations during solidification have been
promising in producing finer grain size in the cast product.

Ultrasonic vibration is a promising and effective physical method to refine grain size of
alloys during solidification process. When ultrasonic vibrations are coupled to the solidifying
melts, microstructural changes occur including grain refinement, increased homogeneity and
reduced segregation. VVarious mechanisms for grain refinement under ultrasonic vibrations have
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been proposed. These mechanisms are related to cavitation phenomena induced by high
intensity ultrasonic waves. This causes instantaneous temperature and pressure variations in the
molten metal. These temperature and pressure variations encourage heterogeneous nucleation
and dendrite fragmentation, through acoustic streaming by improving solute diffusion in the
molten metal [Jin, et at. (2005)]. The ultrasonic vibrations of solidifying metals and alloys
could lead, if applied properly, to structural refinement and improvement in their properties.
The main possible effects of ultrasonic vibrations on the characteristics of as cast materials are
[Djordjevic, (2003)]:

Reduction in grain size and primary and secondary arm spacing;
Promotion of columnar to equiaxed transition;
Alteration in the size, amount, and distribution of secondary phases;

Promotion of uniformity in the distribution of non-metallic inclusions; and

o > w0 N

Reduction in dendritic segregation and improvement in the material homogeneity.

With ever increasing working environmental concerns, ideal methods are been sought
that not only reduce pollution in the manufacturing process but also minimize the harmful
effects of the end products. Compared with the traditional modification methods, this method
does not pollute the working surroundings and experimented metals. Therefore, high intensity
ultrasonic processing is a promising physical refining means to improve solidification structure

without causing pollution.

Fine equiaxed microstructures generally exhibit optimum mechanical properties of good
strength and adequate ductility along with lower susceptibility to microporosity and cracking.
Grain size reduction contributes to strengthening and promotes a uniform distribution of micro
constituents such as secondary phases and micro porosities, which translates in to improved
chemical homogeneity and enhanced mechanical properties. Among them, the post
solidification techniques involve deformation processing and severe plastic deformation
techniques. Among the solidification processing techniques, rapid quenching, particle
inoculation (chemically assisted), and use of physical means have shown promise. Enhanced
heterogeneous nucleation by inoculation can yield fine-grained material more easily and

economically because subsequent energy intensive deformation processing can be obviated.



This chemical route is easy to apply; however, there is need to identify suitable alloy specific,
effective and potent inoculants. Aluminium free magnesium alloys greatly benefit from
zirconium based inoculants and such inoculation is routinely practiced [Polmear, (2006)].

However, aluminium containing magnesium alloy systems suffer from lack of a potent
nucleating agent [StJohn, et al. (2005)]. In this regard, grain refining techniques such as
superheating of the melt, ferric-chloride inoculation (Elfinal process), and carbon inoculation
have been tried with some success [Polmear, (2006), StJohn, et al. (2005)]. Among these
methods, carbon inoculation using reagents like C,Cls, CCl4 and graphite offer many practical
advantages because of lower operating temperatures and less fading effects with long holding
times, at a lower cost [Du, et al. (2009), Jin, et al. (2009)]. Use of physical methods such as
mechanical vibrations/stirring [Reddy, et al. (1985)], electromagnetic vibration techniques
[Alireza, et al. (2002), Nguyen, et al. (2005)] and ultrasonic vibrations during solidification is
also shown to result in finer grain size in cast products [Nastac, (2004)]. Application of high
intensity ultrasonic vibrations during solidification produces two effects-ultrasonic streaming of
the liquid (increased convection) and ultrasound induced cavitations. These lead to various
physical and indirect chemical effects in the liquid [Suslick, et al. (1999)]. Scientific literature
documents the vast capability and potential of high power ultrasonics in materials processing
[Fairbanks, (1967), Swallowe, et al. (1989), Eskin, (1997)]. Another problem with Mg-Al
alloys is their large and variable grain size possessing coarse dendritic solidification
morphology and formation of micro porosity, which results in inhomogeneous and inferior
mechanical properties [Polmear, (2006)]. Mg—Al alloys are Zr free and potent inoculants are
not available in order to obtain uniform and finer grain size. Therefore, physical method of
microstructure modification such as ultrasonication during solidification can prove useful
[Patel, et al. (2012)]. In the present work, it is endeavoured to systematically study the
individual and combined effects of physical (ultrasonic vibrations) and chemical (inoculation)
techniques on the microstructural development and mechanical properties in three commercial

AZ series magnesium alloys containing varying amount (3, 6 and 9 wt pct) of Al.

Carbon black is an easily available and inexpensive form of carbon that has nano size
morphology. Present work investigates the inoculation potency of these nano particles in Mg-
Al alloy melts. This approach will also help replace the conventionally used toxic waste
generating hexachloroethane, C,Cls, grain refiner [Polmear, (2006), Stlohn, et al. (2005)].
When ultrasonic vibrations are coupled to the melts, it is expected to accelerate the wetting
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[Tsunekawa, et al. (2001), Eskin, et al. (2003)], de-agglomeration [Yang, et al. (2004), Lan, et
al. (2004)], dispersion of inoculants particles and also facilitate degassing of the melts thereby
reducing the micro porosity. Mechanical properties of thus processed alloys are investigated

and correlated with their microstructures.

Light metal matrix composites (MMCs) provide alternatives for improving the
mechanical properties. Numerous trials are done by addition of various hard ceramic
reinforcement particles to magnesium and its alloys. Superior mechanical properties, good
thermal stability, increased hardness, and stiffness are reported [Paramsothy, et al. (2012)]. Ex-
situ composite synthesis techniques are widely investigated for aluminium alloys by using
different kinds of ceramic reinforcements like SiC, Al,03, MgO and B4C, whose properties
such as refractoriness, high hardness, high compressive strength, and wear resistance etc make
them suitable for use as reinforcement [Hassan, et al. (2008), Khakbiz, et al. (2009)]. Ex-situ
synthesized MMCs exhibit limited improvement in their mechanical properties because of
presence of large sized reinforcements and bad interface between the matrix and reinforcements
[Zhang, et al.(2010)]. Ex-situ technigques usually require expensive reinforcement materials and
involve complex equipments and procedures. Fabrication of MMCs by such techniques is
difficult because the micron and especially nano-sized particles have much larger specific
surface area. It is challenging to disperse the particles uniformly in alloy melts [Laurent, et al.
(1992)]. It is reported that the potentially inexpensive in situ method offers benefits such as
homogeneous distribution of the reinforcing particles, a good reinforcement-matrix interface
and compatibility, and the in situ formed particles are finer [Dong, et al. (2006)]. Although this
method has been extensively studied for aluminium matrix composites, it is relatively less
explored for magnesium matrix composites. Hai et al. reviewed recent studies in magnesium
matrix composites [Hai, et al. (2004)], and reported about Mg,Si/Mg, MgO/Mg, TiC/Mg, and
(TiB,—TiB)/Mg composites synthesized from Mg-Si, Mg-B,03, Mg-Ti—C, Mg-KBF,—K,TiFg,
and MgO systems, respectively. In order to eliminate the difficulties arising from poor
wettability, addition of appropriate alloying elements to the matrix metal [Choh, et al. (1987),
Oh, et al. (1989), Aghajanian, et al. (1989)], surface treatment on reinforcements [Rocher, et al.
(1989)] and elevation of molten matrix temperature [Oh, et al. (1989)] have been widely
studied. Porosity, which degrades the mechanical properties, is formed adjacent to the
agglomerate particles in the MMCs when ceramic particles are transferred to the melt by

stirring [Rocher, et al. (1989)], which is also caused by poor wettability. Therefore, in order to



overcome the problems arising from poor wettability, novel production method for MMC
components is desired. In situ reaction fabrication is one of the most economical and versatile

approaches [Xiaoming, et al. (2004)].

A novel solidification processing technique involving ultrasonic treatment (UST)
assisted casting process has been developed [Laurent, et al. (1992), Xiaoming, et al. (2004),
Patel, et al. (2012), Tsunekawa, et al. (2001), Eskin, et al. (2003), Yang, et al. (2004), Lan, et
al. (2004)]. It is efficient in dispersing the nano particles in to the melts. Poor wettability of
reinforcing particles arising because of the intrinsic properties of the material such as the
surface energy of the matrix and the reinforcement [Xiaoming, et al. (2004)], and the oxidation
and contamination of particle surface can be overcome by the UST. It is one of the simplest and
effective physical methods to homogenise and degas the melt [Patel, et al. (2012)], and to wet,
de-agglomerate, and uniformly disperse the reinforcement particles [Tsunekawa, et al. (2001),
Eskin, et al. (2003), Yang, et al. (2004), Lan, et al. (2004)].

In view of the aforesaid potential of in situ synthesis approach and the UST, both these
techniques are coupled for the fabrication of in situ AZ91 and AZ31 alloys matrix composites
by the addition of one, five, and 10-wt pct of magnesium nitrate that is easily available, low
cost and easy to operate with. Formation of hard oxide reinforcement particles by in situ
reactions is studied. The microstructure of the composites is characterized for the uniformity in
the distribution of reinforcement particles and is correlated with their mechanical properties. By
evaluating the dry sliding wear behaviour over a range of loads, the operating wear

mechanisms are analysed.






Chapter 2

REVIEW OF LITERATURE

2.1 Evolution of magnesium alloys for engineering applications

After its discovery in 1808, it took about 100 years before there was a real demand for
magnesium. Magnesium was not used much as a structural material. Most of the time Mg was
used in Al alloys manufacturing as an alloying element and in other alloys it was used as a de-
oxidation agent. During the Second World War (1939-45), with tremendous demand of metals,
magnesium came into focus as structural material uses specially for aircrafts. Almost 40 to 50
years afterwards there has been renewed attention in using magnesium and magnesium based

alloys.

There is a consistent increase in demand of magnesium in recent times. During the year,
2000-2010 production of primary magnesium in the world increased by almost 479,000 tons to
809,000 tons. The China Magnesium Association (CMA) reported more than 82 pct production
that constituted approximately 654,000 tons of primary magnesium that was produced in 2010.
Fig. 2.1 (a) shows pie chart for production of primary magnesium in the world in the year 2010.
The U.S.A. produced approximately 45,000 tons of primary magnesium in the same year. Thus,
as reported by the International Magnesium Association [http://www.intimag.org], a total of
approximately 809,000 tons of primary magnesium was produced in the whole world. Fig. 2.1
(a-c) shows pie diagrams of production of primary magnesium in the world in the year 2000,
2005, and 2010, respectively. It is seen that in this a decade, production increased rapidly, in
year 2000 production of primary magnesium was 479,000 increased to 809,000 in the year
2010. At this time production in the USA decreased, in 2000 it were 74,000 reduce to 45,000 in
2010.

Of all metallic materials used as structural load-bearing materials, magnesium and its
alloys are the lightest. Its light weight motivates automobile manufacturers, aerospace,
electrical, computer, sports industries, mobile phones, and also for architectural designs in
order to replace heavier and dense alloys like steels, cast irons, copper alloys, and Al alloys.
Magnesium alloys have always been attractive due to their low density, (typical magnesium
alloy has a density of about 1.8 g.cm™as compared to about 2.7 g.cm™ for a typical aluminum

alloy). It has a wide range of potential applications due to its high strength-to-weight ratio
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together with lower inertia which is advantageous in rapidly moving parts, for example
automobile wheels, automobile parts and sports equipment. The main driving force is reduced
greenhouse gas emissions from light weighting of the vehicle and efficient scrap recycling.
Magnesium and its alloys have superior cast-ability, easy availability, scrap recycling, high
strength-to-weight ratio, and low inertia with some disadvantages like poor ductility, poor cold
workability, high chemical reactivity, inferior corrosion resistance, and high thermal expansion
coefficient [Blawert, et al. (2004), Kulekci et al. (2008), Friedrich, (2006), ASM Handbook,
Properties and Selection (1992)].
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Fig. 2.1 Worldwide production of magnesium for the years (a) 2000, (b) 2005 and (c) 2010

[data extracted from http://www.intlmag.org].

In view of this increasing demand for high specific strength Mg alloys in engineering
applications, it the necessary to develop stronger magnesium alloys by various methods such as
grain refinement, dispersion strengthening etc. Important engineering alloys of magnesium are

discussed below.
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AZ series magnesium alloys

For common engineering applications, the mechanical properties of pure magnesium
are not sufficient. To improve its mechanical properties, easier way is to alloy with other
metals. Solid solution strengthening causes modification in the strength, ductility, elastic
properties, and hardness. It is well known that when a harder intermetallic second phase is
formed, it hampers the dislocation movement strengthens the alloy [Friedrich, (2006)]. Factors
considered for selection of alloying element for magnesium are castability, molten metal
reactivity, microstructure control, mechanical properties, corrosion behavior, manufacturability,

and physical properties.

In 1909, AZ series alloys that are the Mg-Al-Zn based alloys emerged as a structural
material. Aluminum and zinc were the earliest commercial alloying elements in magnesium.
Germany extensively used the Mg-Al-Zn castings in the beginning of twentieth century.
However, in wet or moist environments these alloys suffered corrosion related problems. Later
on, this problem was overcome by a finding that corrosion resistance of Mg-Al-Zn alloys
improved from small alloying additions of manganese [Wei, et al. (1990)]. For room
temperature applications such as hand tools, computer casings, and portable telephone
instruments the AZ series alloys have been the major die-cast Mg alloys. Of all structural
applications of magnesium, the AZ and AM series alloys together constitute about 90 pct.
However, for use above 150°C these alloys are unsuitable and they lose strength considerably
at these temperatures [Emley, et al. (1966)]. In1960, role of Ca additions was discovered and it
was [Filippov, (1960)] reported that the additions of calcium to sand cast AZ series alloys
enhanced their creep resistance. Later, even in diecast AZ series alloys Ca additions were found
to be effective in improving the creep resistance, without adversely affecting their corrosion

resistance [Foerster, et al. (1975)].

In AZ series AZ91, AZ61, and AZ31 alloys are most widely used alloys. These alloys
contain 9 wt pct, 6 wt pct and 3 wt pct, respectively, of the main alloying element, aluminum.
Binary phase diagram of Mg-Al system is shown in Fig. 2.2. Aluminum has a maximum
solubility of 11.5 at pct (12.7 mass pct) in magnesium. If it is in excess of six mass percentages,
it can be used after heat treatment [Friedrich, (2006)]. Another common alloying element in Mg
alloys is zinc. It is used in AZ series as conjunction with Al. For Mg-Al and Mg-Al-Zn series

alloys, manganese is used in small amounts to reduce the solubility of iron. Presence of iron



causes the increases in the yield strength; however, it also increases saltwater corrosion.

Common impurities present in very small amounts are beryllium, copper, iron, nickel, and tin.
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Fig. 2.2 Phase diagram of Mg-Al binary alloy [Friedrich, (2006)].
2.2 Strengthening mechanisms in magnesium alloys

Under applied external stresses, the ability of a metal to deform plastically depends on
the freedom for motion of dislocations. It is well known that metals can be strengthened by
putting obstructions in the path of moving dislocations. There are many ways to restrict the
dislocation movement. These are solid solution strengthening, strain hardening, grain size
reduction, and dispersion hardening [Dieter, (1976)]. These mechanisms may be combined

together for strengthening of alloys. These are described below briefly.
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2.2.1 Strain hardening

Strain hardening by cold working is used to harden metals or alloys that do not respond
to heat treatment. Generally, the rate of strain hardening is lower for hcp metals than for the
cubic. Increasing the test temperature also lowers the rate of strain hardening. For alloys
strengthened by solute additions, the rate of strain hardening may be either increasing or
decreasing compared with the behavior of the pure metal. The dislocation density increases
with increased cold working strain, which in turn increases the flow stress. Moving dislocations
interact with each other and produce obstacles like jogs that restrict the movement of other
dislocations. Depending upon the types of interactions that occur between moving dislocations,
the dislocations can produce strong or weak obstacles. The final strength of a cold worked
solid-solution alloy is usually greater than that of the pure metal cold-worked to the same
extent. A higher rate of strain hardening implies increased obstruction of dislocations gliding
on intersecting slip systems. Strain hardening theories have been developed based on various

dislocation models.

2.2.2 Solid solution strengthening

Interstitial or substitutional solid solutions can form based on Hume-Rothery rules.
Upon addition of solute atoms to a solvent matrix by alloying process the solute atoms may
occupy either the interstitial position or some of the solvent atom positions in the crystal lattice
of the solvent resulting in either interstitial solid solution or substitutional solid solution,
respectively. The formation of solutions usually results in increase in strength. The interstitial
or substitutional solutes have stress fields associated with them because of the variation in their
size and the size of the lattice position that they are occupying. In addition, there are other
solute-solvent atom interactions such as modulus interaction, electrical and chemical
interactions [Dieter, (1976)]. Dislocations interact with these stress fields to produce
strengthening due to short-range dislocation solute interactions and long-range dislocation
solute interactions. Dislocations can interact with solute atoms that lie on, above, or below the
slip planes. The most intense interactions occur near the dislocation core. The stress fields
around solute atoms and the stress fields around dislocations interact with each other. This
interaction relies on reducing the overall strain energy associated with dislocations and solute

atoms.
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2.2.3 Strengthening by grain size reduction

In a polycrystalline material, there is misorientation between the grains where the
atomic planes do not match up across the boundary. Grain boundaries impede the motion of
dislocations and thereby contribute to strengthening of materials. The amount of strengthening
is influenced by the structure of grain boundaries and the degree of misorientation between the
grains. Grain boundary strengthening can be described by several models. However, almost all
of them reduce to the original Hall-Petch relationship. Lead dislocation at the grain boundary in
a dislocation pile up bears the applied shear stress and the back stress from other like
dislocations in the pile up. Further, a twin boundary helps to restrict the dislocation motion
[Dieter, (1976)]. Well-known Hall-Petch relation describes the relationship between vyield
strength (c,) and grain size (d) as per equation 2.1.

00=0;+ kd™? (2.1)

Where gy is the yield strength, k is a constant, o; is the friction stress and d is the
average grain diameter [Hall, (1951), Petch, (1951)]. Grain refinement can be achieved by
employing solidification processing techniques or by post-solidification deformation or

thermomechanical processing techniques.
2.2.4 Dispersion hardening

The strength of a material can be increased by dispersed fine particles in the matrix
material that impede the dislocation motion. The particles can be precipitates that are formed
by suitable heat treatments involving solution treatment and aging. They can also be dispersed
oxide or carbide particles that are usually not formed by following the equilibrium diagrams.
Particle hardening is usually a more potent option to strengthen material as compared to solid
solution strengthening. Such dispersoids or precipitates are usually more effective barriers to
dislocation motion than are the single solute atoms.

The degree of strengthening is determined by particle size, shape, volume fraction,
nature of the particle-matrix interface, and structure of the particle. Particle size and volume
fraction determine the inter-particle spacing. A moving dislocation can either cut through the
particle if the particle is small and soft or can bypass (bow around) the particles if the particles
are large and strong. If stress fields are present around the dispersoids, it is akin to larger
effective particle volume. In precipitation hardened materials coherency strains develop, which

reduce the dislocation velocity and thus increase strength.
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In the view of above mentioned strengthening mechanisms, in the present work
strengthening by grain size reduction and dispersion hardening mechanisms have been
investigated for magnesium alloys. Therefore, a literature review concerning these two

approaches is presented in detail.
2.3 Grain refinement in magnesium alloys

Microstructures consisting of fine equiaxed grains generally exhibit a combination of
good strength and good ductility. Further, if an alloy solidifies with fine grained structure it is
less susceptible to micro-porosity and cracking. As discussed earlier, a decrease in the grain
size contributes to strengthening. It also results in a uniform distribution of secondary phase
and micro porosity. This leads to better chemical homogeneity and improved mechanical
properties. Thus, grain size reduction is an easy and inexpensive way to enhance the
mechanical properties of Mg alloys. Many techniques are used to achieve grain refinement in

Mg alloys. These are discussed below.
2.3.1 Grain refinement by post solidification methods

Post solidification grain refinement methods include thermo mechanical treatments and
severe plastic deformation (SPD) techniques [Horita, et al. (1996)]. The SPD techniques such
as equal channel angular extrusion (ECAE) [Valiev, et al. (1991)] or torsion straining,
accumulative roll bonding (ARB), high pressure torsion (HPT) and friction stir processing
(FSP) [Feng, et al. (2009), Zhang, et al. (2007)] are carried out. The application of these SPD
techniques for the achievement of ultrafine-grained metals and alloys is reviewed by Valiev et
al. [Valiev, et al. (2000)]. ECAE process can produce large bulk materials with a sub-
microcrystalline structure in a wide range of materials ranging from pure metals, commercial
alloys, to metal matrix composites [Langdon, et al. (1998) and Langdon, et al. (2000)].
However, these processes are having following drawbacks. First, these processes require
forming machines of large load capacities and expensive dies. Second, only a small volume of
material can be produced with less productivity. These processes are not suitable for practical
applications when large sized components / materials such as sheet materials are required
[Saito, et al. (1999)]. The final product cannot be obtained through these processes; they
produce only fine grain structure. For the grain refinement, the extra mechanical work has to

be done on the materials. The drawback of this method is that these methods are energy
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intensive. Therefore, it will be useful to explore the methods of grain refinement during the

solidification process that may be cost-effective [Hahato, et al. (2004)].
2.3.2 Grain refinement by solidification processing techniques

In the pre solidification process, grain refinement is carried out on the melts from the
start of the solidification processes up to end or in between. Pre solidification processes are
divided into three categories depending on different processes used for grain refinement. These

are (i) Superheating of melt, (ii) Chemical methods, and (iii) Physical methods.
2.3.2.1 Superheating

In this process, heating of the melts carried out as above the melting temperature at
around 850 °C and then it is cooled back to the pouring temperature. This phenomenon is
dependent on the composition of the alloy. It has been found that in Mg alloys containing more
than 1 wt pct Al, grain refinement can be obtained in this process and it is very effective when
worked with a very small amount of impurities like Fe and Mn [Nelson, (1948), Tiner, (1945)].
Zn has a negligible effect on the grain refinement related with superheating process.
Superheating process mechanisms are not clear in the literature. According to the Wood
[Wood, (1953)], grain refinement from superheating process depends on the solubility of iron
in magnesium melt and this process is greatly influenced by temperature employed. Tiner
[Tiner, (1945)] observed that as wt pct of Al increases in the magnesium alloy, the liquid
solubility of Fe and Mn goes on decreasing and grain refinement is less effective. Nelson,
(1948) proposed a different theory to explain the phenomenon of superheating based on the
change of the particle size with the variation in the temperature. Particles having size more than
critical size in order to act as the inoculants start to dissolve at higher temperature. During
cooling to pouring temperature, when it attains a critical size, it acts as nuclei. In this way
number of nuclei increases by the superheating. In this way, superheating helps in grain

refinement of alloys.
2.3.2.2 Chemical methods

Casting industries routinely practice grain refinement techniques and these determine the
microstructure and properties of resulting castings (and ingots). Inoculation of melt is the most
common among many different methods [Liu, et al. (2008), Cao, et al. (2005)]. In the theory of

inoculation, it is well known that during the solidification process if the number of nucleating
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sites is increased, increased number of grains form and the ultimate result is grain refinement.
Inoculation leads to enhanced heterogeneous nucleation that can readily result in a fine grained
material. Further, it is economical because the post solidification intensive thermo-mechanical/
deformation processing is not required. Although the inoculation (chemical) route is easier to
practice, identification of an appropriate alloy-specific, and potent inoculants with good anti-

fading characteristics is a necessary requirement.

