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ABSTRACT

Engineering sectors demand materials with stringent combination of properties unattainable
by conventional alloys. Particulate reinforced aluminium matrix composites (AMCSs) are
attractive materials for aerospace, marine and automobile applications. Components such as
cylinder blocks, pistons, brake, drums/rotors, cylinder liners, connecting rods, gears etc. are
made by AMCs due to their high specific strength and elastic modulus, good high
temperature properties and damping capabilities, high wear resistance, good electrical and
thermal properties.

In the present work, AMCs are processed by in-situ salt reaction in aluminium melt.
It is well known that in-situ process allows finer precipitates and better interfaces to be
obtained. By additionally incorporating ultrasonication, better distribution of precipitates is
achieved which have a bearing on the mechanical properties of the composite. This
improvement is verified by comparing with the mechanical properties of the base aluminium
alloy.

To develop AMCs for engine components, creep studies are very important as the
components are subjected to high temperature. In recent decades, impression creep method
has been used as an alternative of conventional creep test by several researchers to analyze
creep property of many materials such as metal matrix composites, superalloys,
intermetallics and steel at high as well as low temperature. Unlike conventional creep test,
in this test cylindrical indenter with flat end is used to provide constant strain rate under
constant stress leading to steady state penetration.

High cycle fatigue resistance is often required for automotive components such as
power trains, brake discs or piston, where excellent stiffness or damping properties are
required. Therefore, it is of great interest to investigate damage behaviour of AMCs under
cyclic loading conditions besides mechanical and physical properties of these materials.

AMCs reinforced with particulate are expected to show superior high cycle fatigue property



as compared to the unreinforced matrix alloys. Fatigue life depend on particle size and
volume fraction. When the particle size is decreased and the volume fraction is increased,
fatigue life is improved due to combination of direct and indirect strengthening. Uniform
distribution of the particles in the matrix also increase high cycle fatigue life of the AMCs.

There is very less work reported on the fabrication of in-situ AlsTi and AlsZr
reinforced AMCs by using ultrasonication assisted casting method. Their creep behaviour
and fatigue behaviour investigations have not been done so far to the best of our knowledge.
It is well established that aluminides can withstand at high temperature and therefore their
addition to the base Al alloy can improves its high temperature property. Also, their uniform
distribution in the base Al alloy can improve its high cycle fatigue. Ultrasonication has
potential to not only disperse reinforced particles uniformly throughout the Al matrix but
also eliminate casting defects such as porosity in the AMCs which will lead to superior
mechanical properties.

The organization of the thesis is as follows:

Chapter 1 contains a brief introduction to in-situ AMCs, their fabrication techniques, effect
of ultrasonication on the microstructure and the mechanical properties of the composite and

their creep and high cycle fatigue behaviour.

Chapter 2 gives comprehensive literature review on AMCs and their in-situ fabrication
routes, ultrasonic processing, creep behaviour and high cycle fatigue behaviour of AMCs. It

also defines the objectives of the present work based on the literature review.

Chapter 3 deals with the details of experimental procedure and equipments used for the
characterization of the composites and investigation of their creep and high cycle fatigue
behaviour. The procedures of specimen preparation for microstructural evolution (scanning
electron microscopy, optical microscopy and transmission electron microscopy), mechanical

testing (hardness and tensile test), creep test and high cycle fatigue test are explained.



Chapter 4 deals with processing of Al-AlsTi and Al-AlzZr composites with different
amounts of AlsTi and AlsZr particles by in-situ reaction of aluminium alloy with potassium
hexafluorotitanate (K-TiFe) and hexafluorozirconate (K2ZrFeg), respectively. Ultrasonication
of the aluminium melt during salt reaction was carried out to refine the cast microstructure
and achieve better dispersion of in-situ formed particles. The in-situ composites were
characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The particles generated in the melt promoted
heterogeneous nucleation, which was responsible for grain refinement of the cast
microstructure. The well dispersed in-situ formed particles significantly improved the
mechanical properties including ductility, yield strength (YS), ultimate tensile strength
(UTS) and hardness. The dominant strengthening mechanism in the composite was the
thermal mismatch strengthening followed by Hall-Petch strengthening. It was observed that
the mechanical properties of the in-situ AlzZr reinforced composite was better than the in-
situ AlsTi reinforced composite. This was explained as due to the average size of AlzZr
particles was 1.8 = 0.8 um which was around 50% smaller than the in-situ AlzTi particles
whose average size was 3.4 £ 1.2 um.

Creep analysis was carried out under stresses between 113 and 170 MPa and
temperatures ranging from 543 to 603 K. The results obtained from creep analysis revealed
that the composites had higher activation energy and stress exponent compared to the base
aluminium alloy. The improved creep behaviour is attributed to the presence of
homogeneously distributed particles in the aluminium matrix. The obtained stress exponent
and activation energy values suggest that the main creep mechanism in the base Al alloy and
the developed composites was lattice diffusion-controlled dislocation climb. However,
activation energy values of in-situ AlzZr reinforced composite was higher than that of in-
situ AlsTi reinforced composite which suggested that AlsZr reinforced composite was more

creep resistant than AlsTi reinforced composite.



The high cycle fatigue behaviour of the developed composites was investigated for
stress ratio R = 0.1. The results obtained from high cycle fatigue analysis revealed that both
the composites had higher fatigue life as compared to the base Al alloy due to uniform
dispersion of reinforced particles, refinement of the matrix and clear interface between the
particles and the matrix. It was observed from the comparison of high cycle fatigue between
the two developed composites that the AlsZr reinforced Al composites had higher fatigue
life as compared to AlsTi reinforced composites under comparable stress amplitude. This

improvement was mainly due to presence of fine in-situ AlzZr particles.

Chapter 5 summarizes the main conclusions on processing, creep and high cycle fatigue
behaviour two intermetallic reinforced aluminium matrix composites, Al-AlsTi and Al-

AlsZr. Additionally, scope for future work is included.
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CHAPTER 1
INTRODUCTION

Metal matrix composites (MMCs) is a type of material which derives the best
characteristics of combining two or more materials which are chemically and physically
distinct from each other. MMCs combine the strength and modulus of reinforcements such
as ceramics, oxides, borides etc, and toughness and ductility of metallic matrices such as Al
Mg etc. Thus, MMCs possess superior properties as compared to the unreinforced metals.
The reinforcements may be synthesized either ex-situ or in-situ [1-3]. The interface between
matrix and reinforcement have a large say in determining the properties of MMCs. For
making MMC:s, lighter alloys such as Al, Mg and Ti are preferred as matrix materials which
provide significant improvement in fuel efficiency for the automobiles and thrust-to-weight
ratio for the aerospace applications. The reinforcements are either discontinuous or
continuous or a combination of both such as whiskers, chopped fibers, particulates or
platelets. The discontinuous reinforced composites are more cost effective as compared to
continuous reinforced composites because processing techniques which are used to fabricate
unreinforced materials such as liquid metallurgy, powder metallurgy, etc may also use to
fabricate discontinuous reinforced composites. They provide more isotropic properties than
continuously reinforced composites due to more random orientation of reinforcement and
lower aspect ratio. The strength, temperature, density and cost requirements for the intended
applications generally govern the choice of matrix materials [4].

Aluminium alloys are mostly used as matrix for MMCs. Al alloys have high corrosion
resistance, good damping capability, high thermal conductivity, low density, strength can be
provided by precipitation and high electrical conductivity. Aluminium matrix composites
(AMCs) are wide studied since the 1970s and are currently utilized in sports equipment,
electronic equipment, armours and automobile industries. They provide an outsized form of

mechanical properties reckoning on the chemical composition of the Al-matrix. AMCs are

1



supposed to substitute metal alloys, ferrous alloys, metallic element alloys in many
applications. AMCs provide economically viable solutions for wide range of applications
due to the size, shape and distribution of reinforcement and near net shape forming [5,6].

To fabricate AMCs, several processing techniques are used such as spray deposition,
various casting technologies such as stir casting, compocasting, squeeze casting and
rheocasting, powder metallurgy, mechanical alloying and perform infiltration which require
the addition of the particulate reinforcement to the matrix materials, which either in molten
or powder form.

In all traditional fabrication processing, wetting between reinforcements and molten
metal is often poor. Improved wetting leads to better bonding between matrix and
reinforcements. By alloying addition such as Mg and Li and through reinforcement coating
these problems can be sorted out. During the processing of MMCs, some problems are
encountered such as interfacial reaction between the reinforcement and the matrix, the
reinforcement distribution and control of volume fraction which degrade properties of
MMCs. Ample studies have been done on processing of Al alloys composites by casting
routes and its associated techniques [7—10]. The main drawback of this technology is to
ensure adequate wetting of reinforced particles by the liquid metal and sustain a
homogeneous dispersion of the particles.

Conventional fabrication techniques of MMCs have some inherent problems which are
overcome by considering in-situ processing techniques to fabricate MMCs. In in-situ
fabrication process, reinforcement phase is formed by chemical reaction with in the metal
matrix which is thermodynamically stable and has clean interface which shows strong bond
between the phase and the matrix [11]. In-situ composites can contain different types of
reinforcement such as organic compounds, metals, ceramics and intermetallics. By
controlling microstructure new avenues in structural, magnetic, optical, electrical, thermal

and chemical applications can be explored.



Different processes are used to fabricate in-situ composites, some of these are reactive
gas infiltration, directed melt oxidation (DIMOX), XD, high temperature self-propagating
synthesis (SHS), directed melt infiltration (DMI) [11,12].

However, in-situ processing of AMCs has two main severe issues such as clustering
of in-situ formed particles and high porosity. Mechanical stirring is not effective to disperse
small particles which are less than a few microns in diameter. Agglomeration of the particles
and presence of high porosity severely degrade the mechanical properties of the AMCs, such
as tensile strength and fatigue resistance [13][14]. These problems can be overcome by
ultrasonication of the molten metal.