Magnesium alloys that are aluminum free are routinely and effectively inoculated with
the Zr based inoculants. However, a potent nucleating agent has not been identified for
magnesium alloys that contain aluminum [StJohn, et al. (2005)]. With this in view, less
effective grain refining techniques like ferric chloride inoculation (Elfinal process), carbon
inoculation, and superheating the melt, have been investigated and implemented with moderate
results [StJohn, et al. (2005), Du, et al. (2009)].

i. Elfinal process

In this process, the molten Mg alloys at about 750 °C is treated with ferric chloride
(FeCls) inoculants. It has a lower operating temperature than superheating process. This process
is more effective when Mn is present in the melts and Al contained is more than 3 wt pct
[Emley, (1966)]. It is also observed that in Elfinal method, formation of Fe-Mn-Al intermetallic
compounds is crucial for grain refinement [Polmear, (2006)].

ii. Grain refinement by Zr additions

For grain refinement of Mg-Zn alloys, Zr addition is the most efficient inoculation
method [Dahle, et al. (2010)]. The precise mechanism of grain refinement, resulting from Zr
additions is still unclear. As freezing temperature is approached, a-Zr particles precipitate from
the Zr saturated liquid phase that can form nuclei for the peritactic reaction between Zirconium
particles and the melt and it produces a-Mg with high Zr content. Lattice parameters of Zr (hcp,
a=0.320 nm, c= 0.514 nm) and Mg (hcp, a=0.323 nm, ¢= 0.52 nm) are close which allows this
reaction to occur readily. However, it is widely known that Zr is not used for the grain
refinement of the AZ series magnesium alloys. This is because high solubility of Zr is required
for grain refinement that is precluded by the formation of high melting compound when Al in
the melt reacts with Zr [Polmear, et al. (2006)].
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iii. Carbon inoculation

Mg-Al alloys suffer from their large and variable grain size. In addition, they exhibit

coarse dendritic structure and there is formation of micro porosity, which leads to their poor

mechanical properties [Stjohn, et al. (2005)]. As stated earlier, these alloys cannot employ Zr

because Al poisons it. For obtaining uniform and finer grain size, potent inoculants are not

available. Among the inoculation methods, carbon inoculation using agents like graphite,

carbon tetrachloride, and hexachloroethane are used. It is inexpensive and convenient to use

them because operating temperatures are lower and fading is less that enables longer holding

times [Jin, et al. (2003), Easton, et al. (2001)]. Table 2.1 presents a summary of different works

related to the observed effects of inoculation treatments on various Mg alloys.

Table 2.1 Summary of observed effects of inoculation treatment on various Mg alloys.

Cited Work Alloy system Observed Effects from inoculation
Stjohn, et al. Al bearing and Al- For Al containing magnesium alloys need for finding a
(2005) free alloys. new refiner is discussed.

Co, et al. (2004)

Mg-3Al and Mg-9Al

Grain refinement by Elfinal process is discussed.

Motegi, (2005) | Mg-Al-Zn C acts as grain refiner for Mg-Al alloy, Al,C;3 and
C,Clg are formed.

Kim, AZ91 Heterogeneous nuclei lead to grain refinement.

et.al.(2007)

Qian, et al. Mg, Mg-3Zn and The Al,C3-(AI-C-0) hypothesis for C addition is

(2005) Mg-3Al explained.

Ramirez, etal, | AZ31 and Mg-Zn- Better grain refinement is obtained when carbon

(2008) inoculation is done along with UST.

Du, et.al. (2009) | Mg-3Al Sr helps in grain refinement along with C inoculation.

Yano, et.al AZ91 C,Clgis used. Grain refining method is discussed.

(2003)

Guang, et.al. Mg-Al-Zn-Mn With carbon inoculation, Al4Cs and AlgMns are

(2009) alloys, AZ31 and formed, duplex nucleation sites were detected.
AZ63 alloys

In the summary, Mg alloys that contain Al cannot be inoculated effectively because no

potent inoculants such as the one for Al containing alloys, is available. Therefore, as against
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chemical methods, the physical techniques of microstructural refinement during solidification

process can prove useful [Patel, et al. (2012)]. These approaches are discussed briefly below.
2.3.2.3. Physical grain refining methods

Physical grain refining methods involve creating to new nucleation sites, breakdown of
growing crystals/dendrites for multiplications and dispersion of solidifying crystals by the
application of mechanical force. At the time of solidification process, as the time increases the
amount of solid fraction present in the melts increases. It is well accepted that if this solid
fraction of melts is broken into fine particles by using physical methods, each fine particles act
as nucleation sites for growing of new grain in alloy melts and grain refining take place. It also
provides favorable condition for nucleation and nuclei survival. Different methods are used to
apply vibrations during casting. Physical methods are of three types- mechanical stirring [Li, et
al. (2002)], electromagnetic vibration/ stirring [Li, et al. (2007)] and ultrasonic vibration

processing.

Goel, et al. [Goel, et al. (1980)] investigated the influence of vibration imposed during
solidification on the ingot soundness of aluminum alloys. Application of vibrations could
reduce porosity in solid solution type of Al-alloys. A control of vibration parameters was felt
necessary to get the beneficial effects [Shukla, et al. (1980)]. Banerjee et al. [Banerjee, et al.
(1989)] superimposed mechanically induced vibrations in solidifying white cast iron melts and
copper-tin alloys. It assisted the nucleation of spheroidal graphite and ensured a faster kinetics
of first stage graphitization. Mechanical vibrations in the inoculated melts opposed the
inoculating effect and thus prohibited graphite nucleation. In wide freezing range copper-tin
alloys significant refinement of the microstructural constituents and improvements in their
mechanical properties was confirmed. It altered the dendrite arm spacing values favorably and
thus increased toughness [Sarkar, et al. (1985)].

One of the non contact methods used to induce vibrations inside the solidifying melt is
electromagnetic vibrations. However, this method is expensive and large amount of current is
required for it to be effective. Several researchers have studied the effect of electromagnetic
vibrations/convection on the microstructural evolution of resulting castings. Reddy et al.
[Reddy, et al. (1985)] studied the microstructure refinement in aluminum and super alloys with
electromagnetic forced convection. Forced convection refined the grain size and the dendrite

arm spacing. Its beneficial effect is observed when used with some other metals such as
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aluminum, zinc, and brass. The observed beneficial effects included production of a more
homogenous metal structure, finer grain size, and reduction in shrinkage porosities. Favorable
grain size distribution and modification of grain size has been obtained in AZ91 alloy using this
technique [Li, et al. (2009)].

Ultrasonic treatment (UST) of molten metals is another effective physical method that
has not been practiced much for grain refinement. In UST, high intensity ultrasonic vibrations
with typical frequencies equal to or higher than 20 kHz are introduced in to the molten
solidifying alloy. Chernov, proposed in 1878 an idea that by means of elastic oscillations
produced by mechanical vibration applied to solidifying melt the quality of cast alloys can be
improved. In 1936, Socolov, experimentally observed the effect of ultrasound on the
solidification of molten aluminum, zinc, and tin [Eskin, (1998)]. Campbell, [Campbell, (1981)],
Eskin, [Eskin, (1998)] and Abramov, [Abramov, (1987)] provide detailed reviews about the
vibration treatments and UST of metals. Acoustic cavitation and streaming in the molten metal
were found to be responsible for the removal of gases and refining the cast microstructure
[Eskin, (1998)]. Calculations have shown that pressure created by the implosion of a cavitation
bubbles are approximately (1000-4000) MPa. Such a pressure can readily cause the dispersion
of crystals at the crystallization front resulting in grain refinement [Eskin, (1998), Liu, et al.
(2007), Zhang, et al. (2009)].

High power ultrasonic treatment involves application of ultrasonic vibrations to melt by
using a horn. When ultrasound passes through the liquid, it generates a series of expansion and
compression waves. Such conditions induce two effects in the processing liquid- ultrasonic
streaming of the liquid (increased convection) and ultrasound induced cavitations. These lead
to various physical and indirect chemical effects in the liquid. The vast capability and potential
of high power ultrasonics in materials processing has well documented in the literature
[Suslick, (1999), Mason, et al. (2003)].

During solidification in metallic systems, the application ultrasonic treatment known to
assist in several ways, e.g. grain refinement, dispersion of other substances into melts
(improved wetting), acceleration of rate processes, homogenization, and control of segregation,
and degassing of the melts. Various effects observed from the ultrasonic treatment of melts,

from the literature, are summarized in Table 2.2.
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Table 2.2 Summary of observed effects of ultrasonic treatment of molten materials.

Cited Alloys/ Observed effects of ultrasonic treatment
Work materials
studied

Fairbanks, Nodular  Cast | Decrease in size of nodular graphite, increase in no. of graphite

etal. (1974) | Iron nodules, increased hardness, retardation in the decomposition of
cementite is reported.

Li, etal. A356 alloy Grain refinement and globular grain morphology is observed.

(1997)

Feng, etal. | Hypereutectic Removed hydrogen bubbles, refined the primary Si phase, and

(2008) Al-Si alloy changed primary a-Al dendritic crystal to equiaxed crystal.

Zhong, et Al alloy Homogenized the solute distribution, decreased the start of

al. (2010) freezing temperature of B-phase.

Puga, etal. | AlSigCugzalloy | The hydrogen removal rates strongly depended upon the

(2010) ultrasonic power, the processing time, and the melt temperature.

Shu-sen, et | Al alloy Increased the solid solubility of the element Si in a (Al) phase,

al. (2010) decreased the volume fraction of primary Si particles from 18.3
pct to 10.7 pct, UTS and the pct elongation of alloy increased by
34 pct and 45 pct, respectively.

Fairbanks, Nickel and Al | Grain refinement, is more random orientation of grains. silica,

etal. (1967) | alloys thoria, alumina could be dispersed homogeneously.

Abramov, et | Hypereutectic Refinement in primary Si size, improved strength, and ductility

al. (1997) Al-Si post-thixoforming are observed.

Eskin, etal. | Al-6Mg alloy | Increased rate of degassing, promotion of non-dendritic

(1995) and 7075 alloy | solidification and refining of AlsMn phase are noticed.

Al-Mn alloy.

Jian, et al. A356 Grain refinement with globular/non dendritic microstructure,

(2005 and refinement of eutectic Si from 26 to 2 um, eutectic Si

2006) morphology changed from coarse plate like to rosette like.

Li, etal. Al-1 pct Si Grain refinement, suppression of grain boundary segregation of

(2006) Si is observed.

Eskin, etal. | Al alloy with Zr | Without UST coarse grains (0.8-1.5 mm) formed. With UST

(1995) addition sub-dendritic grains (~0.1 mm) formed with accompanying
increase in strength and plasticity.

Pan, et al. 6063 Al alloy Improved wettability with Al and steel inserts, and better

(2000) bonding is observed.
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In one of the earliest reviews, Hem, et al. (1967) reviewed the effect of ultrasound on
crystallization process and discussed few theories seeking to explain the action of ultrasound. It
was suggested that a lack of understanding of ultrasonic crystallization has reduced the

efficiency and therefore the industrial applications of this technique.

Djordjevic et al. [Djordjevic, et al. (2003)] studied effect of ultrasound on aluminum
crystallization. The study advocated that expensive modifying agents could be replaced by UST
with predicted energy savings. Matsunaga, et al. [Matsunaga, et al. (2006)] observed that the
decrease in the surface tension of the molten aluminum alloy and increase in its vapor pressure
lead to generation of acoustic cavitation. Thus, addition of zinc of 8.7 mass pct and bismuth of
0.5 mass pct also caused to generate acoustic cavitation in aluminum alloys. Recently a number
of studies also suggested improved wetting and dispersion of reinforcement particles in metallic
systems from the application of ultrasonic vibrations [Yang, et al. (2004), Lan, et al. (2004),
Genma, et al. (1997)].

Eskin studied the inoculation potency of uncontrolled solid inclusions existing in the
melt and of modifying additions after application of UST. UST was done in the liquid pool of
continuously cast aluminum ingots [Eskin, (1998)]. In the absence of UST, only inherently
active modifiers and particles caused nucleation. However, particles with large wetting angles
(undesired non-metallic inclusions) were also activated with the application of ultrasound,

contributing to enhanced nucleation that resulted in much finer grain size.

Effect of ultrasonic vibration on the nucleation phenomenon in A356 aluminum alloy
melt was investigated [Jian, et al. (2005)]. The melt was subjected to UST isothermally at
various solid fractions. Globular grains could be obtained when the melt was ultrasonically
treated at a temperature that is closer to the liquidus temperature followed by fast cooling. In
another work by same authors, effect of UST on refinement of eutectic silicon phase of A356
aluminum alloy melt was studied. Upon UST, much-refined rosette-like eutectic silicon

morphology is observed upon solidification.
Xu, et al. [Xu, et al. (2004)] studied the degassing of molten A356 aluminum alloy with

high intensity ultrasound. Within a few minutes of ultrasonic vibration, a steady-state hydrogen

concentration could be obtained, irrespective of the initial concentration of dissolved hydrogen.
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Hydrogen evolution kinetics was studied as a function of initial hydrogen concentration, melt
temperature, and processing time.

A combination of UST and electromagnetic treatment was used by Zhang et al. [Zhang,
et al. (2009)] for microstructural modification of A356 alloy. Electromagnetic stirring,
ultrasonic cavitation and accompanied acoustic streaming resulted in spherodization of primary

aluminum dendrites, remarkable grain refinement, and refinement of eutectic silicon.

Similarly, Jeong, et al. [Jeong, et al. (2009)] had studied to evaluate the effect of
ultrasound energy on microstructure of castings, and high intensity ultrasound was injected into
A356 and A390 alloy melt for refinement of primary phase without adding a chemical refiner.
From the study they concluded that the structure of primary phase in hypoeutectic A356 alloy
could not be changed by an injection of the ultrasound into full alloy melt, however, the
primary Si in hyper-eutectic A390 alloy was able to be refined and distributed uniformly in Al
matrix by the same process.

In another study involving high silicon aluminum alloys, UST refined the needle like -
AlsFeSi and plate-like 8-Al,FeSi, intermetallic phases, and promoted the formation of 6 phases
rather than B phase [Zhong, et al. (2010)]. UST uniformly distributed the iron atoms ahead of
the solidification front and the formation temperature of the B phased creased. Effective
distribution of solute prevented rapid growth of & phase in a one direction, resulting in the
refinement of & phase. In another work, morphology of TiAl; and TiC phases was changed
remarkably by UST of AI-5Ti-0.25C grain refining alloy [Li, et al. (2008)]. Refinement
of TiAlj; particles, enhanced the nucleation potency of TiC particles, and effective dispersion of
TiC particles was attributed to ultrasonic cavitation. Effect of UST on grain refinement of Zr
and Ti containing Al alloys was studied [Atamanenko, et al.(2010)]. It was concluded that the
efficiency of UST is significantly increased when some zirconium with small additions (=0.015
wt pct) of titanium was present in the aluminum alloy. A 20-pum amplitude of vibrations was
thought to be high enough to promote cavitation.

Recently in isolated investigations, microstructure and mechanical properties of Mg
alloy shave been studied after UST [Liu, et al. (2008)] [Gao, et al. (2009)]. Fine non-dendritic
grains were reported in the solidified microstructures of AZ91 after UST. Acoustic cavitation
and streaming, faster cooling of the melt due to the ultrasonic streaming, impurity particles
activation, undercooling at the cavity/melt interfaces were the responsible reported factors. The

tensile and compressive strengths, and fracture strains of the castings were improved. Potency
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of UST for grain refinement of some magnesium alloys was studied [Qian, et al. (2005), Qian,
et al. (2010)]. Presence of adequate solute elements increased the efficiency of UST Instead of
just increasing the applied ultrasonic power, increasing of solute content with lower ultrasound
power was more effective. By enhancing the nucleation from activating potential nucleation

sites, the UST produced the initial crystallites and contributed to grain refinement.

Although there are reports about the refinement of grain size in UST processed
magnesium alloys, there is much less work commenting on the morphology of second phase in
such alloys. Such phases may included intermetallics like Mgi7Al12, MnFeAl(Si), Mg,Si phases
depending on the type of alloy [Ditze, et al. (1988)]. Zhigiang, et al. [Zhigiang, et al.(2008A)
and (2008B)] investigated the effects of UST on the microstructure and mechanical properties
of Mg-Ca Alloy, and Mg-9Al alloys. Mg;7Al1, phase was refined and was less continuous
along the grain boundaries.

This review presents the effects of UST on the microstructure of mostly aluminum
alloys and a few commercial magnesium alloys. It is noticed that application of ultrasonic
vibrations to solidifying melts is one of the simple, pollutants free [Breslin, et al. (1995)] and
effective physical methods having fewer drawbacks. This solidification processing techniques
can be especially useful for grain refinement of lightweight alloys. Along with grain
refinement, reduced porosity, reduced segregation, increased homogeneity, and improved
distribution of intermetallic phases can be obtained [Liu, et al. (1996)]. It is assumed that
cavitation and acoustic streaming act as the two most important physical events during the

treatment of the molten metal under the high intensity ultrasound field. [Oh, et al. (1989)]
Phenomena induced by propagation of ultrasound

When high intensity ultrasound propagates through liquid melts, some phenomena like
acoustic streaming and cavitations arise in the molten metal, which causes the change in the

morphology of the solidifying phases.
Ultrasonic streaming

Acoustic energy and loss in momentum in overcoming the melt viscosity generates
streaming. It happens both in inhomogeneous sound fields and near various barriers like
interfaces. The scale and velocity of streaming in a medium depends on its properties as well as

on the shape and structure of its boundary. It is noteworthy that the streaming velocity increases
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with acoustic intensity, but is always far less than the driving ultrasonic velocity, no matter how
high the intensity is [Abramov, (1986)].

There are mainly three types of acoustic streaming which are classified as: [Jian, et al. (2005)]

1. Large-scale streaming arising in a free inhomogeneous acoustic field where

inhomogenities are significantly greater than the sound wavelength.
2. Streaming observed in a medium constrained by rigid walls.
3. Small-scale vortices forming in a viscous boundary layer near obstacles.

Abramov used ultrasound in 45 kHz and 100-250 kHz frequency range to study the
acoustic streaming properties in the melt of transparent organic substance (the naphthalene-
camphor alloys) [Abramov, (1986)]. From these experiments (Fig. 2.3), it was found that the
factors that governed the scale, nature, and velocity of streaming were the melt temperature
(which controls viscosity) and the ultrasonic intensity. At low ultrasonic intensity, acoustic
streaming does not appear in a superheated melt. Other studies reveal that ultrasonic streaming
never interacts with convective flows when ultrasonic intensity is low. By raising the
vibrational velocity amplitude (to 3-8 cm.s™), streaming and convective flows begin to interact
and the steady state liquid velocity is 5-10 times than that of convective flows [Abramov,
(1986), Jian, et al. (2005)].

Fig. 2.3 Acoustic streaming in naphthalene-camphor system at 45 kHz and 0.03 MPa mean

pressure [Abramov, (1986)].
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Ultrasonic streaming affects the solidification through large-scale flows equalizing the
temperature of the liquid, increasing the transfer of fine tiny solidification sites, and breaking

down the crystals throughout the melt.
Ultrasonic cavitation

Acoustic energy of sufficient magnitude introduced in the melt sets up a pressure
variation and initiates cavitation. In order to establish a cavitation condition where cavitation
occurs and crystal dispersion takes place, an acoustic pressure of greater than 10 W.cm™ at
frequencies of 20 kHz is required [Eskin, (1994)].
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Fig. 2.4 Cavitation phenomena in the melt [Eskin, (1994)].

When ultrasound waves are transmitted through a medium, its molecular structure is
alternately stretched and compressed. If the negative pressure during the stretching phase or
rarefaction phase is strong enough to overcome intermolecular binding forces, it can torn 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 Fig. 2.4.

With sufficient acoustic pressure, the interface boundary that is the transition layer

between the liquid and solid phases can be disrupted due to viscous friction forces. A change of
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state of this layer will cause the crystal nucleation and growth conditions to change [Qian, et al.
(2005), Eskin, (1997), Eskin, (1994), Lierke, (1967), Egon, (1954)].

Collapsing bubbles result in mechanical and chemical effects that act in two zones:
1. One is within the bubble, and

2. Other in the immediate vicinity of the collapse where enormous shear forces are

created.

The important factors controlling the intensity of cavitation are: [Qian, et al. (2005)]

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.

Fig. 2.5 Typical oscillograms for the ultrasonic treatment of melts (a) without cavitation, (b)

cavitation threshold, (c) developed cavitation [Egon, (1954)].

The pressure created by the implosion of a cavitation bubbles is calculated as
approximately (1000-4000) MPa. Such a pressure can readily cause the dispersion of crystals at
the crystallization front resulting in grain refinement [Lierke, et al. (1967), Egon, (1954)]. The

application of ultrasound to the melt results in variations in local pressure from minimum to
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maximum instantaneously. The extremities in pressures (maximum and minimum) generated in

the melt are given by equation 2.2 and 2.3, respectively [Meek, et al. (2006)].

Pmax = Po + Y, 2pcl (2-2)
Pmin = Po — «/ 2pcl (2.3)

Where p,is atmospheric pressure, p and ¢ are the density and the wave velocity of the
melt respectively, and | is the energy of wave in the melt. According to Abramov, a critical

value of sound pressure (Pc") exists in order to estimate the cavitation strength of a liquid
containing vapor or gas (tiny bubbles). The bubble is stable when its peak sound pressure is
less than (Pc") or else it will grow and collapse finally according to equation 2.3 [Abramov,
(1986), Abramov, (1987)].

. 2 (201/Ro)’®
P =Pgyg— Py +3\/§\[P0P[;'+ZGL/R0 (23)

Where, Py is initial air pressure, Py is the saturation vapor pressure, Ry is initial radius,
and o IS liquid- vapor surface tension. Processes such as dissolution, dispersion, diffusion,

wetting, heat transfer, and mass transfer are accelerated by acoustic cavitation. Most
technologies for cleaning, refining, degassing, solidification of metallic alloys are ascribed to
the occurrence of such phenomena [Jian, et al. (2005), Meek, et al. (2006)].