Ultrasonic treatment of molten aluminium and its alloys is a well-established
technology. It is a promising and effective physical method to refine grain size of matrix,
increase homogeneity and reduce segregation. Various mechanisms for grain refinement
using ultrasonic vibrations have 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 [15]. The main possible effects
of ultrasonic vibrations on the characteristics of as cast materials are [16]:

1.  High intensity ultrasonic vibration was optimising the microstructure of the

composites

2. Large clusters of reinforced particles could be fragmented into the smaller ones
effectively in the ultrasonic field.

3. Promotion of columnar to equiaxed transition

4.  Alteration in the size and distribution of the reinforced particles

5. Promotion of uniformity in the distribution of the reinforced particles; and



6.  Porosity in the composites could be decreased significantly due to the ultrasonic
degassing.

Ultrasonic assisted casting process, which involve high intensity ultrasonication, is a
novel method to fabricate in-situ AMCs [17-22]. This process is very effective to degas and
homogenise the melt [18], de-agglomerate and uniformly disperse the reinforcement
particles [19-22].

To develop MMCs for engine components as they have application in automobile
industries, their behaviour at high temperature needs to be studied as the components are
subjected to high temperature. For example, engine pistons are operated at upto 300 °C [23]
whereas, thermal stresses acting on the piston is around 100 MPa [24]. Therefore, creep
resistance is important for MMCs to be used as engine components. Conventional tensile
and compression creep tests are generally used for creep analysis of MMCs [25,26].
Impression creep test is a compressive creep test which has been developed by modifying
indentation creep test where flat bottom cylindrical indenter replaces the ball, conical or
pyramidal indenter. Under an applied stress, a cylindrical indenter with flat end is indented
into the specimen. The depth of indentation of the indenter is recorded and plotted with time
to obtain the impression creep curve. In recent decades, many researchers have utilised this
elegant test to analysis creep property of many materials such as metal matrix composites,
metals, intermetallics and steel at high as well as low temperature [27,28].

For structural applications, fatigue resistance is one of the important design criteria.
High cycle fatigue resistance is often required for automotive components such as power
trains, brake discs or piston, where excellent stiffness or damping properties are required
[29,30]. Therefore, it is of great interest to investigate damage behaviour of MMCs under

cyclic loading conditions besides mechanical and physical properties of these materials [30].



For many applications, inadequate fatigue resistance is observed in monolithic Al
alloys which can be improved, under certain conditions, by adding high stiffness particulate
reinforcement to Al alloys [31,32].

MMCs reinforced with either particulate or whisker show superior high cycle fatigue
property as compared to the unreinforced matrix alloys. Fatigue life depend on particle size
and volume fraction. When particle size is decreased and volume fraction is increased,
fatigue life is increased due to combination of direct and indirect strengthening [33].
Uniform distribution the particles in the matrix also increase high cycle fatigue life of the
MM(Cs [34,35].

Particle reinforced MMCs generally show longer fatigue life than those of
unreinforced matrix alloys because cyclic load is mostly carried by high strength and high
modulus reinforcement due to which, for a given stress, composite experience a lower strain
than the unreinforced matrix alloy [36]. Therefore, it is of great interest to investigate high
cycle fatigue (HCF, >10° cycles) behaviour of particulate reinforced AMCs.

For high temperature applications, Aluminides, as a reinforcement for AMCs, are
potential candidate materials. In particular, aluminide intermetallics of transition metals such
as AlsTi and AlsZr are receiving considerable attention because they have low density, high
Young’s modulus, excellent oxidation and corrosion resistance and high temperature
strength. For tetragonal structured AlsTi [37], Young’s modulus is 217 GPa, density is 3.3
g/cm® and melting point is 1350 °C [38] whereas for tetragonal structured AlsZr [39],
Young’s modulus is 205 GPa, density is 4.11 g/cm® and melting point is 1580 °C [40-42].
They have some adverse properties such as brittleness. Therefore, during in-situ casting,
reaction should be optimized so that fine and even distribution of these intermetallics could
be obtained in the matrix which may improve mechanical properties of the composite. Large

size particles of these intermetallics may degrade mechanical properties [43].



In this research, ultrasonic assisted casting method is used to fabricate two different
Al matrix composites reinforced with AlsTi and AlsZr by adding varying amount of KoTiFg
and K>ZrFs inorganic salt (5, 10 and 15 wt. %), respectively. At 750 °C temperature, these
salts are added into the melt to develop composites with different weight percent (2.7, 5.4
and 8.1 wt. %) of AlsTiand (3.0, 6.1 and 9.1 wt. %) of AlsZr. Microstructural and mechanical
properties of these composites are studied. Various strengthening mechanism i.e. coefficient
of thermal expansion (CTE) mismatch between the particle and the matrix and Hall-Petch
strengthening are analysed. To investigate their high temperature property, impression creep
test is carried out under stresses between 113 and 170 MPa and temperatures ranging from
543 to 603 K. High cycle fatigue behaviour of these composites, under constant stress
amplitude, are also investigated by maintaining frequency of the test as 50 Hz and stress
ratio (R) is 0.1 for all the processed conditions. After fatigue test, fractured surface of the

samples is also examined under SEM.