Metallurgical effects of ultrasonic vibration in melts

Some known metallurgical effects are observed during the treatment of molten metal
under the application of power ultrasound. These effects are as follows: [Egon, (1954)]

i. Solidification under ultrasonic field
a) Reduction in grain size

b) Non-dendritic solidification

26



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
iIv. Acceleration of rate processes
v. Other metallurgical and related effects
. Solidification under ultrasonic field

Structural changes observed during the solidification process under ultrasonic vibrations
can be summarized as follows: [Li, et al. (2006)], [Djordjevic, et al. (2006)].

1. Promotion of transition from columnar to equiaxed structure.
2. Change in phase distribution.

3. Mean grain size is reduced.

4. Compositional homogeneity of the ingot is enhanced.

5. Liquation processes are reduced.

6. Non-metallic inclusions are distributed uniformly throughout the ingot.

a) Reduction in grain size

Different mechanisms that have been proposed are broadly classified into two groups:
[Meek, et al. (2006), Li, et al. (2006).]

1. Ultrasonically induced grain nucleation.

2. Ultrasonically induced dendrite fragmentation.
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Ultrasonically induced nucleation

Ultrasonic vibration may affect the nucleation in many ways. Pressure influences the
liquidus temperature of an alloy. 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. At each location the melt undergo changes from superheating to undercooling at
high frequencies. This may result in the formation of an increased number of solid nuclei.
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 vibration may also occur in
the melt at a temperature higher than the liquidus, corresponding to the increase in the pressure.
It has been reported that grain size was reduced when ultrasonic vibration was applied at a
temperature higher than the liquidus temperature [Abramov, (1986), Swallowe, et al. (1989),
Ramirez, (2008), Jun-wen, et al. (2007)].

Possible mechanisms of crystal nucleation due to cavities are: [Li, et al. (2006)]

1. From the surface of the expanding cavity, the liquid vaporates of causing 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 [Nastac, (2004), Eskin, (1994)]:

Pressure pulse melting point (T,) mechanism

Cavitation bubbles produced in liquid metal start to collapse, inducing the pressure
pulse waves, resulting in the increase of solid-liquid equilibrium temperature. We can describe

the change by using the Clausious-Clapyron equation (equation 2.4).

dTm — Tm (VL _VS)
dp AH

(2.4)
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Where, AH is the latent heat of freezing in J.g™\, P is pressure in 10° Pa, Ty, is freezing
point in K, Vs, and V_ are the specific volumes of solid and liquid phases in cm®.g™,
respectively. Nucleation rate increases due to an increase in Tn,, which is equivalent to

increasing the undercooling.

Cavitation enhanced wetting

In this case, the pressure pulse fills the cavities and cracks on the surfaces of the
substrates such as the mold, or impurities by molten metal. Therefore, enhanced nucleation
results from these defects that can act as effective nucleation sites.

Ultrasonically induced dendrite fragmentation

The convection and shock waves created in the solidifying melt during ultrasonic
vibration can promote dendrite fragmentation, which caused by melting at a dendrite root,
where the solutes are segregated. The melting at a dendrite root may be the results of a local
temperature increase. The diffusion of solutes away from the dendrite roots would lead to a
reduction of the solute concentration and increase in the local temperature. The effect would
also lead to melting at the dendrite roots. 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 (2.2) and (2.3) lead to
fluctuations in the melting temperature which results in the melting of the dendrite roots.

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 of crystals to produce new nuclei [Jian, et al. (2005), Abramov, (1986), Thomas,
et al. (2006), Tao, et al. (2006), Swallowe, et al. (1989), Ramirez, (2008), Jun-wen, et al.
(2007), Nastac, (2004)]. Abramov studied the destruction/fragmentation of growing crystals
due to cavitation induced by ultrasound. It has found that equation (2.5) gives the pressure (Py)
required for the fragmentation of crystals [Nastac, (2004)].

1
Py = 1 ( ;)Zo-mp = YOmp (2.5)

Where o, is strength of the material near the melting point, and I and r are the length
and radius of the crystal, respectively. Table 2.3 shows that the ultrasonic intensity required for

the crystal dispersion scales with the y parameter. Both the alloy strength and the crystal
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morphology influences the dispersion of growing crystals. Table 2.3 also reveals how the

crystal morphology is related to the size of the mushy zone [Nastac, (2004)].

Table 2.3 Crystal geometry and ultrasound intensity necessary for crystal dispersion [Nastac,
(2004)].

Crystal growth | Crystal length | Crystal y x 1072 | Ultrasound intensity
velocity (pm.s™) (mm) radius (mm) (W.cm™)

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

b) Non-dendritic solidification

The dendrites (grains) and dendrite branches (internal grain structure) are the basis for
the evaluation of cast metallic structure, after the discovery of dendritic structures by Chernov.
New non- dendritic structure consisting of globular grains without dendritic branching could be

produced by UST. For forming the non-dendritic structure, the required main conditions are:
1. Nucleation must be accelerated, and
2. Ahead of the solidification front, excess amount of solidification sites should form.

Cavitation from the UST of the melt wets the usually uncontrolled, non- metallic
impurities. Non- dendritic structure is advantageous with respect to the increased toughness
with retention of strength. It is found that, large- scale crack free ingots (weighing 10 ton and
measuring 1200 mm in diameter) could be obtained from structural Al alloys (2364 series)
because the plasticity doubled due to UST. Irrespective of the hot deformation mode, the
improved plasticity of non-dendritic ingot is retained in the deformed material [Eskin, (1994),
Lierke, (1967), Hiedemann, (1954)]. Thus, the effects of UST on the solidification process can

be summarized as shown in Fig. 2.6 [Abramov, (1986)].
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Fig. 2.6 Generalized effects of ultrasonic vibration on solidification process [Abramov, (1986)].

ii.  Refining of melts

Ultrasonic melt treatment (UST), before the beginning of solidification, has a noticeable
effect on melt refining processes and thereby eliminates gas and solid non-metallic inclusions
[Eskin, (1994), Lierke, (1967), Hiedemann, (1954)].

a) Ultrasonic degassing of melts

The interaction of high intensity ultrasound with liquid reduces the amount of liquid
contained gas, leading to degassing. This effect can be used for degassing metal melts.
Almost all molten metals often contain a suspension of submicroscopic particles that are non-
wettable by the melt and their surface defects also contain some adsorbed gaseous phase.
Ultrasonic degassing is relatively inexpensive and environmentally clean technique. It involves
the introduction of high intensity acoustic energy in the melt, high enough to set up a pressure
differences that will induce cavitations. Mass transfer of gas from the solution into the
cavitation bubbles from cavitation phenomenon assisted by rectified diffusion [Junwen, et al.
(2008)]. Gas transport in to the bubble is greatly improved by this directed diffusion when the
cavitation threshold is exceeded. Fig. 2.4 shows the process of rectified diffusion [Meidani, et
al. (2004)].
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Fig. 2.7 Schematic of rectified diffusion [Meidani, et al. (2004)].

Table 2.4 Comparison of efficiencies of degassing techniques used in industry for Al-Si-Mg
alloy [Eskin, (1994), Lierke, (1967), Hiedemann, (1954), Junwen, et al. (2008)].

Degassing H, (cm®per 100g) | Density (10° Kg.m™) | Porosity number
techniques

Ultrasonic 0.17 2.706 1-2

degassing

Vacuum 0.20 2.681 1-2

degassing

Argon purging 0.26 2.667 2-3

C.Clg 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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Fig. 2.8 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 [Lierke, (1967)].

b) Melt filtration in ultrasonic field

For filtration of aluminum melts, mesh type alkali-free alumina-boron-silicate glass
filters are widely used. However, 1x1 mm? mesh filter scan not filter finer inclusions. If fine
filters of 0.4x0.4 mm? or multilayered filters are used, the capillary action performance of these
filters is affected adversely. Sonocapillary effect is observed when the cavitation field from
UST is formed above the filters surface. Because of this the melts is readily filtered. Refining
of melt from dispersive particles of inclusions down to 1-3 um by a multilayer filter can be
effectively done using this technique called the USFIRALS-process. It allows production of
high-quality blanks for magnetic disks from 5xxx (series) alloys, fine foils, sheets and other
semis from 6061-type alloys sensitive to impurities. Fine filtration according to “USFIRALS-
process” technique results in an improvement of service-life performances in short-transverse
direction [Eskin, (1994), Lierke, (1967), Hiedemann, (1954), Junwen, (2008)].

iii.  Dispersion of other substances into melts
Sometimes it is desirable to produce a fine dispersion of one metal into another. It is
obvious that the dispersing effects of ultrasonic waves should be especially useful for adding

constituents of low solubility or high melting point to the metal. Maring and Ritzau [Egon,
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(1954)] found that a treatment with ultrasound waves of 500 cycles.s™ resulted in a finer
distribution of Pb in Al melt than did the well-known chemical Pb-chloride process as shown in
Fig. 2.9. Similarly, Egon [Egon, (1954)] also reported briefly on the ultrasonically induced
dispersion of graphite into bronze used for bearings. He obtained a self-lubricating bearing by
producing the contents of graphite up to 25 pct. The phenomenon of dispersion in an ultrasonic
field is attributed to the action of cavitation produced in the melt. Table 2.5 summarizes the
work from literature about dispersion studies conducted in the different alloys upon the

application of UST.
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Fig. 2.9 Dispersion of lead into aluminum, (a) Lead chloride technique, and after exposure to

the sonic treatment of (b) low and (c) high intensity [Egon, (1954)].

Table 2.5 Dispersion and reaction kinetics observed in the different alloys by the application of
UST.

Dispersion and Reaction Kinetics

Abramov, etal. | Al-Pb-X alloys | Uniform dispersion of finer 2-6 um size Pb particles,

(1995) ultrasonics prevents coagulation is noticed.

Tsunekawa, et al. | Al-3Mg alloy Wettability of SiO, was improved increasing transfer

(2001) rate and reaction rate with the melt

Eskin, et al. Al-Si alloy Improved wetting of non-metallic particles, reduced

(2003) based MMC size of primary Si particles are studied.

Yang, et al. A356 base Uniform dispersion of SiC nano-particles

(2004) MMC

Lan, et al. (2004) | AZ91D Uniform dispersion of SiC nano-particles is noticed.

Han, et al. (2005) | Al-5Ti-1B Accelerated dissolution of TiAl; and change in its
morphology, accelerated reactions of Al with halide
salts.
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iv.  Acceleration of rate processes

Numerous metallurgical processes could be carried out at a lower temperature in the
presence of high-frequency oscillation without loss in efficiency. Sonic or ultrasonic vibrations
do produce an increase in the rate of processes and cause processes to occur at lower
temperatures [Egon, (1954)]. Ultrasonic waves have a direct effect on the rate of various
metallurgical processes that can be considered as place exchanges such as diffusion, ion
mobility, viscosity and thermal diffusion. The beneficial effect of power ultrasound in
improving the kinetics of chemical reactions is well documented [Suslick, (1999), Han, et al.
(2005)]. Table 2.5 summarizes the work from literature about reaction Kkinetics studies

conducted in some alloys upon the application of UST.

v.  Other metallurgical and related effects

Some other metallurgical effects such that the removal of dross and slag by means of
sonic or ultrasonic treatment have been noticed. Ultrasonic can also be used to intensify the
metal boiling. In rimmed steel ingots, especially when carbon content is more than 0.13 pct and
the casting speed is increased, the depth of occurrence of honeycomb blowholes is controlled
conventionally by blowing the metal stream with oxygen. However, with this technique
honeycomb blowholes are difficult to control and the non-metallic inclusions content of the
steel also increases. However, the intensity of boil in the steel is altered by using power
ultrasonics. The molten metal surface-oxide-film breakdown and the concomitant increase in
oxygen diffusion rate results in intensive boiling from UST. Further, ultrasonics is known to
assist in ionization of the oxygen and as a result, the oxidizing effect is intensified. UST also
reduced the slag on the metal surface in mould. Observations show that the high rate of metal
boiling when rimmed steel was exposed to UST led to a reduction in oxygen consumption
[Bronfin, et al. (2000)].

2.4. Dispersion hardening studies

Metal matrix composites (MMCs) of magnesium and its alloys can give better
mechanical properties for various demands and applications in real practices. The addition of
various hard reinforcement particles to magnesium and its alloys produces superior mechanical

properties, good thermal stability, increased hardness, and stiffness. MMCs also provide
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flexibility in terms of required properties. According to requirement, MMCs can be designed
by selecting the appropriate quantities of matrix and reinforcement materials. In the processing
of MMCs, homogeneous distribution of the reinforcement phases is a common problem. Until
now to achieve a defect-free microstructure in MMCs different processing techniques have

been developed.

In ex-situ synthesis techniques, different kinds of ceramic materials (SiC, Al,O3, MgO
and B4C) are extensively used to reinforce aluminum alloy matrices. Superior properties of
these ceramic materials such as refractoriness, high hardness, high compressive strength, wear
resistance, etc. makes them suitable for use as reinforcement in a matrix of composites [Hassan,
et al. (2008), Zhang, et al. (2009), Pen, et al. (2002), Khakbiz, et al. (2009), Dhokey et al.
(2007)]. The different researchers worked in the field of Mg alloy matrix composite materials
and found improvement in mechanical properties of MMCs as summarized in Table 2.6. Large
size of reinforcement and bad interface between magnesium matrix and reinforcements result in
only marginal improvement in the mechanical properties of MMCs prepared by ex-situ
synthesis techniques [Zhao, et al. (2008)]. Further, these fabrication processes usually require
expensive reinforcement materials and involve complex equipment and procedures, thus
imposing a relatively high cost. Therefore, in-situ synthesis methods have come into focus as
an alternative route to fabricate MMCs that is cost-effective. This method offers a number of
attractive features, such as good reinforcement/matrix compatibility, homogeneous distribution

of the reinforcing particles and potentially low cost [Dong, et al. (2006)].

In the in-situ MMC synthesis methods, the reinforcement is formed by controlling the
chemical reactions in the matrix. In in-situ reactions, at least one of the reacting elements is
reacted with the constituent of the molten matrix alloy. A series of reactions may result into
fine hard ceramic or oxide powders or phases formed in the metal matrix. One of the final
reaction products is the reinforcement dispersed in the matrix alloy. It is more beneficial if
these in situ formed particles are coherent with the matrix and has both a finer particle size and
a more homogenous distribution. These reactions have to be favourable in terms of
thermodynamics. To make the fabrication process practical, reasonably fast reaction kinetics
are required [Hai, et al. (2004), Nandam, et al. (2011)].
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Table 2.6 Summary of observed effects of different reinforcements on the magnesium alloys.

Cited Work Matrix studied, | Processing methods and results

reinforcement

used, Size (pct).
Lan, etal. AZ91, SiC, 30 nm | Cast composites based on SiC,/AZ91D were fabricated
(2004) (2wtpctand 5wt | with the help of high intensity UST. The microstructure

pct)

and micro hardness of nano-sized SiC particles
reinforced magnesium composites were studied.

Yao, et al. (2010)

AZ91, TiC,
preform (3, 6 and
10 wt pct )

TiC/AZ91 Mg composite was formed by spray
deposition. Wear properties were discussed.

Cao, et al. (2008
A)

AZ91, AIN, 25 nm
(1 wt pct)

AZ91/AIN nano-composite was produced by UST.
Microstructure, and room temperature and high
temperature mechanical properties were studied.

Cao, et al. (2008
B)

AS21, AS41, Mg-
4 pct Zn, SiC, 50
nm (2 wt pct-AS)
(1.5 wt pct Mg-
Zn)

SiC nano-particles reinforced Mg-(2, 4) Al-1Si was
fabricated by UST. Microstructure and mechanical
properties were studied.

Jayamathy, et al.
(2004)

AMGO0, SiC, 20
pm (10 and 15 wt
pct)

The influence of volume fractions of the reinforcement
on mechanical properties of MMCs was discussed.

Zhao, et al.
(2008)

AZ31, MgsN,, 10
um (1 wt pct )

Microstructures and mechanical properties were
studied. Composite was fabricated by in-situ formation
of AIN particles.

Liu, et al. (2010)

AZ91, carbon
nanotubes, 20—40
nm

High-intensity ultrasonic dispersion and mechanical
stirring was employed.

Yang, et al.
(2004)

A356, SiC, 30 nm
(0,05,1.0,2.0
and 5 wt pct)

Bulk Al-based nano-composites with nano- sized SiC
were fabricated by UST. The microstructure and
mechanical properties were studied for various wt pct
of SiC.

Ex-situ composite synthesis techniques are widely investigated for aluminum alloys by
using different kinds of ceramic reinforcements like SiC, Al,O3, MgO, and B4C, which have
many desirable reinforcement properties like high hardness, refractoriness, high compressive
strength, and wear resistance [Hassan, et al. (2008), Khakbiz, et al. (2009), Roy, et al. (2006)].
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Ex-situ synthesized MMCs exhibit limited improvement in their mechanical properties because
of the presence of large sized reinforcements and bad interface between the matrix and
reinforcements [Zhang, et al. (2010)]. Ex-situ techniques usually need expensive reinforcement
materials and require complex procedures and equipments. Fabrication of MMCs by such
techniques is difficult because the micron and especially nano-sized particles have much larger
specific surface area. It is challenging to disperse the particles uniformly in alloy melts
[Laurent, et al. (1992)]. It is reported that the potentially inexpensive in situ methods offer
benefits such as homogeneous distribution of the reinforcing particles, a good reinforcement-
matrix interface and compatibility, and the in situ formed particles are finer [Emamy, et al.
(2006), Roy, et al. (2006), Yang, et al. (2008)]. Although this method has been extensively
studied for aluminum matrix composites, it is relatively less explored for magnesium matrix
composites. A recent review in magnesium matrix composites [Ye, et al. (2004)] reports about
TiC/Mg, MgO/Mg, (TiB,-TiB)/Mg and Mg,Si/Mg composites synthesized from Mg-Ti-C,
Mg-B,03;, Mg-KBF,—K;TiFs, and MgO, and Mg-Si systems, respectively. To overcome the
difficulties arising from bad wettability, the addition of suitable minor alloying elements to the
melt [Ye, et al. (2004), Choh, et al. (1987), Oh, et al. (1989), Yu, et al. (2012)], surface
treatment on reinforcements [Rocher, et al. (1989)] and elevation of molten matrix temperature
[Oh, et al. (1989)] have been widely studied. Porosity, which degrades the mechanical
properties, is formed adjacent to the agglomerate particles in the MMCs when stirring transfers
the ceramic particles to the melt [Rocher, et al. (1989)]. Therefore, in order to overcome the
poor wettability problem, novel production method for MMCs components is desired. In this
context, fabrication using in situ reaction is one of the economical and versatile approaches
[Tsunekawa, et al. (2001)].

2.5 Summary

1. An easy and inexpensive way to improve mechanical properties of magnesium alloys is
by reduction in grain size.

2. Ultrasonic treatment has a significant influence on the structural modification and
corresponding improvement in the properties from microstructural refinement, melt
degassing, and reduction in elemental segregation.

3. In the specimens processed using ultrasonic vibrations, the dominant mechanism for the
grain refinement is the cavitation led heterogeneous nucleation and fragmentation of

growing crystals by acoustic streaming. Few studies have addressed the fundamental
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10.

nucleation mechanisms and the growth of grains during ultrasonically induced
solidification. There are only limited systematic studies involving UST of Mg alloys in
order to refine their grain size and there is scope for further exploration.

Ultrasonic treatment approach possesses the advantages of being environment friendly,
cost effective, and amenable for combination with other physical processing
technologies for liquid metal.

Grain refining techniques such as superheating the melt, ferric chloride inoculation
(Elfinal process), and carbon inoculation have been tried with some success. Among
these methods, carbon inoculation using agents like C,Clg, CCl,, and graphite offer
many practical advantages because of lower operating temperature and less fading.
Nano carbon black powder inoculation can be an effective grain refining method for
Mg-Al-Zn magnesium alloy than the conventional polluting hexacholoroethane
treatments. Inexpensive nano carbon black that has a high surface-area-to-volume ratio
and it can readily form the inoculating phase particles in larger number.

Use of grain refiner with the combination of ultrasonic vibrations can further refine the
alloy structure. This combined effect approach has not been explored so far. High
intensity ultrasonic treatment can help to accelerate the wetting, de-agglomeration, and
dispersion of carbon black nano particles and can improve the kinetics of inoculating
phase formation. Its beneficial effects can be synergistic considering the physical
capabilities of UST and there is a scope for initiating research in this direction.

Light metal matrix composites (MMCs) provide many options for improving the
mechanical properties of materials. Many trials have been made by the addition of
various hard ceramic reinforces particles to the magnesium and its alloys. Magnesium
alloy MMCs possess superior mechanical properties, good thermal stability, increased
hardness, and stiffness compared to base alloys.

In situ technique has potential to offer advantages over ex-situ synthesis technique. This
approach offers a number of attractive benefits such as finer reinforcing particles,
homogeneous distribution of the particles, a good matrix/reinforcement compatibility,
and lower cost. Studies involving in-situ fabrication Mg alloy matrix MMCs are scarce.
Ultrasonic treatment (UST) has potential of being one of the simplest and effective
physical methods that can homogenize and degas the melt and increase the wettability
of reinforcement particles in the fabrication of magnesium alloy based MMCs.
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2.6 Present work

Ultrasonic technology is an effective means of treating the solidifying metal that can
significantly affect heat and mass transfer in melts, modify the structure and properties of
solidified alloy. These structural changes arise due to the processes in the molten metal such as
crystal nucleation, dispersion, and homogenization induced from the ultrasound. This work is
concerned with the evolution of microstructure and study of properties of commercial

magnesium alloys after treatment with high intensity ultrasound.

2.7 Objectives

Following are the objectives of this work.

1. To study the microstructural evolution in AZ91 and AZ31 magnesium alloys upon
application of high intensity ultrasonic vibrations to their melts. Study and optimization
of various ultrasonic processing parameters like ultrasonic intensity, processing time,
and different (isothermal and non-isothermal) processing conditions on the solidified
microstructures and mechanical properties of these Mg alloys will be done.

2. To study the individual and combined effect of nano carbon black inoculation and high
intensity ultrasonic processing in cast magnesium alloys (AZ31, AZ61, and AZ91) and
to compare the mechanical properties of differently processed alloys.

3. To fabricate reactively synthesized and ultrasonically processed in situ Mg alloy MMCs
and to study their microstructural evolution, mechanical properties, and sliding wear

properties.
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Chapter 3

EXPERIMENTAL PROCEDURE

In this chapter, the experimental procedures used in the present investigation are
discussed in detail. The experiments were carried out on the AZ series alloys with varying

aluminium contents in the alloy.
3.1 Procurement of the material

3.1.1 Magnesium alloys (AZ series)

Magnesium alloy is procured in the form of cast ingots supplied by M/s. Exclusive
Magnesium Private Limited, A. P., India. To analyse the effect of Al content on microstructure
and mechanical properties of ultrasonicated AZ series magnesium alloys AZ31, AZ61, and

AZ91alloys are selected for investigation. Their nominal composition is given in Table 3.1.

Table 3.1 Nominal chemical composition of AZ31, AZ61, and AZ91 magnesium alloys [Busk
(1987)].

Magnesium Element content (wt %)

alloys Mg Al Zn Mn Fe Si Ni
AZ31 Balance  2.95 0.73 0.30 0.07 0.05 0.004
AZ61 Balance  5.91 0.73 0.30 0.07 0.05 0.004
AZ91 Balance  8.91 0.73 0.30 0.07 0.05 0.004

Mg-Al phase diagram is shown in Fig. 3.1. From the equilibrium diagram, the
approximate liquidus and solidus temperatures of the AZ91 alloy are determined as 602 °C and
490 °C, respectively. Liquidus and solidus temperatures of the AZ31 alloy are 632 °C and 598
°C and for AZ61 alloy 618 °C and 527 °C, respectively.

3.1.2 Raw material for carbon inoculation

Carbon black powder having average particle size of 0.042 um, 99.9 pct metal basis

purity (Alfa Aesar, USA) is used for carbon inoculation of the magnesium alloy melts.
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Fig. 3.1 Phase diagram of Mg-Al binary alloy showing alloy composition used in this work.
[Friedrich, (2006)]

3.1.3 Magnesium nitrate powder

Magnesium nitrate (Mg (NOgz),) powder is used as a reactant in order to form

reinforcement particles from in-situ reaction with AZ series of magnesium alloys.

3.2 Experiments
3.2.1 Experimental set up

A schematic of the experimental apparatus for ultrasonic treatment is shown in Fig. 3.2.
The ultrasonic system consisted of a high power ultrasonic probe unit (Model VCX1500,
Sonics and Materials, USA). It consists of a 1.5 kW electric power supply, a 20 kHz acoustic
generator, an air-cooled converter that is made from piezoelectric lead zirconate titanate
crystals and an acoustic radiator made of Ti-6Al-4V titanium alloy. The ultrasonic probe
vibration intensity could be continuously adjusted from 0 to 5.4 kW.cm?, which is the
maximum intensity of the unit. During the treatment, temperature of the melt and the time of
application of the ultrasonic vibrations were precisely controlled. The radiator is coated with
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zirconia baked at 100 °C, for inertness and to protect it from deterioration that might occur at
high working temperature. The coating remained intact after the ultrasonic processing of melts.
After ultrasonic processing, it is observed that the zirconia coating provides enough protection

to probes from damage (Fig. 3.3).

3.2.2 Experimental procedure

Melting of magnesium alloys was carried out in a mild steel crucible, in an atmosphere
controlled electric resistance furnace. In each experiment, charge was melted in furnace at a
temperature that was about 75 °C higher than its liquidus temperature, in order to allow
complete dissolution. It was maintained at that temperature for an half an hour. In order to
prevent oxidation of molten magnesium, continuous flow of argon was maintained through the
sealed furnace chamber. A thermocouple was inserted into the molten metal to acquire the
temperature throughout the process. Before ultrasonic processing, the ultrasonic probe is
preheated to the processing temperature. As soon as the melt was cooled down to the
processing temperature, the ultrasonic probe was quickly lowered into the melt and subjected to
ultrasonic vibration for a specific period. A few experiments were performed by varying
ultrasonic intensity and processing time in order to study their effect on the grain refinement of
magnesium alloys [Panigrahi, et al. (2012)]. During these experiments other variables such as
temperature, composition, cooling conditions etc. were kept constant. After the processing, the
crucible was quenched immediately in water. For comparison, control specimen (without
subjecting to ultrasonic vibrations) castings were made similarly. The cooling conditions were
consistent among all the experiments in order to ensure that the difference in the microstructure
obtained results almost exclusively from the difference in the irradiation conditions.

In present work, three different methods were used for microstructural refinement and

to improve the mechanical properties of magnesium alloys by using UST. These were-
l. UST processing under isothermal holding and continuous cooling conditions

Il. Carbon inoculation combined with UST processing

1. In-situ magnesium alloy MMCs fabrication.
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Fig. 3.2 Schematic of the experimental arrangement employed for ultrasonic treatment of

magnesium alloys.

Fig.3.3 Zirconia coated ultrasonic probe. (a) before processing, (b) during processing, and (c)

after processing and cleaning.
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I.  Ultrasonic processing under isothermal and continuous cooling conditions

Experiments were performed under high intensity ultrasonic vibrations with varying
amplitude from 0-4.31 kW.cm™ intensity. Grain refinement in AZ91 and AZ31 alloys is studied
under different melt conditions. One when the ultrasonic vibrations were applied under

isothermal conditions and other under continuous cooling conditions.

Melting of AZ91 and AZ31 alloys was carried out in the mild steel crucible having
diameter of 50 mm and a height of 110 mm, heated in an atmosphere controlled electric
resistance furnace. In each experiment, 200 g of charge was melted in furnace at 670°C and
705°C, that is about 75°C higher than its liquidus temperature of AZ91 and AZ31 respectively,
in order to allow complete dissolution. The melt was cooled down to the processing
temperature (that is 598 °C and 627 °C for AZ91 and AZ31, respectively) the ultrasonic probe
was quickly lowered into the melt and subjected to ultrasonic vibrations for a specific period.
Experiments were carried out with different processing conditions like, varying processing
intensity and processing time. Different ultrasonic probe vibration amplitudes of 15 pm, 30 um
and 45 um were employed which correspond to ultrasonic intensities of 1.3 kW.cm?, 2.7
kW.cm?, and 4.3 kW.cm?, respectively. The intensity of ultrasound is calculated using
equation (3.1) [Eskin, (1998)].

1= %pC(ZthA)Z (3.1)

Where, p is liquid density in (1.584 for liquid magnesium) g.cm >, C is speed of sound
(1500 m.s™ in molten Mg), f is ultrasonic frequency (20 kHz), A is amplitude of ultrasound.

In isothermal processing, temperature of the molten magnesium alloy was kept
constant below its liquidus temperature, corresponding to estimated 10 pct solid fraction
present at the time of processing. After ultrasonic processing, the crucible was withdrawn from
the furnace and immediately quenched in water. For comparison, the control specimen (without
ultrasonic vibration) castings were made similarly. In continuous cooling processing, when
molten alloys reach to the processing temperature, the crucible was withdrawn from the furnace
and ultrasonically processed in an inert atmosphere where alloy was cooled continuously. After

ultrasonic processing, the crucible was immediately quenched in water.
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Il. Carbon inoculation processing combined with the UST

Melting of magnesium alloys was carried out in the mild steel crucible (height - 70 mm,
diameter-50 mm and wall thickness- 3 mm), heated in an atmosphere controlled electric
resistance furnace. In each experiment, 250 g (AZ91, AZ61 and AZ31 alloys) of charge was
melted in the electric furnace at 700 °C, a temperature higher than the liquidus temperature in
order to allow for complete dissolution and melt was maintained at 700 °C for 30 minutes.
After the processing, the crucible was withdrawn from the furnace and immediately cooled in
water. Experiments were performed at 700 °C with three different conditions. These were-
carbon black addition alone with manual stirring, carbon black addition coupled with ultrasonic
processing, and the control specimen (without ultrasonic vibration and no carbon addition).
After the charge dissolved completely, 0.25 wt pct of inoculants was added to the melt.
Ultrasonic processing was performed nearly isothermally at 700 °C using processing time of

180 s. Constant ultrasonic vibration amplitude of 48 um was used.

1. In-situ MMCs processing

These experiments were performed on 400 g AZ91 (and AZ31) alloy melts at 700°C
with three different conditions. These were- magnesium nitrate additions accompanied with
manual stirring, magnesium nitrate additions coupled with ultrasonic processing, and the
control specimen (without magnesium nitrate additions and without application of ultrasonic
vibrations). At 700°C, when the charge is liquid, magnesium nitrate (1, 5 and 10 pct by weight)
was added to the both the alloy melts for the in situ formation of particles. Manual or ultrasonic
stirring was done for uniform distribution of in situ formed particles. Before UST, the manual
stirrer or ultrasonic probe was preheated to the processing temperature. Ultrasonic processing
was performed isothermally at 700 °C for 180 s by using ultrasonic intensity of 4.3 kW.cm ™.
After application of different processing conditions mild steel crucible (size-height - 70 mm,
diameter- 50 mm and wall thickness- 3 mm) was immediately cooled in water. The heating and
cooling conditions were consistent among all the experiments in order to ensure that the
difference in the microstructure and mechanical properties results exclusively from the

difference in process control variables.
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3.2.3 Microstructural studies

Microstructural characterization of unprocessed and UST processed magnesium alloy
and its MMCs was performed by using optical light microscope, field emission scanning
electron microscope (FE-SEM), along with an energy dispersive X-ray (EDAX) spectrometer,

X-ray diffraction (XRD) and transmission electron microscopy (TEM).

A. Optical microscopy

It is an instrument is used to obtain magnified image of cast samples using visible light.
In general, it consists of 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, analysis of phase distribution
and in MMC:s, it is used for determination of distribution of reinforcements. A Leica DMI

5000M microscope was used for optical microscopy (Fig. 3.4).

Fig. 3.4 Leica (DMI 5000M) optical microscope was used for optical microscopy.
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Following were the steps involved to prepare sample for optical microscopy.
(i) Sample cutting

After casting, specimens were cut from the centre of the longitudinal section of each
casting by using diamond cutter. To ascertain if the ultrasonic processing effects were uniform
across the magnesium alloy casting, specimens from different positions were also selected for
optical microscopy.
(if) Grinding or pre-polishing

After cutting, the specimens were flattened by using belt grinder. This grinding also
removes the strain-hardened layer produced by cutting process.
(iii) Paper polishing

After grinding, the specimens were polished manually by using different grades of
polishing papers (paper grades used were P600, P800, P1000, P1200, P2000 and P2500).
Specimens were polished on same paper until the removal of previous scratch marks. While
shifting to the next grade emery paper, specimen was rotated by 90°. In this way each
specimens was polished up to finest emery paper.
(iv) Diamond polishing

After paper polishing, for finer polishing the specimen were polished using diamond
paste. Diamond paste is a type of polishing compound made up of fine grounded powder of
diamond particles in pest form. This paste is applied on polishing cloth of polishing machine
and diamond polishing extender fluid is used for distribution of diamond paste evenly on the
polishing cloth. In present study, two grades of diamond paste were used 1 pm and 0.25 pm.
(v) Cleaning and drying

After diamond paste polishing, specimens were cleaned with ethanol and dried by
blowing air on specimen.
(vi) Etching

After cleaning with pure ethanol, the specimens were etched by swabbing with a
solution of acetic picral (10 ml acetic acid, 4.2 g picric acid, 10 ml H,O and 70 ml ethanol) in
order to increase the contrast between the primary phase and the intermetallic phases. By using
this method optical and SEM specimens were prepared.
(vii) Average grain size measurement

The mean linear intercept method was used to determine the average grain size [Metals
Handbook, (1973)].
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B. The field emission scanning electron microscope (FESEM)

A FEI-Quanta 200 FE-SEM (Fig. 3.5) was used in secondary electron imaging mode.
An energy dispersive X-ray (EDAX) spectrometer was used for detecting different elements.

EDS was used for elemental mapping of magnesium alloys.

iR

Fig. 3.5 Scanning electron microscope used for characterization of magnesium alloys.

C. The transmission electron microscope (TEM)

The transmission electron microscope in bright Field (BF)/Dark Field (DF) modes
provides information about the size, morphological, compositional, and crystallographic
characteristics. In present study, the Tecnai G20 S-twin TEM (FEI Neitherlands) was used for

the analysis of carbon black nano powder (Fig.3.6).
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D. X-ray diffraction (XRD)

X-ray diffraction (XRD) is used for phase identification in specimens. A Bruker D8
(advance) X-ray diffractometer was used (Fig. 3.7). It was used for the confirmation of new in
situ formed phases in the cast MMCs. X-ray diffraction patterns were obtained by employing
Cu, Ko radiation with 26 ranging from 20° to 120° For all the diffraction peaks and
corresponding values of 26, the inter-planer spacing, d, was calculated using the Bragg’s law.
For identifying the various phases, inorganic JCPDS X-ray diffraction database was used.

Fig. 3.6 200 kV TEM is used for the analysis of carbon black nano powder.

50



3.2.4 Measurement of mechanical properties
A. Hardness

Hardness tests were performed using a FIE-VM50 PC Vickers hardness tester by
employing 5 kg load. The requirements for the testing are that the samples should be properly
ground and polished for precise measurement of indentation. Hardness testing was done on
Vickers hardness testing machine shown in Fig. 3.8, which has a software for accurate
measurement of VHN. At least five hardness readings were obtained and the average is

reported along with standard deviation.

Slit boxes

X-ray tube

]

Fig. 3.7 Actual setup of X-ray diffraction (XRD) used for the analysis.

B. Tensile testing
Fig. 3.9 shows the tensile test specimens used for testing that were fabricated from
differently cast magnesium alloys. Tensile test specimens round in cross section (diameter- 4

mm and a gauge length of 20 mm) were machined from each casting. Tensile tests were
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conducted at room temperature by employing a constant crosshead speed of 0.1 mm.min™,
using a H25 K-S Tinius Olsen tensile testing machine as shown in Fig. 3.10.

C. Compression testing

Compression tests were performed on MMCs using Gleeble® 3800 thermomechanical
simulation machine that is shown in Fig. 3.11, at room temperature using strain rate of 9.5x10™
s™. The specimens used for compression testing were 10 mm in diameter and 12 mm in gauge
length. Three specimens were tested for each condition. Yield stress (oy) is estimated from the
stress-strain data taking the flow stress at 0.2 % offset strain while omax IS maximum value of

flow stress.

Fig. 3.8 Vickers hardness tester set up used for the measuring hardness.
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Fig. 3.10 H25 K-S Tinius Olsen tensile testing machine used for the tensile testing.
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Fig. 3.11 Gleeble®3800 machine used for compression testing experiments.

Dry sliding friction and wear test (Pin-on-Disc test rig)

The machine used for wear testing of in-situ magnesium alloy was wear and friction
monitor TR-20 (pin on disc machine) manufactured by M/s. Ducom, Bangalore. Pin samples
were made from in-situ magnesium alloys reacted with magnesium nitride having different wt
pct and ultrasonically processed/unprocessed conditions. The pin specimen was kept stationary,
while the circular disc rotated during the testing. The wear tests were performed under
unlubricated conditions at room temperature referring ASTM G99 standard. The wear disc,
made up of EN32 steel disc of 215 mm diameter was used for the wear test. The test sample
was clamped in a holder and holder clamped on loading arm against the rotating disc, as shown
in schematic diagram of Fig. 3.12. Wear and friction machine with monitor used for
experiments is shown in Fig. 3.13.
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Fig. 3.12 Schematic diagram of pin on disc un-lubricated sliding wear testing machine is used
in study.
Preparation of specimens for wear testing

Pin specimens were fabricated form cast magnesium alloy in the size of 12 mm in
height and 5 mm in diameter. The surface roughness of the counter face of specimens and wear
disc were maintained similar by polishing with 1000 grit paper. Specimen and disc both were
cleaned with acetone before and after the test in order to remove any possible surface
contamination. Table 3.2 shows the pin-on-disc test parameters used for the wear test for the
AZ91 and AZ31 alloys and its MMCs. Before and after each wear test, after cleaning and
drying, the specimen was weighed by using electronic balance (Mettler AJ100) having
accuracy of 0.0001 g. The reading of frictional force was noted after equal interval of time
directly from the display of load cell (Fig. 3.12).

The worn surfaces were observed by using FEI-Quanta 200 FE-SEM. Debris was
collected after each test and it was studied using FEI-Quanta 200 FE-SEM, and Bruker D8
XRD for analysis of phases involved in the wear phenomenon. A separate specimen was used
for each test and three tests were performed for each material condition. After wear test, the
mass loss was measured and the average of three samples is recorded.
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Fig. 3.13 Wear and friction (pin-on disc) machine used for conducing wear experiments.

Fig. 3.14 Electronic balance (Mettler AJ100) having accuracy of 0.0001 g used for weighing.
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Table 3.2 List of pin-on-disc test parameters selected for the experiments.

Wear disc material

EN32 grade steel

Pin specimen

AZ91 alloy, AZ31 alloy and AZ31 alloy based

in-situ MMCs

Applied force

49N,9.8Nand 14.7 N

Velocity

1mst

Test length (sliding distance)

500 m,1000 m and 2000 m

Temperature

23 °C

Humidity

40 pct
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Chapter 4
RESULTS AND DISCUSSION:

ULTRASONIC PROCESSING OF AZ91 AND AZ31 ALLOYS

4.1 Microstructural studies

Unprocessed AZ91 alloy

Fig. 4.1 shows the optical micrograph of AZ91 alloy cast by cooling the crucible in a
water bath, without ultrasonic treatment. Coarse dendrites with branch lengths as long as 250
um in length can be noticed. It shows dendrites of primary a-Mg phase and a second phase is

present in the inter-dendritic areas. These phases are estimated using EDS analysis as follows.

Fig. 4.1 Optical micrograph of the unprocessed cast AZ91 alloy.

Microstructures were characterized for the composition and distribution of various
phases in order to evaluate the effect of UST. Fig. 4.2 shows SEM micrograph and EDS
patterns corresponding to the identified regions shown by arrow, of the AZ91 alloy. Table 4.1
presents the results of semi-quantitative EDS analysis of the phases marked in Fig. 4.2. It can
be observed that the microstructure is a composed of the primary a-Mg phase with B-Mg;7Al1,
phase segregated along the grain boundaries.
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Fig. 4.2 SEM micrograph and EDS patterns corresponding to the (a) a-Mg phase, and (b) B-
Mgi-Al;, phase of the AZ91 alloy.

Table 4.1 Results of EDS analysis depicting weight pct and atomic pct of elements present at
different locations of Fig. 4.2 and the estimated phases.

Phase Normalized Composition Estimated Phase

Element Weight pct Atomic pct

Mg 89.6 91.0
@ Al 09.5 08.7 a-Mg Matrix
Zn 0.89 0.34
Mg 62.1 66.1
(b) Al 33.6 32.2 Mgi7Al1; Intermetallics
Zn 04.3 1.7
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In order to determine the distribution of phases, X-ray elemental mapping is performed.
Fig. 4.3 shows the SEM micrograph and X-ray elemental mapping of AZ91. AZ91 alloy shows
pronounced dendritic growth (Fig. 4.3a). Figs. 4.2b shows that aluminium element is present
only along the grain boundary as secondary Mgi;Al;, phase and small amount of Zn present

throughout the matrix.

Fig. 4.3 (a) SEM micrograph, and (b) X-ray elemental mapping of unprocessed AZ91 alloy.

4.2 Ultrasonic processing of AZ91 alloy during continuous cooling

Fig. 4.4 shows the optical micrographs of AZ91 alloy that was subjected to UST during
continuous cooling. The UST is performed at a constant vibration intensity of 1.3 kW.cm™? and
varied processing time of 30, 60, and 90 s was used. It is noticed that at constant intensity, UST
processing time has significant effect on the microstructure. Increased grain refinement
occurred with UST processing time. Compared with unprocessed AZ91 alloy, 30 s UST
processed alloy shows grain refinement with grain size reduced to an average of 110 um (Fig.
4.4-a). It still exhibits dendritic growth but the dendrites are smaller. UST processing for 60 s
resulted in further refinement with average grain size reduced to 79 um, which is a 65 pct
reduction as compared with base alloy. It has a mixed structure of smaller dendrites and some
equiaxed grains. UST processing for 90 s resulted in more equiaxed microstructure and caused

further grain refinement, with average grain size reduced to 66 um.

Fig. 4.5 shows the optical micrographs of AZ91 alloy that was subjected to UST at a
constant intensity of 2.7 kW.cm? and 4.3 kW.cm™ for various durations during continuous

cooling. Fig 4.5a shows that for 2.7 kW.cm™ intensity and 30 s of UST processing time, AZ91
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alloy became almost dendrite free with grain size reduction of 61 pct. With an increase in the
processing time to 60 s (Fig. 4.5 b-d), grains became globular with 73 pct reduction in the grain
size compared with that of the unprocessed AZ91 alloy. Further, after 90 s of UST processing
time grains are globular in shape and appear more uniform (Fig. 4.5 ¢). Average grain size is
reduced to 56 um that is 75 pct reduction compared with the base alloy. Fig. 4.5d-f are the
optical micrographs of AZ91 alloy ultrasonically processed at constant intensity 4.3 kW.cm™. It
Is observed that at maximum intensity with 30 s processing time the microstructure contained a
mixture of fine and large grains. Microstructures are more refined after 60 s and 90 s of
ultrasonic processing time. After 60 s of UST time, dense and fine grains are observed.
2

Maximum grain refinement is observed in specimens processed for 90 s using 4.3 kW.cm’

intensity.
Grain size and hardness

Fig 4.6 shows the variation in grain size of AZ91 alloy with UST processing time when
different ultrasonic intensities were applied during continuous cooling. It is observed that as the
ultrasonic intensity and ultrasonic processing times are increased the grain size decreased
sharply in the beginning and moderately later. Fig. 4.7 shows the variation in Vickers hardness
(HV) with the UST processing time at different ultrasonic intensities for the continuous cooling
condition. As the ultrasonic processing time increased, the hardness of the AZ91 alloy
increased at a higher rate in the beginning and moderately at higher UST times for low
ultrasonic intensities. Interestingly for the high intensity of 4.3 kW.cm™hardness increased
monotonously with time. Maximum hardness that is found in specimen UST processed with 90
s processing time and constant intensity of 4.3 kW.cm™ is 160 pct higher than that of the AZ91
alloy. Thus, grain refinement resulted in increase in hardness according to the Hall- Petch

strengthening.
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Fig. 4.4 Optical micrographs of AZ91 alloy that was subjected to UST during continuous
cooling using constant ultrasonic intensity of 1.3 kW.cm™. UST processing time is (a) 30 s, (b)
60 s, and (c) 90 s.
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Fig. 4.5 Optical micrographs of AZ91 alloy that was subjected to UST during continuous
cooling using constant ultrasonic intensity of 2.7 kW.cm™ and UST processing time of (a) 30 s,
(b) 60 s, and (c) 90 s. Figures (d), (e) and (f) show the optical micrographs of AZ91 specimens
processed using ultrasonic intensity of 4.3 kW.cm for 30, 60, and 90 s, respectively.
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Fig. 4.7 Variation in Vickers hardness of AZ91 alloy with the UST processing time plotted for

different ultrasonic intensities applied during continuous cooling.
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Tensile test