CHAPTER 2
LITERATURE REVIEW

Ultrasonic assisted casting method to fabricate intermetallic (AlsTi or AlsZr)
reinforced Al alloy composite is a recent research area. The brittleness of these intermetallic
compounds is compensated by dispersing them in a ductile metal matrix. By using this
approach, superior characteristics of intermetallics such as stability at high temperature, high
resistance to corrosion, and high hardness can be used without any disadvantages of their
intrinsic brittleness. Thus, the beneficial properties of these intermetallics compound can be
used in a structural material because the whole material is not brittle due to the ductility of
metal matrix [44-46]. In recent works, the detailed study of the processing conditions of
Al/AlsZr and AIl/AlsTi has been done to evaluate the mechanical properties and

microstructure of these materials [47-49].

2.1 Preparation of AMCs:

AMCs can be produced by two methods namely ex-situ and in-situ processes. In ex-
situ process second phase to be reinforced is already available and is added to solid or liquid
state matrix. While in in-situ process second phase to be reinforced is generated by chemical
reaction between suitable inorganic salts and matrix material [50,51]. AMCs prepared by in-
situ process show better properties as compared to materials synthesized by ex-situ process
[52].

2.1.1. Ex-situ processes:

2.2.1.1 Liquid ingot casting:

In this process, the second phase reinforcement particles are mixed in the melt by
mechanical stirring. Vortex formation helps in uniform distribution of reinforcement articles.
Melt is poured into the mould and allowed to solidify. SiC reinforced Al alloy composite
has been fabricated by this technique. AA6061 alloy was brought to melt condition in a

graphite crucible kept in an electric resistance furnace. The melt was superheated to 750°C
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and SiC powder was added while stirring mechanically. After 30 minutes of mixing melt
was poured into the preheated mould [50,51,53].
2.2.1.2 Powder metallurgy:

Mechanical mixture of matrix and reinforcement powders are compacted and
sintered in this technique. AMC with Al2O3 particles (mean particle size 50 nm) reinforced
in aluminium (mean particle size 28 pm) have been prepared by this technique. The
aluminium and alumina are mixed in the ethanol and dried at 150 °C followed by cold
isotropic pressing and sintering in vacuum at 620 °C [54].

2.2.2 In-situ processes:

2.2.2.1 Self propagating high-temperature synthesis (SHS):

In this process, reactant powders are preheated in an electric oven followed by
ignition. During ignition the powders react exothermically to give final product. By this
process AMCs reinforced with fine fibrous titanium carbide (TiC) and multi reinforcements
(TIC+TiB2) have been fabricated [55][56].

2.2.2.2 Rapid solidification processing (RSP):

In RSP process, the molten material is rapidly solidified after reinforcement of
particles in the matrix at high temperature. This process is combination of traditional ingot
metallurgy with rapid solidification [57]. This process results in refined microstructure with
minimum particle segregation, fine particle size and homogeneous distribution of particles.
The composites prepared by this method show improvement in the physical and mechanical
properties [58]. Al-TiC composites with different compositions and uniform distribution of
TiC particles have been produced by this process. These composites exhibit improved

mechanical properties [57,59,60].

2.2.2.3 Reactive hot pressing (RHP):
The process was used to prepare TiB2 reinforced aluminium/aluminium alloy

composites. In this process second phase reinforcement particles are generated in the matrix

by exothermic reaction of reactant powders. Powders of aluminium, titanium and boron are
8



blended to prepare the compacts. These compacts are heated at high temperature in vacuum
for few minutes. During this period titanium reacts with boron to form TiB», then compacts
are cooled to a specific temperature and hot-pressed. The in-situ reaction generates
submicron size TiB; particles in the matrix. Hybrid composites with Al>O3 and TiB:

reinforcement in the aluminium matrix have also been produced by this technique [61-63].

2.2.2.4 Reactive spontaneous infiltration (RSI):

In the RSI process, the molten matrix material is infiltrated through porous preform.
The reaction between matrix melt and preform generates second phase ceramic
reinforcement particles which are in thermodynamic equilibrium with matrix phase [64].
Micron size Al2Os particles have been generated in the aluminium matrix by infiltrating

aluminium melt into preform of SiO, or Mg and SiO> mixture [65,66].