Figs. 4.8-A,B,C shows the true stress-true strain curves obtained from the tensile tests
performed on unprocessed AZ91 alloy, and the AZ91 alloys UST treated at different intensity
and different UST processing times. From these three graphs, it is noticed that as UST intensity
increases, proof stress, UTS, and total pct elongation of AZ91 alloy increased. This is
summarized later in Table 2. Fig. 4.8A shows that at constant intensity (1.3 kW.cm™), proof
stress, UTS, and elongation of AZ91 alloys increased with the UST processing time. At 1.3
kW.cm intensity, the highest increment in proof stress, UTS and elongation is observed in 90s
UST processing specimen that is 18 pct, 22 pct and 34 pct increase, respectively compared with
unprocessed AZ91 alloy. Fig. 4.8-B shows that at constant UST intensity of 2.7 kW.cm™, proof
stress, UTS, and elongation of AZ91 alloys increased with the UST processing time. Again,
highest increment of 28 pct, 28 pct, and 42 pct was observed in the proof stress, UTS, and total
pct elongation, respectively in specimen UST processed for 90 s as compared with unprocessed
AZ91 alloy. Fig. 4.8-C shows that UST performed using 4.3 kW.cm™ intensity for 90 s was
most effective. It showed 59 pct, 93 pct, and 92 pct increment in proof stress, UTS, and

elongation to failure, respectively, as compared to the unprocessed AZ91 alloy.
4.3 Ultrasonic processing of AZ91 alloy during isothermal holding

A few experiments were performed with ultrasonic treatment done under isothermal
conditions at a temperature where 10 pct solid fraction is present in the mushy freezing range.
Fig. 4.9 shows the optical micrographs of AZ91 alloy that was subjected to UST during
isothermal holding at 598 °C. The UST is performed at a constant vibration intensity of 1.3
kW.cm™ and variable processing time of 30, 60, and 90 s was used. Increased grain refinement
occurred with UST processing time. Compared with unprocessed AZ91 alloy (225 um), 30 s
UST processed alloy shows grain refinement with grain size reduced to an average of 102 pm
(Fig. 4.9a). UST processing for 60 s resulted in further refinement with average grain size
reduced to 73 um, which is a 67 pct reduction as compared with base alloy (Fig. 4.9b). It has a
mixed structure of smaller dendrites and some equiaxed grains. UST processing for 90 s
resulted in a microstructure consisting of more globular grains and it caused further grain
refinement (Fig. 4.9c), with average grain size reduced to 50 pum that is a 77 pct reduction
compared with unprocessed AZ91 alloy.
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Fig. 4.8 The true stress-true strain tensile test curves for AZ91 alloy ultrasonically treated
during continuous cooling using different ultrasonic intensity of (A) 1.3 kW.cm?, (B) 2.7

kW.cm™, and (C) 4.3 kW.cm™, for various processing durations.
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Fig. 4.10 shows the optical micrographs of AZ91 alloy that was subjected to UST at
constant temperature of 598°C, and using a constant intensity of 2.7 kW.cm™ and 4.3 kW.cm™
for various durations. Fig 4.10-a shows that at intensity 2.7 kW.cm™ and after 30 s of UST
processing time, microstructure of AZ91 alloy became dendrite free accompanied with grain
refinement. Increase in the processing time from 30 s to 60 s grains resulted in more globular
grains. The reduction in the grain size is 66 pct and 77 pct, respectively when compared with
AZ91 alloy (Fig. 4.10 a-b).
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Fig. 4.9 Optical micrographs of AZ91 alloy that was subjected to UST during isothermal
holding at 598 °C using constant ultrasonic intensity of 1.3 kW.cm™. UST processing time is
(@) 30s, (b) 60 s, and (c) 90 s.
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Fig. 4.10 Optical micrographs of AZ91 alloy that was subjected to UST during isothermal
holding at 598°C using constant ultrasonic intensity of 2.7 kW.cm™. UST processing time is (a)
30 s, (b) 60 s, and (c) 90 s. Figures (d), (e) and (f) show the optical micrographs of AZ91
specimens processed using ultrasonic intensity of 4.3 kW.cm™ for 30, 60, and 90 s,

respectively.
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With further increase in the processing time to 90 s, grains become globular in shape
and having a mixture of small and large grains (Fig. 4.10-c). Grain size reduced to 42 um that
is about 81 pct reduction compared with the base alloy. Fig. 4.10 d-f are the optical
micrographs of AZ91 alloy UST processed using a constant intensity 4.3 kW.cm™. It is seen
that with a 30 s processing time, there is a mixture of fine and larger dendritic grains having
average grain size 61 um. Microstructures are more refined after 60 s and 90 s processing time.
After 60 s of processing time fine grains are observed, however, they are random in size and
smallest average grain size of 17 um is noticed. Better grain refinement is observed after 90 s
of processing time with 4.3 kW.cm™ intensity. Compared with the unprocessed AZ91 alloy, it

IS 91 pct reduction in grain size.
Grain size and hardness

Fig. 4.11 shows the variation in grain size of AZ91 alloy with UST processing time
when different ultrasonic intensities were applied during isothermal holding. It is observed that
as the ultrasonic intensity and ultrasonic processing times are increased the grain size decreased
sharply in the beginning and moderately later. At 4.3 kW.cm™, most refined microstructure is
observed after 60 s of processing time. The average grain size is 17 um that is about 92 pct
smaller than the unprocessed AZ91 alloy. Fig. 4.12 shows the variation in Vickers hardness
with the UST processing time, under isothermal holding condition at different ultrasonic
intensities. It is observed that as ultrasonic intensity and ultrasonic processing time increased
hardness of the UST processed AZ91 alloy increased. Maximum hardness is exhibited by the
alloy that was treated for 60 s processing time using a constant intensity of 4.3 kW.cm™.
Hardness is 163 pct higher than that of the unprocessed AZ91 alloy. Thus, grain refinement

resulted in increase in hardness according to the Hall- Petch strengthening.
Tensile properties

Fig. 4.13A-C shows the true stress-true strain curves from the tensile tests of
unprocessed AZ91 alloy, UST treated at different intensity and different UST processing times
under isothermal holding condition. From these three graphs, it is noticed that as the UST
intensity increases, the proof stress, UTS, and elongation to failure of AZ91 alloy increased as
compared with base alloy. The properties are summarized later in Table 2. Fig. 4.13-A shows
that at constant low UST intensity of 1.3 kW.cm™, the proof stress, UTS, and elongation to
failure of AZ91 alloys increased with the UST processing time. It is observed that after 90 s of
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Fig. 4.12 Variation in Vickers hardness of AZ91 alloy with the UST processing time plotted for
different ultrasonic intensities applied during isothermal holding at 598 °C.
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and (C) 4.3 kW.cm™, for various processing durations.
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UST processing at 1.3 kW.cm™ highest increments of 32 pct, 36 pct and 31 pct in proof stress,
UTS and elongation to failure, respectively, are obtained when compared with the unprocessed
AZ91 alloy.

Fig. 4.13-B shows that at constant UST intensity of 2.7 kW.cm™, the proof stress, UTS,
and elongation to failure of AZ91 alloy increased with processing time. UST processing at 2.7
kW.cm™ for 90 s, increased the proof stress, UTS, and elongation to failure by 37 pct, 58 pct
and 38 pct, respectively, when compared with the unprocessed AZ91 alloy. Fig. 4.13-C shows
the tensile properties for constant UST intensity of 4.3 kW.cm™? with a variation in the
processing time. A highest increment is observed after 60 s of UST processing, which is 68 pct,
112 pct and 84 pct increase in proof stress, UTS, and elongation, respectively, as compared to
that of the unprocessed AZ91 alloy.
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Table 4.2. Summary of the grain size and mechanical properties of AZ91 alloy UST processed

using different process parameters..

Processing Grain | Hardness | Proof UTS
Materials - UST intensity | Processing | size | (HV) stress
condition ] (MPa)
time (um) (MPa)
0 230 |53 95 120
L, |30 110 |61 109 142
HKemt e 79 |68 114|153
90 66 |70 118 160
Continuous
cooling 2.7 kW.cm™ %0 Sl He |
condition 60 62 |70 120 164
90 56 75 128 169
, |30 81 |67 113 146
43 k.em 60 31 |72 148 [233
Az01 90 25 |85 159 256
13 KW.em? 30 102 | 62 106 138
60 73 |69 116 159
90 50 |79 130 171
Isothermal L, |30 75 67 118 169
condition | KW-em 60 51 |78 124|193
90 42 81 135 198
13 wam? | 61 |72 121 | 188
60 17 88 165 265
90 20 | 86 163 260
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Unprocessed AZ31 alloy

Fig. 4.14 shows the optical micrograph of AZ31 alloy cast by cooling the crucible in a
water bath, without ultrasonic treatment. Coarse dendritic structure with dendrite branch

lengths as long as 235 pum can be seen along with an inter-dendritic second phase.

Fig. 4.14 Optical micrograph of the unprocessed cast AZ31 alloy.

In order to determine the distribution of phases, X-ray elemental mapping is performed.
Fig. 4.15 shows the SEM micrograph and X-ray elemental mapping of cast AZ31 alloy. It
exhibits less significant dendritic growth (Fig. 4.15a) as compared to the AZ91 alloy. Fig.
4.15b shows that aluminium is present mainly along the grain boundary as secondary Mgi7Al:2

intermetallic phase and small amount of Zn present throughout the matrix of alloy.
4.4 Ultrasonic processing of AZ31 alloy during continuous cooling

Microstructural evolution

Figs. 4.16 a-c shows the optical micrographs of AZ31 alloy that was subjected to UST
during continuous cooling. The UST is performed at a constant vibration intensity of 1.4
kW.cm™ and varied processing time of 30, 60, and 90 s was used. Increased grain refinement

occurred with UST processing time. Compared with unprocessed AZ31 alloy, 30s UST
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processed alloy shows grain refinement with grain size reduced to an average of 151 um (Fig.
4.16-a). It still exhibits dendritic growth but the dendrites are smaller. UST processing for 60 s
resulted in further refinement with average grain size reduced to 108 um (Fig. 4.16-b), which is
a 54 pct reduction as compared with base alloy. It has a mixed structure of smaller dendrites
and some equiaxed grains. UST processing for 90 s is resulted in a globular microstructure and
caused further grain refinement, with average grain size reduced to 84 um which represents 64

pct reduction as compared to the base alloy (Fig. 4.16-c).

8 \1o Al Zn

Fig. 4.15 (a) SEM micrograph and (b) X-ray elemental mapping of unprocessed AZ31 alloy.

Fig. 4.17 shows the optical micrographs of AZ31 alloy that was subjected to UST at a
constant intensity of 2.7 kW.cm™ and 4.3 kW.cm™ during continuous cooling for various
durations. Fig 4.17a shows that for 2.7 kW.cm™ intensity and 30 s of UST processing time,
AZ31 alloy became almost dendrite free with grain size reduction of 55 pct. With increase in
the processing time to 60 s grains became predominantly globular with a 57 pct reduction in the
grain size compared with AZ31 base alloy (Fig. 4.17 b-d). Further, after 90 s of UST
processing time grains are partly globular and partly dendritic in shape (Fig. 4.17 c). Average

grain size is reduced to 81 pm that is 65 pct reduction compared with the base alloy.

Fig. 4.17d-f are the optical micrographs of AZ31 alloy ultrasonically processed using
ultrasonic vibration intensity of 4.3 kW.cm™. It is observed that at maximum intensity with 30 s

processing time the microstructure contained a mixture of fine and large grains.
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Microstructures are more refined after 60 s and 90 s of ultrasonic processing time. After 60 s of
UST time, dense and fine grains are observed. Maximum grain refinement is observed in

specimens processed for 90 s using 4.3 kW.cm™.
Grain size and hardness

Fig. 4.18 shows the variation in grain size of AZ31 alloy with UST processing time
when different ultrasonic intensities were applied during continuous cooling. It is observed that
as the ultrasonic intensity and ultrasonic processing times are increased the grain size decreased
sharply in the beginning and moderately later. Fig. 4.19 shows the variation in Vickers
hardness (HV) with the UST processing time at different ultrasonic intensities for the
continuous cooling condition. For high ultrasonic intensities as the ultrasonic processing time
increased, the hardness of the AZ31 alloy increased at a higher rate in the beginning and
moderately at higher UST times. For the low intensities, the hardness increased monotonously
with time. Maximum hardness that is found in specimen UST processed with 90 s processing
time and constant intensity of 4.3 kW.cm™ is 153 pct higher than that of the AZ31 alloy.

Tensile properties

Figs. 4.20-A,B,C shows the true stress-true strain curves from the tensile tests
performed on unprocessed AZ31 alloy, and alloys UST treated at different intensity and
different UST processing times. From these three graphs, it is noticed that as thee UST
intensity increases, proof stress, UTS, and total pct elongation to failure of AZ31 alloy
increased. It is summarized later in Table 3. Fig. 4.20A shows that at constant intensity (1.3
kW.cm™), proof stress, UTS, and elongation of AZ31 alloys increased with the UST processing
time. At 1.3 kW.cm intensity, the highest increment in proof stress, UTS, and elongation is
observed in 90 s UST processed specimen that is 17 pct, 36 pct and 13 pct increase,
respectively compared with unprocessed AZ31 alloy. Fig. 4.20-B shows that at constant UST
intensity of 2.7 kW.cm™, proof stress, UTS, and elongation of AZ31 alloys increased with the
UST processing time. Again, highest increment of 20 pct, 38 pct, and 25 pct was observed in
the proof stress, UTS, and total pct elongation, respectively in specimen UST processed for 90
s as compared with unprocessed AZ31 alloy. Fig. 4.20-C shows that UST performed using 4.3
kW.cmintensity for 90 s was most effective. It showed 25 pct, 56 pct, and 46 pct increment in
proof stress, UTS, and elongation to failure, respectively, as compared to the unprocessed
AZ31 alloy.
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Fig. 4.16 Optical micrographs of AZ31 alloy that was subjected to UST during continuous
cooling using constant ultrasonic intensity of 1.3 kW.cm™. UST processing time is (a) 30 s, (b)
60 s, and (c) 90 s.
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Fig. 4.17 Optical micrographs of AZ31 alloy that was subjected to UST during continuous
cooling using constant ultrasonic intensity of 2.7 kW.cm™ and UST processing time of (a) 30 s,
(b) 60 s, and (c) 90 s. Figures (d), (e) and (f) show the optical micrographs of AZ31 specimens

processed using ultrasonic intensity of 4.3 kW.cm™ for 30, 60, and 90 s, respectively.
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Fig. 4.18 Variation in grain size of AZ31 alloy with UST processing time plotted for different

ultrasonic intensities applied during continuous cooling.
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different ultrasonic intensities applied during continuous cooling.
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Fig. 4.20 The true stress-true strain tensile test curves for AZ31 alloy ultrasonically treated

during continuous cooling using different ultrasonic intensity of (A) 1.3 kW.cm?, (B) 2.7

kW.cm™, and (C) 4.3 kW.cm™, for various processing durations.
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4.5 Ultrasonic processing of AZ31 alloy during isothermal holding

A few experiments were performed with ultrasonic treatment done under isothermal
conditions at a temperature where 10 pct solid fraction is present in the mushy freezing range.
Fig. 4.9 shows the optical micrographs of AZ91 alloy that was subjected to UST during
isothermal holding at 627°C. The UST is performed at a constant vibration intensity of 1.3
kW.cm™ and variable processing time of 30, 60, and 90 s was used. Increased grain refinement
occurred with UST processing time. Compared with unprocessed AZ31 alloy (average grain
size = 240 um), 30 s UST processed alloy shows grain refinement with grain size reduced to an
average of 210 um (Fig. 4.21a). UST processing for 60 s resulted in further refinement with
average grain size reduced to 125 um, which is a 48 pct reduction as compared with base alloy
(Fig. 4.21b). It has a mixed structure of smaller dendrites and some equiaxed grains. UST
processing for 90 s resulted in a microstructure consisting of more globular grains and caused
further grain refinement (Fig. 4.21c), with average grain size reduced to 82 um that is a 65 pct

reduction compared with unprocessed AZ31 alloy.

Fig. 4.22 shows the optical micrographs of AZ31 alloy that was subjected to UST at
constant temperature of 627 °C, and using a constant intensity of 2.7 kW.cm™ and 4.3 kW.cm™
for various durations. Fig 4.22-a shows that at intensity 2.7 kW.cm™ and after 30 s of UST
processing time, AZ31 alloy become dendrite free concomitant with grain refinement. Increase
in the processing time from 30 s to 60 s grains resulted in more globular grains. The reduction
in the grain size is 69 pct and 71 pct, respectively when compared with AZ31 alloy (Fig. 4.22a-
b). With further increase in the processing time to 90 s grains become globular in size and
having a mixture of small and large grains (Fig. 4.22-c). Grain size reduced to 65 um, i.e. about
73 pct reduction is observed compared with base alloy. Figs. 4.22 d-f are the optical
micrographs of AZ31 alloy UST processed using a constant intensity 4.3 kW.cm™. It is seen
that with a 30 s processing time, there is a mixture of fine and larger dendritic grains having
average grain size of 68 um. Microstructures are more refined after 60 s and 90 s processing
time. After 60 s of processing time fine grains are observed, however, they are random in size
and smaller average grain size of 32 um is noticed. Best gain refinement is observed in 90 s
processing time with constant 4.3 kW.cm™ intensity, compared with unprocessed AZ91 alloy.

It shows 88 pct reduction in grain size.
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Fig. 4.21 Optical micrographs of AZ31 alloy that was subjected to UST during isothermal
holding at 627°C using constant ultrasonic intensity of 1.3 kW.cm™. UST processing time is (a)
30, (b) 60 s, and (c) 90 s.
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Fig. 4.22 Optical micrographs of AZ31 alloy that was subjected to UST during isothermal
holding at 627°C using constant ultrasonic intensity of 2.7 kW.cm™. UST processing time is (a)
30 s, (b) 60 s, and (c) 90 s. Figures (d), (e) and (f) show the optical micrographs of AZ31
specimens processed using ultrasonic intensity of 4.3 kW.cm™ for 30, 60, and 90 s,

respectively.
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Grain size and hardness

Fig. 4.23 shows the variation in grain size of AZ31 alloy with UST processing time
when different ultrasonic intensities were applied during isothermal holding. For lower
ultrasonic intensity of 1.3 kW.cm™ the grain size reduced monotonously with UST processing
time. However, for higher UST intensities of 2.7 kW.cm™ and 4.3 kW.cm?, it is observed that
as the ultrasonic processing time is increased the grain size decreased sharply in the beginning
and moderately later. Most refined microstructure is observed after 90 s of processing time, i.e.
the smallest grain size is 28 um that is found to be 88 pct smaller than that of the unprocessed
alloy. Fig. 4.24 shows the variation in Vickers hardness with the UST processing time, under
isothermal holding condition at different ultrasonic intensities. As the ultrasonic intensity and
ultrasonic processing time increased, the hardness of the UST processed AZ31 alloy increased.
Maximum hardness is found in the alloy treated for 90 s processing time and constant intensity
of 4.3 kW.cm™. Hardness is 171 pct higher than that of the unprocessed AZ31 alloy.
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Fig. 4.23 Variation in grain size of AZ31 alloy with processing time plotted for different

ultrasonic intensities applied during isothermal UST treatment.
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Tensile properties

Figs. 4.25A-C show the true stress-true strain curves from the tensile tests of
unprocessed AZ31 alloy, alloy UST treated using different intensity and different UST
processing times under isothermal holding condition. From these three graphs, it is noticed that
as the UST intensity increased, the proof stress, UTS, and total elongation to failure of AZ31
alloy increased as compared with the base alloy. These properties are summarized later in
Table 4.3. Fig. 4.25-A shows that at constant low UST intensity of 1.3 kW.cm™, the proof
stress, UTS, and elongation to failure of AZ31 alloys increased with the UST processing time.
It is observed that after 90 s of UST processing at 1.3 kW.cm™ highest increments of 46 pct, 44
pct and 36 pct in proof stress, UTS and elongation to failure, respectively, are obtained when

compared with the unprocessed AZ31 alloy.
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Fig. 4.24 Variation in Vickers hardness of AZ31 alloy with the UST processing time plotted for

different ultrasonic intensities applied during isothermal holding at 627 °C.
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Fig. 4.25 The true stress-true strain tensile test curves for AZ31 alloy ultrasonically treated
during isothermal holding using different ultrasonic intensity of (A) 1.3 kW.cm?, (B) 2.7

kW.cm™, and (C) 4.3 kW.cm™, for various processing durations.

88



Table 4.3. Summary of the grain size and mechanical properties of AZ31 alloy UST processed
using different process parameters.
Fig. 4.25-B shows that at constant UST intensity of 2.7 kW.cm™, the proof stress, UTS,

Materials Ecz(r)\((:iﬁsc:gg UST intensity I:i':ggessmg sﬁ;zm l(_ll—?\r/d)ness Etrrgg: tJl\;ll-Iga)
(Lm) (MPa)
0 235 |45 88 | 118
30 151 |48 04 |122
L3kw.em® -, 108 |53 99 | 131
90 84 |58 103 | 161
Continuous 30 105 |51 1005 | 137
cooled 127 kW.em™ g5 102 |52 101|139
90 8L |60 1055 | 163
30 82 |6l 105 | 162
43kW.em™ e 68 | 66 107|170
90 45 |69 110 | 185
AZ31
30 210 |45 8 | 116
L3kw.em® -, 125 |52 97 | 135
90 82 |61 105 | 162
sothermal |-, 30 71 |64 106 | 169
condition | &/ *W- 60 70 |65 1063 | 169.5
90 65 |68 107.8 | 172
30 68 |67 107 | 170
43kW.em™ 32 |70 112|201
90 28 |72 114 | 208
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and elongation to failure of AZ31 alloy increased with processing time. UST processing at 2.7
kW.cm™for 90 s increased the proof stress, UTS, and elongation to failure by 49.7 pct, 53 pct
and 52 pct, respectively when compared with the unprocessed AZ31 alloy. Fig. 4.25-C shows
the variation in tensile properties with the processing time for constant UST intensity of 4.3
KW.cm™. Maximum improvement is observed after 60 s of UST processing, which corresponds
to a 58 pct, 85 pct and 67 pct increase in proof stress, UTS, and elongation, respectively, as
compared to that of the unprocessed AZ31 alloy.
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4.6 Discussion

4.6.1 Microstructural evolution

Optical micrographs of AZ91 and AZ31 cast magnesium alloys shown in Fig. 4.3 and
Fig. 4.13, respectively support the common observation regarding AZ series magnesium alloys
that the cast structures are fully coarse dendritic in nature with a large variation in grain size.
This results in non-uniform microstructures and hence inferior mechanical properties (Table 4.2
and 4.3). Ultrasonic processing of AZ91 and AZ31 alloys under continuous cooling and
isothermal holding conditions leads to considerable grain refinement the magnitude of which is
a function of a combination of applied ultrasonic intensity, processing time, and the solute (Al)
content. It is seen that pronounced dendritic solidification is observed in AZ91 alloy as
compared to AZ31 alloys. This is readily apparent from the Mg-Al binary phase diagram that
indicates wider freezing range for 9 wt pct Al alloy. According to the classical nucleation
theory the grain size of a casting can be refined in two ways- by increased constitutional
undercooling during solidification at the advancing solid/liquid interface, and by increasing the
number of potent nuclei in the melt [Du, et al. (2009)]. To understand the former effect, it is
instructive to consider the microstructures of unprocessed alloys. For the unprocessed alloys,
with an increase in solute (Al) content, the grain size decreased progressively from AZ31 to
AZ91 alloys. Thus, the effect of solute concentration in the melt on resulting grain refinement
is significant. The segregation of the solutes such as Al and Zn in these alloys is expected to
result in strong constitutional undercooling in the diffusion layer in front of the advancing
solid/liquid interface. In particular, Al is known to have stronger segregating power leading to
grain refinement in magnesium alloys [Dahle, et al. (2001)]. In high Al containing AZ91 alloy,
enhanced nucleation results ahead of the solidification front as the constitutional undercooling

enables more and more nuclei to form and survive.