2.2.2.5 Reactive squeeze casting (RSC):

In this process molten matrix material is poured on preform of the inorganic powder
kept in pre-heated die followed by squeezing. The reinforcement particles are generated by
the reaction of molten matrix materials with preform inorganic salt powder. This process has
also been used to prepare hybrid composites with Al,Os and AlsTi reinforcement. The

schematic diagram of experimental setup is shown in Figure 2.1 [67,68].
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Figure 2. 1 Schematic diagram of experimental set-up for composite fabrication by RSC process

2.2.2.6 Exothermic dispersion (XD):

In this process, the chemical elements (namely, R1 and R2) in required amount are
heated at high temperature in the presence of matrix material (M). These chemical elements
react exothermically and form submicron size ceramic particles (R1R2) in the matrix. A
schematic diagram of the fabrication process of composite materials is shown in Figure 2.2.
TiB; reinforced AMC have been fabricated by this process. TiB2 particles are generated by
the chemical reaction between Ti and B powders at high temperature in the presence of

aluminium powder under argon atmosphere. AMCs with other reinforcements have also

been produced by this technique [69-71].
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Figure 2. 2 Schematic diagram of the composite fabrication by XD process.
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2.2.2.7 Vapour-liquid-solid (VLS) reaction technique:

In this process, the matrix alloy consisting of reinforcement forming element is
brought to melt condition and a suitable gas is injected into the melt. This gas reacts with
reinforcement forming element and the reinforcement is generated within the matrix alloy
[72]. This procedure has been used to prepare TiC particulates reinforced aluminium matrix
composites [73][74].
2.2.2.8 Mechanical alloying:

In mechanical alloying technique the composite materials are fabricated by the
repeated cold welding, fracturing, and re-welding of reactant powders in a high-energy ball
mill [75]. Al-Zr nanocomposites with AlsZr reinforcement have been fabricated by this

process which exhibit better mechanical properties [76].

2.2.2.9 Isothermal heat treatment (IHT):

In this process, the composite materials are exposed to high temperature which create
new second phase particles. These particles act as reinforcement and improved mechanical
properties are achieved. Hot rolled rods of AI/TiC have been used to create new
reinforcement. These rods were exposed to 600 °C temperature for different time periods.
This resulted in the formation of AlzTi and AlsCz phases by the chemical reaction between

aluminium and TiC, resulting in improved mechanical properties [77].

2.2.2.10 Direct melt reaction (DMR):

In this process, the matrix material is heated above the melting point and inorganic
salts (flux) are introduced. These salts are thoroughly mixed in the molten matrix by
continuous stirring. These salts react with the molten material to form reinforcement
particles and continuous stirring helps in uniform distribution of reinforcement particles. The
molten composite is poured into the mould to solidify. A schematic diagram of the apparatus

used to fabricate composite material by this technique is shown in Figure 2.3 [78-80].
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Figure 2.3 Schematic diagram of apparatus used in DMR technique.

2.2.3 Applications of AMCs:

AMCs are being used in different sectors but have gained special attention in
components related to automobile, space, aerospace, marine etc. Table 2.1 provides an
overview of the property requirements for automotive components. Table 2.2 lists important
mechanical properties of AMCs along with manufacturers, and Table 2.3 provides
information regarding applications of AMCs in automobile industry with their properties
and benefits. Detailed information on AMCs with different reinforcement has been provided
[81].

AMCs are also used in several components related to space and aerospace
applications. Gr/Al composites are used in high-gain antenna boom for Hubble Space
Telescope and B/Al composites in mid-fuselage section of space shuttle orbiter. SiCy/Al and
Telescope and B/Al composites in mid-fuselage section of space shuttle orbiter. SiCy/Al and
SiCw/Al are used to make bushings, electronic packages, housings, thermal planes and
attachment fittings and joints for structural components (truss structures) etc. [82]. Fan exit
guide vanes of gas turbine engines, rotating blade sleeves of helicopters, flight control
hydraulic manifolds etc are made of AMCs [5]. The spars, tumbuckles, propellers and

portholes are also made by AMCs for marine applications [83]
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Table 2. 1 Properties requirements for automotive components [81].

System Component Justification
Engine Bearings Reduced friction, Weight
Piston Crown Wear, fatigue, high temperature, creep
Connecting Rod Weight, specific stiffness
Rocker Arm Wear, stiffness, weight
Cylinder Block (liner) Weight, low friction, seizure and wear resistance
Valve Wear, fatigue, high temperature, creep
Piston Ring Groove Weight reduction, wear resistance
Wrist Pin Creep, wear, specific stiffness
Suspension Struts Stiffness, damping
Driveline Wheels Weight
Shift Forks Weight, wear
Gears Weight, wear
Drive Shaft Fatigue, specific stiffness
Housings Differential Bearing Pumps | Weight, wear
Gearbox Bearing Weight, wear
Brakes Disk Rotors Calipers Weight, wear

Table 2. 2 Mechanical properties of AMCs with different matrices and reinforcement [81].

Manufacturer Matrix Reinforcement* Modulust (GPa) | UTS (MPa)
Martin Marietta Al base None 74 221
and Amax Al 2219 TiC, 15vol.% 69-117 400
None 69 124-172
Lanxide Al base SiC, 45-55 vol.% 152-179 400-448
Al,03, 50-70 vol.% 193-262 200-276
Al base None 72 186-262
Dural Al 2014 Al,O3, 10-20 vol.% 83-103 414-483
Al 6061 Al,O3, 10-20 vol.% 83-103 241-345
Al A356 SiC, 10-20 vol.% 83-97 276-345
Comalco Al base None 69 310
Al 6061 Al,O3, 20 vol.% 85 330
None 69 193
Honda Al base Al,O5(f), 10 vol.% 80 250
ADC12 Carbon(f), 10 vol.% 70 200
Carbon(f), 5 vol.% 80 230
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Table 2. 3 Automotive demonstrator components of aluminium-matrix composites [81].