Application of ultrasonic vibrations to solidifying melts results in the refinement of
microstructure that is widely reported for other alloys [Nastac, (2004), Fairbanks, (1967),
Swallowe, et al. (1989), Eskin, (1997)]. A number of grain refinement mechanisms are
proposed which are discussed below in the context of present work. When alloy melts are
ultrasonically treated after the onset of solidification, ultrasound induced cavitation and
accompanying streaming phenomena cause dendrite fragmentation and their dispersion into the

melt [Han, et al. (2005)]. Since the UST is performed below the liquidus temperature (about 10
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pct solid fraction present at the time of UST processing) in the present work, dendrite
fragmentation effect is expected to be a contributing factor in the grain refinement.

The convection and shock waves created in the solidifying melt during the application
of ultrasonic vibrations can promote dendrite fragmentation, which is caused by melting at the
dendrite root, where the solutes are segregated. The melting at a dendrite root may be the
results of a local temperature increase. The diffusion of solutes away from the dendrite roots
would lead to a reduction of the solute concentration and an increase in the local temperature.
The effect would also lead to melting at the dendrite roots. 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 lead to fluctuations in the melting
temperature which results in the melting of the dendrite roots. 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 of crystals to produce
new nuclei [Jian, et al. (2005), Abramov, (1986), Thomas, et al. (2006), Tao, et al. (2006),
Swallowe, et al. (1989), Ramirez, (2008), Jun-wen, et al. (2007), Nastac, (2004)].

However, according to cavitation enhanced heterogeneous nucleation theory [Eskin,
(1997), Xu, et al. (2004), Easton, et al. (2001)], the grain refinement from ultrasonic processing
could be explained by three different mechanisms. First one is based on the pressure pulse-
melting point (T,) mechanism, where the pressure pulse arising from the collapse of bubbles
increases Ty, according to the Clausius-Clapyron equation. An increase in Tp, is equivalent to

increasing the undercooling, so that enhanced nucleation events are expected (equation 2.4).

dTm — Tm (VL _VS)
dp AH

(2.4)

Where, T is freezing point in K, P is pressure in 10° Pa, V. and Vs are the specific
volume of liquid and solid phase in cm®.g™ respectively. AH is the latent heat of freezing in J.g"
! An increase in Ty is equivalent to increasing the undercooling and hence increasing the

nucleation rate.

Second mechanism is based on cavitation enhanced wetting which assumes that any
molten alloy always contains vast amount of insoluble particles such as oxides, ultrafine
particles of some intermetallics, which are not normally wettable by the alloy melt. During the

collapse of the cavitation bubbles high pressure pulses are generated. Under the action of high
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pressure pulses, the wettability of these impurity particles is improved by filling of the
microcracks and defects at their surfaces with the melt. Therefore, most of the insoluble
impurity particles throughout the melt become active and get involved in the solidification
process as nuclei, which leads to the heterogeneous nucleation easily upon a slight
undercooling. Another mechanism proposes that during the expansion of cavitation bubbles,
there is endothermic vaporization of the surrounding melt into the bubbles. This decreases the
temperature on the surface of the bubbles and local supercooling occurs. Therefore, the nuclei
form around the bubbles during solidification, which increases the nucleation rate and refines
the grain size [Eskin, (1997), Eskin, et al. (2003), Suslick, et al. (1999), Su, et al. (2012)]. One
or more of these three mechanisms may be responsible for increased density of active nuclei
with higher UST duration, which resulted in finer microstructures observed in the present work.

Figs. 4.4, 4.5, 4.15, 4.16 show the optical micrographs of the specimens obtained after
UST done in continuous cooling condition for the AZ91 and AZ31 alloys. In continuous cooled
condition, with the progress of UST processing, tempereture decreases with time. Thus the
solid fraction present in the melts goes on increasing with the time. Therefore, it causes more
dendrite fragmentation in the melt, however there is gradual reduction in the acoustic streaming
phenomena in the slurry. Dendrite fragmentation from the UST produces more nucleation sites
for grains to form in continuous cooled condition. As the UST processing time and intensity
increased, the dendritic fragmentation phenomena worked more efficiently for causing grain

refinement in solidifying alloy melts in continuous cooled condition.

Figs. 4.9, 4.10, 4.21, and 4.22 show the optical micrographs of the specimens obtained
after UST done under isothermal holding condition for the AZ91 and AZ31l alloys,
respectively. Isothermal processing for an alloy is carried out little below its liquidus
temperature, where at the time of isothermal ultrasonic processing, a calculated amount of solid
fraction is present in the melt. In this processing approach, both the dendrite fragmentation and
acoustic streaming effectively take part in the grain refinement of alloys. Solid fraction
available at the time of UST processing is broken in to numerous nuclei and acoustic streaming
carries these nuclei in to the bulk of the melt. This resulted in maximum refinement at highest

vibration amplitude and longest processing time in the present experiments.

Comparing the microstructural evolution in magnesium alloy specimens UST processed
under continuous cooling condition and isothermal holding conditions, the former exhibits less

grain refinement and less improvement in mechanical proparties. This is becasuse the dendrite
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fragmentation caused in the continuous cooled conditionis is totally dependent on the remelting
of the secondary dendrite arms. Since latent heat is needed to remelt the secondary dendrite
arms at their roots, remelting of a solid is usually a slower process. Further, because the
pressure and temperature fluctuations occur at a high frequency of 20 kHz in the present work,
they may be too fast for dendrite fragmentation [Jian et al. (2005)]. On the other hand, in near
isothermal UST processing, the acoustic streaming caused heterogeneous nucleation is
observed to be the leading mechanism for the formation of a globular microstructure in the
magnesium alloys. Therefore, much enhanced grain refinement and improved mechanical

properties are observed after isothermal UST processing of the melts.
4.6.2 Mechanical properties

Vickers hardness values (VHN) are influenced by processing conditions and they
increased with increase in solute concentration, ultrasonic intensity, and processing time. The
increase in hardness is attributed to the grain refinement produced after application of UST.
Grain refinement results in increase the grain boundary area in the alloy and it acts as barrier to
the dislocation motion produced under the applied stress. In the case of ultrasonically treated
AZ alloys, improved distribution of secondary phase, because of UST applied to the alloys can
further impede the dislocation motion. The increase in the hardness is related to the Hall-Petch
relationship and uniform distribution of hard intermetallic phases as explained earlier.

From Tables 4.2 and 4.3, it is obvious that the unprocessed AZ91 alloy has better
mechanical properties than unprocessed AZ31 alloy. This follows from its higher solute content
(Al content). In unprocessed AZ91 alloy grains are fine as compared with unprocessed AZ31
alloy. It can be seen that 0.2 % proof stress, UTS, and total elongation to fracture values are
lowest for all the unprocessed alloys and as UST intensity and time increases tensile properties
of the alloys increases. This can be explained by the Hall-Petch equation (equation 2.1.)

0o =0j t+ kd_ll2 (2.1)

Where, gy is the yield strength, k is constant, o; is the friction stress and d is the mean
grain size diameter. Thus, the yield stress of metallic materials varies inversely with their grain
size. In the case of ultrasonically treated alloys, the grain refinement is dependent on the
process variables such as UST intensity, processing time, processing conditions and solute
content. Significant change in the microstructure with respect to the distribution of Mg;7Al;
intermetallic phase, which is brittle in nature, has significant effect on the mechanical

Ig+



properties magnesium alloys. UST produces discontinuity, an increase in the sphericity, and a
decrease in the size of the Mgi7Al; intermetallic phase, which helps to improve the
spheroidization of Mg;7Als2 intermetallic phase [Aghayani, (2010)]. This reduces the stress
raiser points in these alloys. The collective effects of globular/equiaxed grain morphology,
grain size reduction, and spheroidization of Mgi7Al;, intermetallic phase has significantly
improved the tensile properties, especially total elongation to failure of the investigated
magnesium alloys. It holds true for alloy specimens obtained under both the continuous cooled

condition and isothermal processing conditions.

4.7 Summary

1. UST processing time has significant effect on the microstructure refinement of AZ91
and AZ31 alloys. Increased grain refinement occurred with increased UST processing
time. The Mgi7Al;, phase is found to be well distributed along the grain boundaries
after the ultrasonic treatment of the both AZ91 and AZ31 alloys.

2. Isothermal holding and continuous cooling conditions at the time of ultrasonic
treatment of AZ91 and AZ31 alloys, produced microstructures with nearly non-
dendritic equiaxed and globular grains and the grain refinement is attributed to the
dendrite fragmentation phenomena.

3. After maximum processing time i.e. 90 s of UST processing, as ultrasonic intensity is
increased to 4.3 kW.cm, the average grain size decreased to 17 pm in isothermal
ultrasonically processed AZ91 alloy and the average grain size decreased to 28 pum in
isothermal ultrasonically processed AZ31 alloy.

4. During UST of AZ91 and AZ31 alloys, when intensity is increased to 4.3 kW.cm?,
the average grain size decreased to 20 um in isothermal ultrasonically processed
AZ91 alloy and it decreased to 45 pm in continuously cooled UST processed AZ31
alloy. Thus, isothermal UST resulted in greater degree of grain refinement.

5. Interestingly for the high intensity of 4.3 kW.cm™ hardness increased monotonously
with processing time, although the decrease in grain size was abrupt in the beginning.
Highest hardness found in the AZ91 specimen UST processed with 90 s processing
time and constant intensity of 4.3 kW.cm in continuous cooling conditions is 160
pct higher than that of the AZ91 base alloy.

6. The Vickers hardness of the ultrasonically processed AZ91 and AZ31 alloys

increased with increase in ultrasonic intensity applied and applied duration of
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processing during the solidification. The increase is attributed to the ultrasound
induced dendrite fragmentation leading to grain refinement.

For the AZ31 alloy, maximum Vickers hardness is observed when high intensity of
4.3 kW.cm™ and higher processing duration that is 90 s is used during isothermal
UST processing. It is 177 pct higher than that of the unprocessed AZ31 alloy. For the
similar UST parameters used in continuous cooling condition, 153 pct higher Vickers
hardness is observed as compared to the AZ31 base alloy.

. Vickers hardness values (VHN) increased with increase in solute concentration,
ultrasonic intensity, processing time, and is influenced by processing conditions. The
increase in hardness is attributed to the Hall-Petch strengthening from grain
refinement produced after application of UST.

It can be seen that 0.2 % proof stress, UTS, and total elongation to fracture values are
lowest for all the unprocessed alloys and as UST intensity and UST time increased
tensile properties of the alloys increased. Improvement in tensile properties with
respect to enhanced proof strength, tensile strength, and total elongation to failure can
be correlated to the morphology of primary a-phase, its grain size, and the

morphology of secondary intermetallic phase.
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Chapter 5

RESULTS AND DISCUSSION: CARBON INOCULATION
WITH ULTRASONIC PROCESSING OF AZ SERIES ALLOYS

In the present work, it is endeavored to systematically study the individual and
combined effects of chemical (inoculation) and physical (ultrasonic vibrations) techniques on
the microstructural development and mechanical properties in three magnesium alloys.
Commercial AZ series magnesium alloys containing three, six, and nine weight pct of
aluminum (AZ31, AZ61 and AZ91) are investigated for their response to carbon black nano-
particle inoculation and high intensity ultrasonic processing. Potency of inoculants is assessed
under varying experimental conditions of untreated, carbon black treated and combined carbon
black inoculation treatment followed by ultrasonic treatment conditions. Resulting grain
refinement is studied and explained based on existing theories of nucleation and ultrasound
induced phenomena in molten metals. It is observed that ultrasonic treatment helps to
accelerate the wetting, de-agglomeration, and dispersion of inoculant particles, thereby
resulting in refined microstructures. The hardness and tensile properties are evaluated and
correlated with microstructural evolution during each of the processing approaches. Effect of

Al solute content on mechanical properties of AZ series magnesium alloys is also studied.

5.1 Carbon inoculation results

Fig. 5.1a shows a bright field TEM micrograph of the carbon black nanopowder used
for inoculation. It shows elemental carbon arranged as aciniform (grape-like) particle cluster.
The average size of the particles in the cluster matches well with the manufacturer specified
average particle size of 42 nm. That the particles are amorphous is evident from the selected
area diffraction pattern (Fig. 5.1b) which shows a diffuse ring pattern.
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Fig. 5.1 (a) TEM bright field micrograph, and (b) corresponding selected area diffraction
pattern of carbon black powder used in the present work.
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5.2 Microstructural evolution

Fig. 5.2 shows the microstructures of AZ series alloys with varying Al contents cast at
700 °C under various processing conditions. Pronounced dendritic solidification is observed in
AZ91 alloy as compared to AZ61 and AZ31 alloys. This is readily apparent from the Mg-Al
binary phase diagram that shows a wider freezing range for 9 wt pct Al alloy. It is further
observed that in all the alloys studied in this work, the grain size reduced progressively from
unprocessed alloys to carbon inoculated alloys and further to combined carbon inoculated and
ultrasonicated alloys (Table 5.1).

The grain size of a casting can be refined in two ways- by increased constitutional
undercooling at the advancing solid/liquid interface during solidification, and by increasing the
number of potent nuclei in the melt [Du, et al. (2009)]. To understand the former effect, it is
instructive to consider the microstructures of unprocessed alloys (Fig. 5.2a-c). For the
unprocessed alloys, with an increase in the solute (Al) content, the grain size decreased
progressively from AZ31 to AZ91 alloys. Thus, the effect of solute concentration in the melt on
resulting grain refinement is obvious. The segregation of solutes such as Al and Zn in these
alloys is expected to result in strong constitutional undercooling in the diffusion layer in front
of the advancing S/L interface. In particular, Al is known to have stronger segregating power
leading to grain refinement in magnesium alloys [Dahle et al. (2001)]. In high Al containing
AZ91 alloy, enhanced nucleation results ahead of the solidification front as the constitutional
undercooling enables more and more nuclei to form and survive.

In order to understand the latter effect, i.e. the effect of having large number of potent
nuclei in the melt, the reader is referred to Figs. 5.2d-f. Inoculation is routinely practiced in
important engineering alloys in order to refine their grain size. Inoculants provide additional
nuclei that are generally required to increase the frequency of heterogeneous nucleation. As
seen in Figs. 5.2d-f, there is a significant decrease in the grain size with the addition of carbon
black to the melt. Upon inoculation, the grain size reduced consistently by almost 50 pct in all
the alloys studied in this work (Table 5.1). Regarding carbon inoculation in Mg-Al alloys, a
number of hypotheses are proposed to explain the mechanism [Lee, et al. (2000),
Nimityongskula, et al. (2010)]. So far, Al,C; that forms during the carbon treatment is widely
accepted as the nucleating phase. It is reported that the compound Al,C; forms upon the

treatment of Mg-Al melts using hexachloroethane, according to the reaction (5.1).

4AI+3C=Al,C, (5.1)
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Fig. 5.2 Optical micrographs of magnesium alloys under various processing conditions-
unprocessed (a) AZ91, (b) AZ61, (c) AZ31, carbon inoculated (d) AZ91 (e) AZ61 (f) AZ31,
and combined carbon inoculated + ultrasonic treated (g) AZ91 (h) AZ61 (i) AZ31 alloys.

Table 5.1 Average grain size (in pum) of different Mg alloys under various processing

conditions.
Alloy Unprocessed C inoculated C inoculated +
Ultrasonicated
AZ31 200 90 35
AZ61 125 65 32
AZ91 101 50 30

However, some researchers reported that Al,Cs is not found in the magnesium alloys
[Lee, et al. (2000), Motegi, (2005), Qian, et al. (2005)]. One of the reasons advocated is that
Al4C3 is extremely reactive with water and oxygen in the Al,OC is introduced during polishing

by combining with H,O as per the following chemical reaction [Motegi, (2005)].

Al,Ca+ 12H,0 = 3CH,+ 4AI(OH)s (5.2)

In the present work, too, Al,OC and not the Al4,C3; phase is observed in the XRD
analysis shown in Fig. 5.3. This observation matches with many of the earlier observations
stated above. There is considerable controversy in the literature about whether Al,C3 or Al,OC
is the inoculating phase [Lee, et al. (2000), Nimityongskula, et al. (2010), Motegi, (2005),
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Qian, et al. (2005)] and it is not the aim of this work to verify it. An interesting comparison of
the average grain size of AZ series alloys after carbon inoculation as reported in different
studies is presented in Table 5.2 along with the results from present work. Although the casting
conditions may vary among different studies, it is apparent that relatively smaller average grain
size is obtained in the AZ series alloys studied in the present work. This can be explained from
the fact that carbon black, which is a form of fine and amorphous carbon, has high surface area
to volume ratio (Fig. 5.1). This is expected to increase the kinetics of its chemical reaction with
Al. Thus, when added to molten Mg-Al alloys the inoculating phase particles form readily and

in large number, thereby resulting in the extensive grain refinement observed in this work.

a-AZ91 Unprocessed b -AZ 91 C inoculated c-AZ91 UST+C inoculated
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Fig. 5.3 XRD patterns for AZ31, AZ61, and AZ91 alloys processed under various conditions of

inoculation and ultrasonication of the melts.
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Application of ultrasonic vibrations to solidifying melts also results in the refinement of
microstructure [Nastac, (2004), Fairbanks, (1967), Swallowe, et al. (1989), Eskin, (1997)]. A
number of grain refinement mechanisms are proposed which are discussed below in the context
of present work. When the alloy melts are ultrasonically treated after the onset of solidification,
ultrasound induced cavitation and accompanying streaming phenomena cause dendrite
fragmentation and their dispersion into the melt [Han et al. (2005)]. Since the UST is
performed above the liquidus temperature in the present work, dendrite fragmentation effect is

not expected to be a contributing factor in the grain refinement.

Table 5.2 Comparison of average grain size after carbon inoculation of Mg-Al alloys from

different studies.

Work and reference Mg-Al Average grain size after
alloy carbon inoculation, pm
studied

Motegi, (2005) AZ91E 75

Yano et al.(2001) AZ91 70

Renger et al. (2003) AZ91 190

Guang, et al. (2009) AZ31 150

Ramirez, et al. (2008) AZ31 250
AZ61 350
AZ91 500

Present work AZ31 90
AZ61 65
AZ91 50

According to the cavitation enhanced heterogeneous nucleation theory [Eskin, (1997),
Xu, et al. (2004), Easton, et al. (2001)], there could be three different mechanisms responsible
for grain refinement. First one is based on the pressure pulse melting point (T,) mechanism,
where the pressure pulse arising from the collapse of bubbles increases T, according to the
Clausius-Clapeyron equation 2.4 [Swallowe et al. (1989)]. An increase in Ty is equivalent to

increased undercooling so that increased frequency of nucleation events is expected.
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dP AH (2.4)

Where, T, is the freezing point, P is the pressure, V and Vs are the specific volume of
liquid and solid phases, respectively, and AH is the latent heat of freezing. Although this
explanation is advanced in some alloy solidification studies [Xu, et al. (2004),], it is not likely
to be responsible for the observed grain refinement in this study since the metals studied in this
work are alloys having wider freezing range. Thus, they do not exhibit a unique melting point
and this mechanism of grain refinement applies only to pure metals [Swallowe et al. (1989)].

Second mechanism proposes that during the expansion of cavitation bubbles, there is
endothermic vaporization of the surrounding melt into the bubbles. This lowers the temperature
on the surface of the bubbles and local undercooling occurs. This leads to the formation of
nuclei around the bubbles during solidification, which increases the nucleation rate and refines
the grain size [Xu, et al. (2004), Easton, et al. (2001)]. Third mechanism is based on ultrasonic
cavitation-induced enhanced wetting of particles. It assumes that alloy melts always contain
large number of ultrafine insoluble non-metallic particles such as oxides, intermetallics etc and
normally these are not wettable by the melt [Eskin, et al. (2003), Patel et al. (2012)]. Collapse
of cavitation bubbles generates high-pressure pulses in the melt. Under the action of high-
pressure pulses, the wettability of these impurity particles is improved by filling of melt in to
their surface micro cracks and surface defects. Enhanced wetting activates most of these
insoluble impurity particles, involving them in the solidification process as nuclei. Therefore,
heterogeneous nucleation occurs easily upon slight undercooling. It is noteworthy that in
addition to the usually present non-metallic particles, Mg-Al melts in the present work also
contain added carbon black nanoparticles. Based on previous works on UST of molten alloys
[Tsunekawa, et al. (2001), Eskin, et al. (2003), Yang, et al. (2004), Lan, et al. (2004)], it can be
concluded that the high intensity ultrasonic vibrations applied to inoculated melts would result
in enhanced wetting of carbon black nano-particles. More importantly, the cavity collapse and
concomitant streaming of melts would de-agglomerate and disperse them throughout the melt.
The beneficial effect of power ultrasound on improving the kinetics of chemical reactions is
well documented [Suslick, (1999), Su, et al. (2012)]. Therefore, the UST of AZ alloys is also
expected to accelerate the kinetics of inoculating phase formation in the present work. As

compared to the base alloys, there is about 70-80 pct reduction in the grain size of all the alloys
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subjected to combined inoculation and UST (Table 5.1). Thus, it is very likely that one, the
other, or both of the later two mechanisms along with efficient de-agglomeration and dispersion
of inoculants in the melt might be responsible for increased density of active nuclei with UST,

which resulted in the finer microstructures observed in the present work.

Assuming that heterogeneous nucleation develops progressively along with the
development of constitutional undercooling ahead of the growing grains, Easton et al [Li, et al.
(2008)] theoretically derived an equation relating the grain size, d, of a solidified alloy to

growth restriction factor, Q, as

d :a+E
(5.3)

Q=m(k -1)C, (5.4)

Where, m is the slope of the liquidus on a binary phase diagram, Kk is the solute partition
coefficient and Cy is the solute concentration. When similar casting conditions are used, the
intercept, a, 1s related to the number of the active nucleants. A smaller “a” represents a large
number of active nucleants. Slope, b, is shown to represent the potency of the active nucleants.
A smaller “b" corresponds to higher potency [StJohn, et al. (2005)]. This equation is used for
evaluation of grain refining processes [Stlohn, et al. (2005), Xu, et al. (2004)] because it
enables the analysis based on the number and potency of active nucleants that exist during the
solidification of melts. This approach is used in the present work in order to assess the efficacy
of grain refinement in variously processed Mg alloys containing different Al contents.