Reinforcement Component Property Benefits Manufacturer
. . Dural, Martin
SiC(P) Piston Wear resistance, high Reduced weight Marietta,
strength -
Lanxide
Piston Ring . Higher running
*
Al,O5(f) Groove Wear resistance temperature Toyota
Piston Crown Fatigue resistance 2Fp0rtunlty o e T&N, JPL,
Al,O3(f)* (combustion g ' . Mahle and
creep reduced
bowl) . . others
reciprocating mass
SiC(P) Bra!< y Rot_or, Wear resistance Reduced weight Dural, Lanxide
Caliper, Liner
Fiberfrax Piston Wear resistance, high Reduced weight Zollner
strength
SiC(P) Drive Shaft Specific stiffness Reductl_on of parts GKN, Dural
and weight
. Specific stiffness and
SiC(w) Connecting strength; Re(_juced . Nissan
Rod . reciprocating mass
thermal expansion
N Connecting Spemflc.stlffness and Reduced DuPont,
Al,O5(f) strength; - .
Rod . reciprocating mass | Chrysler
thermal expansion
ALO: - Si0, - C Cylinder Liner Wear r(_e5|stance, Increased_llfe, Honda
expansion reduced size
Cylinder Liner, | Gall resistance, Increased power Assoc. En
Gr(P) Pistons, reduced wear P ' g.+,
. - output CSIR, 11Sc.*
Bearings and friction
Piston, .
TiC(P) Connecting Wear, fatigue Reduced weight Martin Marietta
and wear
Rod
Valve Spring, .
Al,O; Retainer Cam, | Wear strength Reduced vv_elght, Lanxide
. increased life
Lifter Body
" Short fibers.™ Long fibers.* CSIR; I1Sc.

2.3 Intermetallic Phases in Aluminium Alloys:
Recently, aluminides, AlsX (Ti, V, Zr, Nb, Hf, Ta) have gained lot of attention due

to their high melting point, low density, good thermal conductivity and good oxidation
resistance which make them a potential candidate for high temperature applications.
However, at low temperature, their brittleness limits their applications [39,84-87].
According to the Al-Zr and Al-Ti phase diagram as shown in Figure 2.4 and 2.5,
respectively, AlsZr, and AlsTi intermetallics are present in the liquid Al at a temperature of
750 °C, respectively. On solidification, both acquire same tetragonal crystal structure, D023
in AlzZr and D022 in AlsTi, with the space group of 14/mmm [39]. However, as it was

discussed earlier that there are some problems associated with AlsTi and AlzZr which limit
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their practical use as structural materials. The poor ductility of aluminides is mainly because
of their low crystal symmetry of the tetragonal structure (D022 or D023) [39,84-87] which do
not have sufficient number of slip systems to accommodate dislocation motions due to
deformation. Tetragonal D023 or D022 structure is closely related to the cubic L1> structure
whose space group is Pm3m and has five independent slip systems [84]. Deformability of
the material can be improved by structural isotropy because, for dislocation motions, the
variants of active slip systems are increased by isotropy. Thus, it is of great interest to
stabilize L1, structure for practical purposes. According to the recent studies, the presence
of third elements such as Cu, Mn, Ag, Cr, Pd, Co, Fe, Zn and Ni stabilize the L1 structure
[86]. The ductility of L1 cubic structured AlsZr and AlsTi is improved because L1, structure
has more slip systems. However, neither the influences of atom-species/quantities nor the
origin of this effect are fully understood yet. However, high brittleness of the tetragonal
structured intermetallics can be beneficial when they are dispersed uniformly in the ductile
phase because the presence of hard particles in the soft matrix give strength to the matrix

and, consequently, mechanical properties are improved [88][89].
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Figure 2. 4 Phase diagram between Al and Zr
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2.4 Effects of ultrasonication in molten metals:

When high intensity ultrasound propagates through liquid melts, some phenomena
like acoustic streaming and cavitation arise in the molten metal, which causes the change in
the morphology of the solidifying phases. Some known metallurgical effects are observed
during the treatment of molten metal under the application of power ultrasound. These
effects are as follows [90,91]:

I. Solidification under ultrasonic field

a) Reduction in grain size

b) Non-dendritic solidification
ii. Refining of melts

a) Ultrasonic degassing of melts

b) Fine filtration in the ultrasonic field (USFIRALS process)
iii. Dispersion of other substances into the melts

iv. Acceleration of rate processes
16



V. Other metallurgical and related effects
When ultrasonic waves are transmitted through a medium, its atomic structure is alternately
stretched and compressed [92]. If the negative pressure during the stretching phase or
rarefaction phase is strong enough to overcome interatomic binding forces, it can tear apart
the medium resulting in tiny cavities (micro bubbles). The cavities so formed can grow under
tensile stresses in the succeeding cycles. Eventually they collapse with the release of large
magnitude of energy as depicted in Figure 2.6. This phenomenon produces hot spots [93].
These local transient hot spots have very high temperatures (>5000 K) and large pressure
(>1000 atm) which could significantly increase the wettability between the particles and the
molten metal and break up the clustering of particles [22,94,95]. In addition, the powerful
acoustic streaming produced by UST can promote the uniformly dispersion of reinforced
particles into the molten metal [96—99].
The important factors controlling the intensity of cavitation are: [100-102]
Ultrasonic frequency: If frequency is low, larger and violently collapsing bubbles are
formed which is responsible for de-agglomeration of the particles whereas, smaller
cavitation bubbles with shorter life cycle are formed which are useful for chemical reactions
and cleaning.
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. Nucleation rate
of crystallization is increased and crystals are dispersed due to cavitation bubbles which are
formed when cavitation occurred in a melt.

Two mechanisms have been proposed for grain refinement of alloys using UST.
These mechanisms are dendrite fragmentation and enhanced nucleation due to cavitation

[92][103-106].
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Figure 2. 6 Cavitation phenomena in the melt [118]

2.4.1. Cavitation enhanced nucleation:

Nucleation is affected by UST in several ways. Liquidus temperature of an alloy is
influenced by pressure [90]. Some regions in the molten alloy may be superheated while
other regions may be undercooled when ultrasonic energy is applied to a melt near its
liquidus temperature. When this superheating and undercooling of the melt take place at high
frequency, as a result increased number of solid nuclei are formed at each location [107].
Ultrasonic vibration may also affect the grain refiners added to the melt since foreign
particles, which act as a nucleation site, are most effective under a certain undercooling.
Nucleation may occur when ultrasound vibration is applied in the melt at a temperature
higher than the liquidus due to the increase in the pressure [18,108].

Possible mechanisms of crystal nucleation due to cavitation are [109]:
1. From the surface of the expanding cavity, the liquid evaporates to cause cooling
of the surface.
2. An increase in the melting point is produced from positive pressure pulse
associated with cavity collapse.

3. Cooling is caused by negative pressure associated with cavity collapse.
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Interpretation of enhanced nucleation due to cavitation in terms of two different mechanisms
are discussed below [107,110]:

2.4.1.1 Pressure pulse melting point (Tm) mechanism:

Cavitation bubbles produced in liquid metal start to collapse, inducing the pressure
pulse waves, resulting in an increase of solid-liquid equilibrium temperature. Increase in
pressure is responsible for undercooling of the liquid phase due to which melting point is
increased according to the Clausius-Clapeyron equation (2.1) [93,111].

dTm — Tm(VL_VS)
dpP AH

2.1

where, AH is the latent heat of freezing in J.g%, P is atmospheric pressure ~10° Pa, Tm 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 Tm, Which is equivalent to
increasing the undercooling.

2.4.1.2. Cavitation enhanced inclusion wetting:

In this case, the pressure pulse fills the cavities and cracks on the surfaces of the
substrates such as the mould, or impurities by molten metal. Therefore, enhanced nucleation
results from these defects that can act as effective nucleation sites [90].

2.4.1.3. Cavitation induced endothermic vaporization theory:

This mechanism involves undercooling of the molten metal at the surface of bubble.
During cavitation, cavitation bubble size is increased due to expansion of gas inside the
bubbles and the temperature of the bubble is decreased, which will cause undercooling at
the bubble surface and, as a result, form nuclei on the bubble’s surface. When these bubbles
collapse, a significant number of nuclei are produced in the melt and this promotes the

heterogeneous nucleation in the melt [109].

2.4.2. Cavitation assisted dendrite fragmentation:

During ultrasonic vibration, dendrites are fragmented due to shock and convection

waves created in the solidifying melt, which causes melting at a dendrite root, where the
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solutes are segregated. Due to increase in local temperature, melting at a dendrite root takes
place. Solute concentration is reduced and local temperature is increased when solutes
diffuse away from the dendrite roots. Stirring can promote dendrite fragmentation by
promoting diffusion of solutes and varying local temperature 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.

Pmax = Po ++/2pcl 2.2
Pmin = Po —+/ 2pcl 2.3

These fluctuations help in the melting of the dendrite roots due to which small grain
sized homogeneous microstructure is obtained. 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 [92,103-106]. Abramov studied the
destruction/fragmentation of growing crystals due to cavitation induced by ultrasound [91].

Equation (2.4) shows the pressure (Pd) required for the fragmentation of crystals [111].
1
Pa = Z({)Zo_mp ~ YOmp 2.4

Where oy, is strength of the material near the melting point, and | and r are the
length and radius of the crystal, respectively. Table 2.4 shows that the ultrasonic intensity
required for the crystal dispersion scales with the y parameter. Both the alloy strength and
the crystal morphology influence the dispersion of growing crystals. Table 2.4 also reveals

how the crystal morphology is related to the size of the mushy zone [91,111].
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Table 2. 4 Crystal geometry and ultrasound intensity necessary for crystal dispersion [111]

Crystal growth Crystal Crystal Y Ultrasound
velocity (um. s1) length (mm)  radius (mm) x 102 intensity (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

It was also reported that UST helps the degassing of the melt and decrease the
porosity of the cast-structure [112-117]. Mechanism of ultrasonic degassing is described as

follows.