Figure 5.4 shows the plots of grain size d vs. 1/Q for the three Mg—Al alloys solidified
as base alloys, carbon inoculated alloys, and combined carbon inoculated and ultrasonically
processed alloys. A linear relationship is observed for all the alloys studied, agreeing well with
equation (5.3). Large intercept (a = 88 um) obtained for the base alloys (line 1) indicate that
there are fewer active nucleants operating during the solidification. This is consistent with
microstructures of all the base alloys (Fig. 5.2a-c). It implies that the constitutional
undercooling generated during solidification of the alloys was inadequate to activate the
nucleants existing in each commercial alloy. In literature, it has been shown that, carbon

inoculation can induce good grain refinement because of the formation of the mildly potent
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Al4C3 nucleants [Polmear, (2006), StJohn, et al. (2005), Du et al. (2009), Jin, et al. (2003)]. In
the present work, this is evident from the lowering of the values for slope and intercept for the
line 2. However, UST together with carbon inoculation (line 3) demonstrated significantly
higher potency than carbon inoculation alone as revealed by the sharp decrease in the slope
from line 2 to line 3. In addition, the number of the active nucleants is increased as suggested
by a smaller intercept of line 3. This is supported by the much finer grain structures obtained
after UST with carbon inoculation (Figs. 5.2g-1).
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Fig. 5.4 Grain size d vs. 1/Q for the three Mg-Al alloys.
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5.3 Mechanical behaviour

Figs. 5.5a-c show the true stress-true strain curves obtained from tension tests
performed on samples of variously processed AZ91, AZ61, and AZ31 alloys, respectively.
Table 5.3 shows a summary of the tensile properties obtained from these curves. Among all the
alloys, AZ91 shows the highest 0.2 % proof stress and UTS values for all the processing
conditions. This follows from its higher solute content (Al content) and more refined
microstructure (Figs. 5.2a,d,g), the effect of which is further discussed later using the Hall-
Petch relationship. It can also be seen that the 0.2% proof stress, the UTS, and total elongation
to fracture values are lowest for all the unprocessed alloys. These values are intermediate for all
the carbon inoculated alloys and are highest for all the combined carbon inoculated and
ultrasonically treated alloys. These results correlate well with the microstructural refinement
observed after subjecting these alloys to various processing conditions. The finer the
microstructure the higher is the 0.2 % proof stress and total elongation to failure. Thus, the
proof stress, UTS and true strain to failure of the AZ91, AZ61 and AZ31 magnesium alloys
exhibit an obvious linear dependence on microstructure. Ultrasonic treatment of molten metals
is known to result in reduced microporosity [Eskin, (1997), Tsunekawa, et al.(2001), Eskin, et
al. (2003), Eskin, et al. (1998), Easton, et al. (2001), Ye, et al. (2004)]. It was shown that in Al-
Si alloys minimum porosity was observed when the melt was treated for 180s using ultrasonic
intensity of 150 W [Nie, et al. (2011)]. In the present work, higher intensity (4.3 kW) UST was
carried out for 180s. The resulting cavitation phenomena might have resulted in increased
degassing of the melt and hence reduced porosity. Thus, the higher total elongation to failure in
ultrasonically processed alloys can also be ascribed to the expected reduced microporosity in
them, although no detailed porosity evolution studies are performed in this work.

Fig. 5.6 shows the variation of Vickers hardness of the specimens of AZ31, AZ61, and
AZ91 alloys in unprocessed, carbon black inoculated, and carbon black inoculation followed by
ultrasonic treatment conditions. It is observed that carbon inoculation treatment improves
hardness of magnesium alloys by about 15 to 25 pct as compared to that of the corresponding
unprocessed base alloys. Carbon inoculation treatment coupled with the ultrasonic processing
has largest improvement in hardness (about 30-50 pct) as compared to that of the unprocessed
alloys. The variation in Vickers hardness follows the same trend as the variation in proof stress
for all the alloys treated under all the conditions. The improvement in the Vickers hardness and
the proof stress of the alloys with decrease in grain size can be explained using the Hall-Petch

relationship.
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Fig. 5.5 Room temperature tensile behaviour of the unprocessed, carbon black inoculated, and

carbon black inoculation followed by ultrasonic treatment, specimens of (a) AZ91, (b) AZ61,

and (c) AZ31 alloys.

Table 5.3 Summary of tensile properties of AZ91, AZ61, and AZ31 alloys processed under

different conditions.

Material Processing 0.2 % proof stress UTS True strain

Condition (MPa) (MPa) to failure
Unprocessed 111 142 0.07
Carbon inoculated 123 182 0.08

AZ91 C inoculated +UST 154 249 0.12
Unprocessed 94 134 0.06
Carbon inoculated 105 174 0.09

AZ61 C inoculated +UST 115 220 0.10
Unprocessed 90 120 0.09
Carbon inoculated 104 167 0.1

AZ31 C inoculated +UST 110 198 0.13
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According to Hall-Petch equation (equation 2.1) oo =a; + kd™ ( where, gy is the yield
strength, kis constant, g;jis the friction stress and d is the mean grain diameter), yield stress of
metallic materials varies inversely with their grain size. Figure 5.7 shows a plot of 0.2 % proof

stress as a function of average grain size (d?

). From the plots, the locking parameter (slope, k)
and the friction stress (op) needed to move unlocked dislocation along the slip plane, are
derived and the values are summarised in Table 5.4. Value of slope k is dependent on the
number of slip systems. It is higher for HCP metals than for FCC and BCC metals [Lee,
(2007)]. Since a-Mg matrix of all the magnesium alloys studied in this work has HCP structure,
the grain size affects the yield strength significantly [Nil et al. (2011)]. The locking parameter
of the AZ91 alloy in the Hall-Petch relation in this study is highest 0.52 ( MPa m*?), much
higher than that of the AZ61 (0.24 MPa m*?) and AZ31 (0.19 MPa m*?) alloys. This suggests
that the strengthening effect by grain refinement is more significant in the AZ91alloy than in

AZ61 and AZ31 magnesium alloys [Lee, (2007)]. Largest improvement in the mechanical
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properties of the combined processed alloys is attributed to the synergistic grain refinement

effect of nano-carbon black inoculation and ultrasonic treatment of the melt, as discussed

earlier.
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Fig. 5.7 0.2 % proof stress as a function of d™*? for the AZ31, AZ61, and AZ91 alloys.

Table 5.4 Hall-Petch parameters for 0.2 % proof stress.

Material Friction stress, o,  Slope, k (MPa m'9)
(MPa)

AZ91 56.4 0.52

AZ61 73.9 0.24

AZ31 79.4 0.19
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5.4 Summary

Three commercial Mg-Al alloy melts are subjected to carbon black inoculation and
ultrasonic treatment before solidification. Following conclusion are drawn from the present
work.

1. Nano carbon black powder inoculation is a more effective grain refiner for Mg-Al-Zn
magnesium alloy than the conventional environmentally polluting hexacholoroethane
treatments. Inexpensive nano carbon black that has a high surface area to volume ratio
readily forms the inoculating phase particles in larger number, thereby resulting in the
more extensive grain refinement observed in this work.

2. High intensity ultrasonic treatment applied along with carbon black inoculation increases
the number of particles that actually nucleate grains and the potency of nuclei. After such
treatment, the average grain size of all the AZ alloys decreased by about 70-80 pct. This
is ascribed to the fact that UST accelerates the wetting, de-agglomeration, and dispersion
of carbon black nano-particles and also improves the kinetics of inoculating phase
formation.

3. The 0.2 % proof stress, UTS, and total elongation to fracture values are highest for all
the Mg alloys that were subjected to carbon black inoculation followed by ultrasonic
treatment. This is because of the grain refinement resulting from the synergy of nano

carbon black inoculation and high intensity ultrasonic processing.
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Chapter 6
RESULT AND DISCUSSIONS-FABRICATION OF INSITU
MMCs WITH ULTRASONIC PROCESSING

A novel solidification processing technique involving ultrasonic treatment (UST)
assisted casting process has been developed. It is efficient in dispersing the nano particles in to
the melts. Poor wettability of reinforcing particles arising because of the intrinsic properties of
the material such as the surface energy of the matrix and the reinforcement, and the oxidation
and contamination of particle surface can be overcome by the UST. It is one of the simplest and
effective physical methods to homogenise and degas the melt, and to wet, de-agglomerate, and
uniformly disperse the reinforcement particles. In view of the potential of in situ synthesis
approach and the UST, both these techniques are coupled for the fabrication of AZ91 alloy
matrix composites by the addition of one, five, and 10-wt pct of magnesium nitrate that is
easily available, low cost and easy to operate with. Formation of hard oxide reinforcement
particles by in situ reactions is studied. The microstructure of the composites is characterized
for the uniformity in the distribution of reinforcement particles and is correlated with
mechanical properties. By evaluating the dry sliding wear behaviour over a range of loads, the

operating wear mechanisms are analysed.

6.1 AZ91 alloy based MMCs

6.1.1 Microstructural evolution

Light optical micrographs of the cast AZ91 alloy and its MMCs are shown in Fig. 6.1.
Optical micrograph of unprocessed AZ91 alloy is shown in Fig. 6.1a. It shows large dendritic
primary a-Mg phase having dendrite arm lengths of 150 pum to 175 pm. Secondary Mg;7Al12
phase is seen bordering the primary a-Mg dendrites. Figs. 2b-d are optical micrographs of
AZ91 alloy matrix composites processed without UST. It shows in situ formed oxide particles
(dark, shown by arrow) at isolated locations in the agglomerated form. The size and amount of
these agglomerates increased with increase in the amount of magnesium nitrate added. Optical
micrographs of AZ91 alloy matrix composites processed with UST are shown in Figs. 6.1e-g.
The oxide agglomerates are absent. It is likely that the oxide particles are finely distributed in

the alloy matrix and hence are not resolved using optical microscopy. This is further verified by
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the FESEM studies. Material designation used in the present work for different processing

conditions is shown in Table 6.1.

Table 6.1 Material designations used in the present work with AZ91 alloy and AZ31 alloy

matrix composites.

Magnesium Nitrate Ultrasonic Processing Material Material

Addition (wt pct) condition Designation Designation
for AZ91 for AZ31

0 Unprocessed AZ91 AZ31

1 Unprocessed AZ91-1 AZ31-1

1 Ultrasonically processed AZ91-1-UST AZ31-1-UST

5 Unprocessed AZ91-5 AZ31-5

5 Ultrasonically processed AZ91-5-UST  AZ31-5-UST

10 Unprocessed AZ91-10 AZ31-10

10 Ultrasonically processed AZ91-10-UST  AZ31-10-UST

Fig. 6.1 Optical micrographs of AZ91 magnesium alloys in as cast condition.
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Optical micrograph of unprocessed AZ91 alloy is shown in Fig. 6.1. It shows large
dendritic primary a-Mg phase having dendrite arm lengths measuring about 150 pm to 175 pm.
Secondary Mgi7Al1, phase is seen bordering the primary a-Mg dendrites. Figs. 6.2a,b,c show
the optical micrographs of AZ91 alloy matrix composites processed without UST. It shows in
situ formed oxide particles (dark, shown by arrow) at specific locations in the agglomerated
form. The size and amount of these agglomerates increased with the amount of magnesium
nitrate added. Optical micrographs of AZ91 alloy matrix composites processed with UST are
shown in Figs. 6.2d,e,f. The oxide agglomerates are absent. It is likely that the oxide particles
are finely distributed in the alloy matrix and hence are not resolved using optical microscopy.
This is further verified by the FESEM studies. The Figs. 6.3a-b shows the FESEM micrographs
of AZ91-10 and AZ91-10-UST MMCs, respectively. In these micrographs, the dark areas
correspond to a- Mg phase and the light to the B-phase (Mg;7Al12). Also seen along the grain
boundaries are the scattered magnesium oxide and aluminium oxide particles, which were
semi-quantitatively verified using the EDS analysis. It is also noticeable that the distribution of
in situ formed oxide particles is not uniform in the MMCs processed without UST as compared
those processed with the UST.

Figs. 6.3c-d show the high magnification micrographs of AZ91-10 and AZ91-10-UST
MMC specimens, respectively. It is clear from Fig. 6.3c that in-situ formed particles are nano
sized but they are in agglomerated form in the ultrasonically unprocessed MMCs. With the
application of UST, the in situ formed oxide particles are well distributed in AZ91 alloy matrix
(Fig. 6.3d, shown by arrow). XRD analysis of the processed MMCs and the base alloy is shown
in Fig. 6.4. Figs 6.4b-g show the presence of in situ formed MgAl,O,4, Mg,Als, MgO, Al,O3
phases in the matrix of a-Mg and Mg;7Al;, phase of the parent AZ91 alloy. Peaks
corresponding to these oxides are absent in the AZ91 base alloy (Fig. 6.4a).
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Fig. 6.2 Optical micrographs of AZ91 alloy based MMCs obtained from various processing
conditions- (a) AZ91-1, (b) AZ91-5, (c) AZ91-10, (d) AZ91-1-UST, (e) AZ91-5-UST, and (f)
AZ91-10-UST cast MMCs.
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Fig. 6.3 SEM micrographs of AZ91 alloy based MMCs obtained from various processing
conditions- (a) AZ91-10, (b) AZ91-10-UST, and (c) AZ91-10 and (d) AZ91-10-UST, at higher

magnifications.
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Fig. 6.4 XRD patterns for AZ91 MMCs processed under various conditions.

6.1.2 Mechanical behaviour

Fig. 6.5 shows the variation in the Vickers hardness of the cast AZ91 alloy and
variously processed MMC:s. It is observed that hardness of the MMCs increased with the wt pct
of magnesium nitrate added in the melt. AZ91-10-UST composite specimens exhibit highest
hardness. Its hardness is about 64 pct higher as compared to that of the AZ91 alloy. Fig. 6.6
shows room temperature true stress-true strain curves of the AZ91 alloy and the MMCs. It is
seen that the yield strength follows similar trend as the hardness. AZ91-10-UST specimens
exhibit the highest yield strength, which is 43 pct higher as compared with AZ91 alloy. Fig. 6.7
shows the variation of strain hardening exponent (n) with composition of the MMC. The n
value increases continuously with wt pct of reinforcement added in the matrix. It is higher for
UST processed MMCs as compared to the unprocessed MMCs for all melt additions. Highest
nvalue is exhibited AZ91-10-UST specimens, which is 115 pct higher as compared with the n
value of AZ91 alloy.
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Representative plots of variations of wear volume with sliding distance under different
normal loads and at a fixed sliding speed of 1 ms™ for AZ91 alloy and AZ91-10-UST samples
are shown in Figs. 6.8a and 6.8b, respectively. It is observed that wear volume increases
linearly with sliding distance at the all normal load applied.

At given sliding distance as the normal load increased, the wear volume increases.
Linear variation of wear volume with sliding distance helps in analyzing the wear data within
the framework of Archard wear equation. These observations indicate that they obey the
Archard law. Maximum wear volume is observed in AZ91 alloy and minimum is observed in
AZ91-10-UST specimen for all the loads and all the sliding distances. A 28 pct reduction in the
wear volume of AZ91-10-UST specimen is observed at 14.9 N load and 2000 m sliding
distance compared with AZ91 alloy for same load and sliding distance. From the above graphs,
wear rate was determined as the slope of each line at respective loads for each type of material.
Variation of wear rate of AZ91 alloy, MMCs and the UST processed MMC:s is plotted against
the normal loads (Fig. 6.9a-b).
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In Fig. 6.9a it is observed that wear rate of AZ91 alloy and the MMCs follow a linear
relationship with normal loads. It indicates that wear rate increases with increase in the normal
load. Lowest wear rate is observed in AZ91-10 specimens that is 15 pct lower as compared
with AZ91 alloy at 14.7 N loads. Similarly Fig. 6.9b shows that the wear rate of AZ91-10-UST
MMC is 27 pct lower as compared with AZ91 alloy at 14.7 N loads. All these MMCs and
AZ91 alloy follows Archard’s equation. Maximum wear rate is observed in the base AZ91
alloy. It is also noticed that for a given normal load, the wear rate decreased with an increase in
the wt pct of reinforcement added. Further, it is interesting that all the UST processed MMCs
exhibit lower wear rates. AZ91-10-UST composite exhibited highest wear resistance among all
the tested MMCs.

6.2 AZ31 alloy based MMCs

6.2.1 Microstructural evolution

Optical micrograph of unprocessed AZ31 alloy is shown in Fig. 6.10. It shows large
dendritic primary a-Mg phase having dendrite arm lengths measuring about 150 pum to 175 pm.
Secondary Mg;7Al;, phase is seen bordering the primary a-Mg dendrites. Figs. 6.11a,b,c show
the optical micrographs of AZ31 alloy matrix composites processed without UST. It shows in
situ formed oxide particles (dark, shown by arrow) at specific locations in the agglomerated
form. The size and amount of these agglomerates increased with the amount of magnesium
nitrate added. Optical micrographs of AZ31 alloy matrix composites processed with UST are
shown in Figs. 6.11d,e,f. The oxide agglomerates are absent. It is likely that the oxide particles
are finely distributed in the alloy matrix and hence are not resolved using optical microscopy.
This is further verified by the FESEM studies.

The Figs. 6.12a-b shows the FESEM micrographs of AZ31-10 and AZ31-10-UST
MMCs, respectively. In these micrographs, the dark areas correspond to a- Mg phase and the
light to the B-phase (Mgi7Alz). Also seen along the grain boundaries are the scattered
magnesium oxide and aluminium oxide particles, which were semi-quantitatively verified using
the EDS analysis. It is also noticeable that the distribution of in situ formed oxide particles is
not uniform in the MMCs processed without UST as compared those processed with the UST.
Figs. 6.12c-d show the high magnification micrographs of AZ31-10 and AZ31-10-UST MMC

specimens, respectively.
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Fig. 6.10 Optical micrograph of AZ31 magnesium alloy in as cast condition.

It is clear from Fig. 6.12c that in situ formed particles are nano sized but they are in
agglomerated form in the ultrasonically unprocessed MMCs. With the application of UST, the
in situ formed oxide particles are well distributed in AZ31 alloy matrix (Fig. 6.12d, shown by
arrow). XRD analysis of the processed MMCs and the base alloy is shown in Fig. 6.13. Figs
6.13b-g show the presence of in situ formed MgAl,O4, Mg,Als, MgO, Al,O3 phases in the
matrix of a-Mg and Mg;7Al;; phase of the parent AZ31 alloy. Peaks corresponding to these
oxides are absent in the AZ31 base alloy (Fig. 6.13a).

6.2.2 Mechanical behaviour

Fig. 6.14 shows the variation in the Vickers hardness of the cast AZ31 alloy and
variously processed MMC:s. It is observed that hardness of the MMCs increased with the wt pct
of magnesium nitrate added in the melt. AZ31-10-UST composite specimens exhibit highest
hardness. Its hardness is about 94 pct higher as compared to that of the AZ31 alloy. Fig. 6.15
shows room temperature true stress-true strain curves of the AZ31 alloy and the MMCs. It is

seen that the yield strength follows similar trend as the hardness. AZ31-10-UST specimens
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exhibit the highest yield strength, which is 35 pct higher as compared with AZ31 alloy. Fig.
6.16 shows the variation of strain hardening exponent (n) with composition of the MMC. The n
value increases continuously with wt pct of reinforcement added in the matrix. It is higher for
UST processed MMCs as compared to the unprocessed MMCs for all melt additions. Highest n
value is exhibited AZ31-10-UST specimens, which is 109 pct higher as compared with the n
value of AZ31 alloy.

Representative plots of variations of wear volume with sliding distance under different
normal loads and at a fixed sliding speed of 1 ms™ for AZ31 alloy and AZ31-10-UST samples
are shown in Figs. 6.17a and 6.17b, repsectively. It is observed that wear volume increases
linearly with sliding distance at the all normal load applied. At given sliding distance as the
normal load is increased, the wear volume increases. Linear variation of wear volume with
sliding distance helps in analyzing the wear data within the framework of Archard wear
equation. These observations indicate that they obey the Archard law. Maximum wear volume
is observed in AZ31 alloy and minimum is observed in AZ31-10-UST specimen for all the
loads and all the sliding distances. A 17 pct reduction in the wear volume of AZ31-10-UST
specimen is observed at 14.9 N load and 2000 m sliding distance compared with AZ31 alloy
for same load and sliding distance. From the above graphs, wear rate was determined as the
slope of each line at respective loads for each type of material. Variation of wear rate of AZ31
alloy, MMCs and the UST processed MMC:s is plotted against the normal loads (Fig. 6.18a-b).
In Fig. 6.18a it is observed that wear rate of AZ31 alloy and the MMCs follow a linear
relationship with normal loads. It indicates that wear rate increases with increase in the normal
load. Lowest wear rate is observed in AZ31-10 specimens that is 13.5 pct lower as compared
with AZ31 alloy at 14.7 N loads. Similarly Fig. 6.18b shows that the wear rate of AZ31-10-
UST MMC is 17 pct lower as compared with AZ31 alloy at 14.7 N loads. All these MMCs and
AZ31 alloy follows Archard’s equation. Maximum wear rate is observed in the base AZ31
alloy. It is also noticed that for a given normal load, the wear rate decreased with an increase in
the wt pct of reinforcement added. Further, it is interesting that all the UST processed MMCs
exhibit lower wear rates. AZ31-10-UST composite exhibited highest wear resistance among all
the tested MMC:s.

125



6.3 Discussion
6.3.1 Reactive phase formation

At 700°C, MgO, Al,0O3 and MgAl,O, particles are formed in the AZ91 and AZ31 alloys
melts. The added magnesium nitrate decomposes and supplies oxygen into the melt. The
generated oxygen reacts with magnesium and aluminum to form MgO and Al,O3 according to
reactions (6.1, 6.2)[Rao, et.al. (2009)].

2Mg+0; > 2MgO  , AG =-569 kJ.mol™ (6.1)
2Al +30, —» 2A1,0;  , AG =-1532 kJ.mol™ (6.2)
This newly formed magnesium oxide and aluminum oxide react with each other and
form spinel MgAl,Q, as per reactions (6.3,6. 4)[Ma et.ai.(2011)].

3Mg + 4A1,05— MgAlL,04 + 2Al, AG = -231 kJ.mol™ (6.3)
MgO +Al,03— MgAl,0, , AG = -33 kJ.mol* (6.4)

The negative Gibbs energy values for reactions 6.1 to 6.4 confirm the formation of these
compounds. Formation of MgAl,O, spinal in the presence oxygen-supplying agent is reported
in [Sreekumar, etal. (2007)]. It is reported that in situ stoichiometric spinel can be generated at
low temperatures (at 700-800°C) using oxygen-supplying sources in aluminum alloys. In the
present work, diffraction peaks corresponding to MgAl,O,4 phase are observed in the XRD
analysis of AZ91 MMCs. Thus, it can be concluded that magnesium nitrate acts as an oxygen
source for the formation of stable oxides like MgO, MgAl,O, and Al,O3 in the AZ91 MMCs.
The beneficial effect of power ultrasound in improving the kinetics of chemical reactions aided
by accelerated diffusion of atomic species is well documented [Sreekumar, et al. (2007), Chan,
et al. (2013)]. Application high power ultrasonic vibrations to the melt in the present work must
have favourably influenced the reaction Kinetics. These in situ particles are seen as black spots
in the optical micrographs of AZ91-1, AZ91-5, AZ91-10 andAZ31-1, AZ31-5, AZ31-10
specimens shown in Figs. 6.2a, 6.2b, and 6.2c, and Figs. 6.11a, 6.11b, and 6.11c, respectively.
Their formation is also confirmed from XRD analysis as shown in Fig. 6.4 for the AZ91 alloy
and Fig. 6.13 for the AZ31 alloy. From the optical images of AZ91 and AZ31 alloy (Fig.
6.2a,b,c and Fig. 6.11a,b,c) it is observed that as wt pct of magnesium nitrate increases the

amount of reactively formed in situ particles increases.
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Fig. 6.11 Optical micrographs of AZ31 alloy based MMCs obtained from various processing
conditions- (a) AZ31-1, (b) AZ31-5, (c) AZ31-10, (d) AZ31-1-UST, (e) AZ31-5-UST, and (f)
AZ31-10-UST cast MMCs.
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Fig. 6.12 FESEM micrographs of AZ31 alloy based MMCs obtained from various processing
conditions- (a) AZ31-10, (b) AZ31-10-UST, and (c) AZ31-10 and (d) AZ31-10-UST, at higher

magnifications.

6.3.2 Grain size and morphology

Among all the micrographs of Fig. 6.1, Fig. 6.2 of AZ91 and Fig. 6.10, Fig. 6.11 of
AZ31 alloys, it is observed that the dendritic structure is coarse in unprocessed alloy (Fig. 6.1
and Fig. 6.10). It is relatively finer in AZ91 and AZ31 alloy metal matrix composite prepared
by the addition of magnesium nitrate and without UST (Figs. 6.2a,b,c, and Figs. 6.11a,b,c). It is
finest in the MMCs processed with the UST in both the alloys (Figs. 6.2d,e,f and Figs.
6.11d,e,f). It shows that the microstructure is refined after the UST. This may be attributed to a
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variety of reasons. The newly formed oxide particles could have acted as effective inoculating
agents. Among the oxides, MgO is formed more easily due to the higher diffusion coefficient
of Mg as compared to Al in the melt. The diffusion coefficients of these elements in oxides at
temperatures between 700-800 °C are very small and the reaction products are extremely fine
crystals [Ma, et al. (2011)]. The UST ensures the de-agglomeration and uniform distribution of

these in situ formed oxide particles, thereby providing an increased number of nucleation sites.
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Fig. 6.13 XRD patterns for AZ31 MMCs processed under various conditions.
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Further, UST of melts results in cavitation phenomenon and there can be cavitation
enhanced wetting of reactively formed magnesium and aluminum oxide particles [Tsunekawa,
et al. (2001), Eskin, et al. (2003), Lan, et al. (2004), Ma, et ai. (2011), Chan, et al. (2013)].
Enhanced heterogeneous nucleation can also occur due to an increase in the melting point that

is given by the Clausius-Clapeyron equation (2.4) [Swallowe, et al. (1987)].

dTm _ Tm(VL_VS)
dp AH (6.5)

Where Ty, is the freezing point, P is the pressure, V(, Vs are the specific volume of the

liquid and the solid phase, respectively and AH is the latent heat of freezing. Alternately, there
can be cavitation induced endothermic vaporization of liquid inside the expanded bubble [Xu,
et al. (2004), Swallowe, et al. (1987)]. This decreases the temperature on the surface of the
bubbles and local undercooling occurs. One or more of these ultrasonic cavitation and
streaming induced mechanisms may be additionally responsible for finer microstructures

observed in the present work.
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6.3.3 Distribution of in situ formed oxides

In UST processed MMCs, in situ formed magnesium and aluminum oxides are
uniformly distributed which can be seen from the absence of oxide agglomerates in the optical
micrographs (Figs. 6.2d,e,f and Figs. 6.11d,e,f). Few hypotheses are available suggesting that
UST helps in better distribution of reinforced particles in MMCs. During the collapse of the
cavitation bubbles generated from high intensity ultrasonic vibrations, high-pressure pulses are
generated. These results in enhanced wetting of in situ formed insoluble non-metallic particles
that may be normally not wettable by the alloy melt [Eskin, et al. (2003)]. Under the action of
high-pressure pulses, their wettability is improved by filling of the micro cracks and defects
present on their surfaces [Eskin, et al. (2003)]. Improved wettability prevents the particle-melt
separation and promotes incorporation of particles in the melt. Further, the implosion of
cavities generates microjets having velocities of the order of 100 s of m.s” directed at the
surface of the solid. It has two effects. One is the de-agglomeration of oxide particles and the
other is the streaming of molten metal [Chan, et al. (2013)]. This result in improved distribution
of in situ formed hard oxide particles in the UST processed MMCs. Other works on the
ultrasonic processing of MMCs support this hypothesis [Lan, et al. (2004), Patel, et al. (2012),
Rao, (2009), Sreekumar, et al. (2007), Eskin, (1997), Bhingole, et al. (2012)].
6.3.4 Mechanical properties

Hardness of the AZ91 and AZ31 alloy matrix composites is higher than that of the base
alloy, irrespective of the type of processing. It is observed that as pct of magnesium nitrate in
the melts increases, hardness of the MMCs is increased resulting in an increase of almost 64 pct
in AZ91-10-UST samples as compared the AZ91 alloy (Fig. 6.5). Similar results are observed
in the AZ31 alloy MMCs, an increase of almost 94 pct in AZ31-10-UST samples as compared
the AZ31 alloy (Fig. 6.14). This increase in hardness of the MMCs is attributed mainly to the in
situ formed harder oxide/intermetallic particles in the matrix, and uniform distribution of these
particles throughout matrix aided by high intensity UST. In the MMCs, when forces act upon
the matrix they are sustained by these in situ formed particles [Khakbiz, et al. (2009),
Abramov, (1987)] and these particles provide resistance to the movement of dislocations that
results in increase in hardness. Further, UST minimizes the inter-dendritic segregation and
improves the material homogeneity [Abramov, (1987)], which may result in the higher
hardness. For the same reasons the in situ synthesized AZ91 and AZ31 matrix composites also

exhibit higher yield strengths and ultimate compressive strengths (Fig. 6.6 and Fig. 6.15). In
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general, the yield strength of a composite material is the stress required to operate dislocation
sources and is governed by the presence and number of all the obstacles that restrict the motion
of dislocations in the matrix. The increase in yield strength of the MMCs with the increase in
volume fraction and improved distribution of reinforcement (resulting from the UST) is
because of the higher dislocation density as discussed later. Further increase results from
smaller free path for dislocation movement due to smaller inter particle spacing. This is
apparent in higher values of yield strength for ultrasonically treated composite specimens that
contain well-distributed and finer reinforcing particles, as compared to the untreated
composites [Zhang, et al. (2006)].

The strain-hardening rate of the light metal composites is an important parameter for
various applications especially for armour applications and those requiring crashworthiness.
Strain hardening exponent, n, of the composites is higher than that of the base alloy in both, the
AZ91 and AZ31 alloys (Fig. 6.7 and Fig. 6.16). This can be explained as follows. MMCs are a
mixture of ductile a-Mg phase and rigid oxide and intermetallic particles. Strain hardening
occurs when the stress required to produce further plastic deformation is increased because of
prior plastic strain. Microscopic flow behavior of alloy that is strongly dependent on the
dislocation density largely influences the strain-hardening exponent. Dislocation density in the
matrix phase of MMC is likely to be higher than that of the AZ91 alloy and same is true for the
AZ31 alloy. There is elastic and plastic incompatibility between the phases especially at the
interfacial regions. When stressed, the incompatibility result in the generation of interaction
stress in the constituent phases that leads to the generation of geometrically necessary
dislocations in addition to the statistical dislocations in the matrix. Furthermore, thermal
residual stress of large magnitude is expected to be present in the matrix owing to large
differences in the coefficient of thermal expansion of the constituent phases
(oxides/intermetallics) and the matrix phase. It leads to generation of more dislocations. “n” is
also found to increase significantly with the amount of reinforcement. The particles are coarse
enough so that the dislocations are unable to cut through them, thus providing effective pinning
action. Higher the amount of reinforcement, smaller is the inter particle spacing and higher is
the pinning action. Further, the UST results in de-agglomeration and more uniform distribution
of the reinforcing particles thereby further reducing the inter particle spacing. The dislocation
density in the soft matrix can be reduced by annihilation of dislocations. Dislocation
annihilation can occur by their absorption at the interface if the interface is weak. In addition,

the shear stress imposed at the interface by dislocations may relax by sliding of the interfaces

135



under the support of diffusion processes [Fukuda, et al. (1981)]. Strong interface bonding may
prevent dislocation annihilation and sliding of the interfaces, thereby resulting in a higher n
value [Mondal, et al. (2007)]. It is widely accepted that the interfaces formed by in situ
formation of phases are often stronger. Thus, the in situ composites processed in this work

exhibit very large increase in n value as compared to the base alloy.

6.3.5 Dry sliding wear behavior

Lower wear rates are observed in unprocessed MMCs as well as ultrasonically
processed MMCs as compared to the AZ91 alloy and similar results are observed in AZ31
alloy. This is attributed to the presence of hard MgO, Al,O3 and MgAl,O, particles in the
matrix. The improvement is more in UST processed MMCs because distribution of these
particles is improved by application of high intensity ultrasound, as discussed earlier. It is also
well accepted that when high power ultrasound is coupled with solidifying alloys degassing
take place, which results in reduction of porosity [Patel, et al. (2012), Abramov, (1987),
Abramov, (1987), Fairbanks, (1967), Jain, et al. (2011)]. This may further improve the
mechanical properties especially hardness. Hardness of the material and volume of wear are
related by Archard’s equation (6.6) [Archard (1953), Anbuselvan, et al. (2010), Tyagi, et al.
(2003)].

v _ Kw
S H
Where V is the wear volume, S the sliding distance, W the normal load, H the hardness

(6.6)

of the softer of the two materials (AZ91 alloy, AZ31 alloy and there MMCs in the present
work) in contact and K is the wear coefficient. From Archard’s equation, it is observed that the
wear volume decreases with an increase in pin sample hardness. In Fig. 6.5 for the AZ91 alloy
and Fig. 6.14 for the AZ31 alloy, it is clearly seen that the hardness of UST processed MMCs is
higher than unprocessed MMCs and the base alloy. Therefore, improvement in wear resistance
of UST processed MMCs is caused by an increase in its hardness and strength [Chen, et al.
(2012)].

In dry sliding wear under low load conditions (4.9 N-14.7 N), the hard MgO and Al,03
reinforcement particles have an excellent load sustaining ability to bear stress without
undergoing plastic deformation or fracture. This may hinder the subsurface flow and improve
the anti-adhesion ability. If the plastic deformation of the material is minimized, surface

damage can be prevented at the contact interface and the wear rate can be reduced [Archard
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(1953)]. This is true if the hardness and wear resistance of these reinforcement phases is
markedly higher and thus the reinforcement phase has grinding and micro-scouring effect on
the counter disc, leading to the generation of iron debris. The iron debris is mechanically mixed
with the pin material at the sliding interface and is oxidized at elevated temperatures during
sliding. Some of the debris is deposited on the pin surface and is tamped into a hard transfer
layer. This effectively protects the pin surface in the sliding process [Faraji, et al. (2011),
Hokkirigawa, et al. (1988)]. Thus there is decrease in wear rate of the AZ91 alloys matrix
composites and the AZ31 alloys matrix composites.

For better understanding of the tribological behaviour and to find out different wear
mechanisms operating in the wear of AZ91 alloy, AZ31 alloy and there MMCs, worn pin
sample surfaces are examined by using FESEM. Figs. 6.19a-c shows the FESEM micrographs
of worn pin samples and debris for the AZ91 alloy and its MMCs. At almost all the loads AZ91
alloy shows enhanced wear mainly because of micro ploughing. AZ91 is the softest material
and hence is more susceptible to micro welding during sliding wear. These microwelds break
and reform thereby generating wear debris, which may be oxidized during further sliding.
These can result in ploughing. Worn surfaces of all the specimens are covered with grooves
parallel to the sliding direction. These are typical features associated with abrasive wear, in
which hard asperities on the steel counter face, or hard particles in between the pin and disc,
plough or cut into the pin, causing wear by the removal of small fragments or ribbon-like strips
(shown by arrow in Fig. 6.19a) of material [Lim, et al. (1987)]. Deeper grooves in AZ91 alloy,
as shown in Fig. 6.19a, indicate that there was a higher degree of penetration by hard asperities,
which together with the minimal displacement of material on both sides of the grooves, suggest
a primarily cutting mode of abrasion at the lower loads. The relatively brittle hcp structure of
the a-Mg matrix also favors abrasive wear through micro cutting. Same results are observed in
AZ31 alloy Figs. 20a-c.

As suggested by Archard [Archard, (1953)], harder composites are better able to resist
wear by abrasion. Differences in the extent of grooving is observed with the variation in the
hardness of MMCs. Well-defined deep grooves change to shallower scratches accompanied by
plastic deformation in the MMCs having higher hardness (Fig. 6.19b and Fig. 6.20b).
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Fig. 6.19 FESEM images of worn surfaces of (a) AZ91, (b) AZ91-10-UST for specimens tested
under 14.7 N normal load, with sliding distance of 2000 m and sliding speed of m.s™ (c) shows

the wear debris from AZ91-10-UST specimen, and (d) shows its EDS analysis.

Naked-eye inspection revealed that the worn surfaces of these pins appear dark. FESEM studies
showed that fine particles cover these dark surfaces extensively. EDS studies identified strong
oxygen peak along with Al and Mg peaks, suggesting that these particles contain oxides (Fig.
6.19d and Fig. 6.20d). The wear debris in case of composites can contain the oxide
reinforcement particles and the worn oxidized product of wear. Fig. 6.19¢c and Fig.6.20c shows
the FESEM images of wear debris produced after pin on disc test conducted on AZ91 and
AZ31 alloys respectively. Wear debris contains particles of MMCs and particles of oxides and
very small amount of iron particles from the worn steel counter face. These characteristics are

indicative of oxidative wear mechanism taking part in the wear of MMCs. Over repeated
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Element Weight % Atomic %
(0] 39.52 50.06

Mg 58.06 1.35

Al 1.8 1.35
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Fig. 6.20 FESEM images of worn surfaces of (a) AZ31, (b) AZ31-10-UST for specimens tested
under 14.7 N normal load, with sliding distance of 2000 m and sliding speed of 1 m.s™ (c)
shows the wear debris from AZ31-10-UST specimen, and (d) shows its EDS analysis.

sliding, the oxide-rich wear debris fills up the valleys on the pin surface. It gets
compacted into a protective layer [Hokkirigawa, et al. (1988)]. This prevents the metallic
contact and the wear rates drop accordingly, in case of the composites, as compared to the base
AZ91 alloy and the base AZ31 alloy.
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6.4 Summary

1. Upon ultrasonic treatment, AZ91 alloy matrix composites and AZ31 alloy matrix
composites could be successfully synthesized by in situ formation of hard MgO and Al,O3
particles, by using magnesium nitrate (Mg(NO3),) as an oxygen supplying agent to the
molten AZ91alloy and AZ31 alloy.

2. Microscopic studies revealed that high intensity ultrasonic vibrations applied to the melt
resulted in enhanced wetting, de-agglomeration and dispersion of in situ formed hard oxide
particles throughout the matrix. In addition, the ultrasonic treatment of the melt led to
refined cast microstructures.

3. AZ91-10-UST composite specimens exhibited best mechanical properties with its hardness,
yield strength and strain-hardening exponents higher by 64 pct, 43 pct, and 115 pct,
respectively, as compared to the AZ91 alloy. This is ascribed to the presence of in situ
formed harder and finer oxide particles in the matrix, and uniform distribution of these
particles throughout matrix aided by high intensity ultrasonic treatment.

4. AZ31-10-UST composite specimens exhibited best mechanical properties with its hardness,
yield strength and strain-hardening exponents higher by 94 pct, 35 pct, and 109 pct,
respectively, as compared to the AZ31 alloy. This is ascribed to the presence of in situ
formed harder and finer oxide particles in the matrix, and uniform distribution of these
particles throughout matrix aided by high intensity ultrasonic treatment.

5. Sliding wear resistance of MMCs is better as compared to that of the base alloy. As the
amount of reinforcement increased, the MMCs became more wear resistant. Among the
AZ91 alloy and its MMCs, AZ91-10-UST shows highest wear resistance and for AZ31 and
its MMCs, AZ91-10-UST shows highest wear resistance. Mechanism of wear identified
under low load conditions in the base alloy is abrasion and in MMCs, oxidation mechanism

operates at higher normal loads observed in both the AZ91 and AZ31 alloys.
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Chapter 7

CONCLUSIONS

Following are the main conclusions drawn from this work.

1.

UST processing time has significant effect on the microstructure refinement of AZ91
and AZ31 alloys. Increased grain refinement occurred with increased UST processing
time. The Mg;7Al;, phase is found to be well distributed along the grain boundaries
after the ultrasonic treatment of the both AZ91 and AZ31 alloys.

Isothermal holding and continuous cooling conditions at the time of ultrasonic treatment
of AZ91 and AZ31 alloys, produced microstructures with nearly non-dendritic equiaxed
and globular grains and the grain refinement is attributed to the dendrite fragmentation

phenomena.

After maximum processing time i.e. 90 s of UST processing, as ultrasonic intensity is
increased to 4.3 kW.cm?, the average grain size decreased to 17 pm in isothermal
ultrasonically processed AZ91 alloy and the average grain size decreased to 28 um in

isothermal ultrasonically processed AZ31 alloy.

During UST of AZ91 and AZ31 alloys, when intensity is increased to 4.3 kW.cm™, the
average grain size decreased to 20 pum in isothermal ultrasonically processed AZ91
alloy and it decreased to 45 um in continuously cooled UST processed AZ31 alloy.

Thus, isothermal UST resulted in greater degree of grain refinement.

Interestingly for the high intensity of 4.3 kW.cm™ hardness increased monotonously
with processing time, although the decrease in grain size was abrupt in the beginning.
Highest hardness found in the AZ91 specimen UST processed with 90 s processing time
and constant intensity of 4.3 kW.cm™ in continuous cooling conditions is 160 pct higher
than that of the AZ91 base alloy.

The Vickers hardness of the ultrasonically processed AZ91 and AZ31 alloys
increased with increase in ultrasonic intensity applied and applied duration of
processing during the solidification. The increase is attributed to the ultrasound induced

dendrite fragmentation leading to grain refinement.
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For the AZ31 alloy, maximum Vickers hardness is observed when high intensity of 4.3
kW.cm™ and higher processing duration that is 90 s is used during isothermal UST
processing . It is 177 pct higher than that of the unprocessed AZ31 alloy. For the similar
UST parameters used in continuous cooling condition, 153 pct higher Vickers hardness

is observed as compared to the AZ31 base alloy.

Vickers hardness values (VHN) increased with increase in solute concentration,
ultrasonic intensity, processing time, and is influenced by processing conditions. The
increase in hardness is attributed to the Hall-Petch strengthening from grain refinement

produced after application of UST.

It can be seen that 0.2 % proof stress, UTS, and total elongation to fracture values are
lowest for all the unprocessed alloys and as UST intensity and UST time increased
tensile properties of the alloys increased. Improvement in tensile properties with respect
to enhanced proof strength, tensile strength, and total elongation to failure can be
correlated to the morphology of primary a-phase, its grain size, and the morphology of

secondary intermetallic phase.

Nano carbon black powder inoculation is a more effective grain refining technique for
Mg-Al-Zn magnesium alloy than the conventional hexacholoroethane treatments.
Inexpensive nano carbon black which has a high surface-area-to-volume ratio readily
forms the inoculating phase particles in larger number, thereby resulting in the more
extensive grain refinement observed in this work.

High intensity ultrasonic treatment applied with carbon black inoculation increases the
number of particles that actually nucleate grains and the potency of inoculants. UST
accelerates the wetting, de-agglomeration, and dispersion of nano particles of carbon
black particles and also improves the kinetics of inoculating phase formation.

The 0.2 % proof stress, UTS, and total elongation to fracture values are highest for all
the Mg alloys that were subjected to carbon black inoculation followed by ultrasonic
treatment. This is ascribed to the grain refinement resulting from synergy of nano
carbon black inoculation and high intensity ultrasonic processing.

Upon ultrasonic treatment, AZ91 and AZ31 alloy matrix composites could be
successfully synthesized by in situ formation of hard MgO and Al,Oj3 particles, by using
magnesium nitrate (Mg (NO3),) as an oxygen supplying agent to the molten AZ91

alloy.
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Microscopic studies revealed that high intensity ultrasonic vibrations applied to the melt
resulted in enhanced wetting, de-agglomeration and dispersion of in situ formed hard
oxide particles throughout the matrix. In addition, the ultrasonic treatment of the melt
led to refined cast microstructures.

AZ91-10-UST composite specimens exhibited best mechanical properties with its
hardness, yield strength and strain-hardening exponents higher by 64 pct, 43 pct, and
115 pct, respectively, as compared to the AZ91 alloy. Similarly, AZ31-10-UST
composite specimens exhibited best mechanical properties with its hardness, yield
strength and strain-hardening exponents higher by 94 pct, 35 pct, and 109 pct,
respectively, as compared to the AZ31 alloy. This is ascribed to the presence of in situ
formed harder and finer oxide particles in the matrix, and uniform distribution of these
particles throughout matrix aided by high intensity ultrasonic treatment.

Sliding wear resistance of MMCs is better as compared to that of the base alloy. As the
amount of reinforcement increased, the MMCs became more wear resistant. AZ91-10-
UST shows highest wear resistance among all AZ91 based MMCs and AZ31-10-UST
shows highest wear resistance among all AZ31 alloy based MMCs. Mechanism of wear
identified under low load conditions in the base alloy is abrasion and in MMCs,

oxidation mechanism operates at higher normal loads.
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Chapter 8

SCOPE OF FUTURE WORK

Further studies could include investigation of the following:

1)

2)

3)

Effect of solute content on the grain refinement of other low melting alloys such as Al
alloys, along with application of ultrasonic vibrations can be investigated in order to
develop a universal approach to grain refinement from ultrasonic vibrations assisted
solidification processing.

Numerical simulation of acoustic pressure field for ultrasonic grain refinement of AZ
series magnesium alloys can be done and studied.

In view of the remarkable ability of wetting and dispersion of nanoparticles from
ultrasonic cavitations, lightweight magnesium alloy composites reinforced with stable
phases for the high temperature applications can be developed and the mechanisms
studied.
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