2.4.3. 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.

Ultrasonic degassing of melts is an environmentally clean and comparatively cheap
technique. In this technique, Hydrogen is removed from the molten aluminium with the help
of UST. The mechanism of ultrasonic degassing is interdependent on the phenomenon of
ultrasonic cavitation in the molten metal. When the ultrasonic horn is applied into the melt,
ultrasonic waves produce tensile and compressive stress in the alternate cycle, which forms
large number of tiny cavities in the melt at higher ultrasonic vibration. The surface area of
pulsating bubbles in rarefaction phase is several times greater than compression phase. At
this time, the hydrogen gas diffuses from the surrounding melt in to the bubbles. The amount
of hydrogen gas which enters into the bubble in the rarefaction phase is larger than the

amount of hydrogen gas leaving the bubble in the compression phase, as shown in Figure
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2.7. This is called rectified mass diffusion effect [118,119]. According to this effect,
significant amount of hydrogen gas enters into the bubble resulting in increased bubble size.
Large bubbles float on the surface of the molten metal due to hydrodynamic buoyancy force
and escape from the surface [118].

An experiment was carried out for finding out the rates of removal of hydrogen from
Al-Si-Mg alloy by using different processes like, chlorine salts processing, UST, vacuum
degassing, combined UST and vacuum degassing and it was observed that combined UST
and vacuum degassing gives promising results (as shown in Figure 2.8 and Table 2.5)

[109,120].

Figure 2. 7 Schematic of rectified diffusion [120]
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Table 2. 5 Comparison of efficiencies of degassing techniques used in industry for Al-Si-Mg alloy [109,120]

Degassing H2 (cm? per 100 g) Density (103 Kg.m™3) Porosity
techniques number
Ultrasonic degassing 0.17 2.706 1-2
Vacuum degassing 0.20 2.681 1-2
Argon purging 0.26 2.667 2-3
C2Cls 0.30 2.665 2-3
Universal flux 0.26 2.663 3-4
Initial melt 0.35 2.660 4
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Figure 2. 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 [109,120].

2.4.4 Acoustic Streaming:

Acoustic streaming is a macroscopic movement of fluid induced by acoustic wave
[121]. As the acoustic wave travels in the liquid medium, it may be absorbed (attenuation
phenomenon). The momentum absorbed from the acoustic field manifests itself as a flow of
the liquid in the direction of the sound field, termed as acoustic streaming [122,123]. The

schematic diagram of acoustic streaming is shown in Figure 2.9.
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When ultrasound propagates through a liquid, absorption of energy from the
acoustic beam results in an energy density gradient becoming established in the direction
of propagation. A gradient in energy corresponds to a force, and liquid flow can occur
due to the energy gradient in the liquid. The relationship can be expressed by the

following equation [124]:

_ 2« 25

Fp-L.2

<=

Where V p is the gradient in pressure, § represents the force per unit volume, I is the

intensity, o the absorption, and ¢ the speed of sound in the liquid. It is clear that if both
intensity and attenuation can vary spatially throughout a sound beam in a liquid, then so will
the streaming forces and flows. An increase in either parameter will increase the acoustic

streaming.
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Figure 2. 9 Schematic diagram of acoustic streaming which dispersion of particles uniformly

In addition, there is a second type of acoustic streaming, i.e. acoustic streaming
occurring near small obstacles placed within a sound field, or vibrating membrane or
bounding walls [125]. It arises from the frictional forces between a boundary and a medium

carrying vibrations with a frequency of w. This time-independent circulation occurs only in
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a small region within liquid, leading to form an acoustic microstreaming boundary layer.

The thickness of the layer can be estimated by:
L= .2n/pw 2.6

where 7 and p are the shear viscosity and density of liquid, respectively [123,125].
Due to the restricted scale of the circulation, it is commonly termed as microstreaming.

Acoustic streaming in a liquid can generate the liquid flow, which can accelerate the
mass and thermal transfers in the liquid, making the liquid more homogeneous. Furthermore,
microstreaming can bring about some important effects resulting from the shear forces
generated in the liquid. Thereby, it can be used to disrupt particle clusters in the Al melt for
fabricating particulate reinforced Al composites [126-128], disrupt DNA and disaggregate
bacteria, etc. [129,130].

2.4.5 Chemical effects of ultrasound:

Many researchers have proposed that the chemical effects of ultrasound do not derive
from a direct interaction of the ultrasonic field with chemical species on a molecular level
[131-134]. In the research, it is mentioned that the acoustic wavelengths in liquids irradiated
with ultrasound are roughly in the range of 0.1-100 mm, which is not on the scale of
molecular dimensions. Further, it is also indicated that ultrasound is able to cause high-

energy chemistry through the process of acoustic cavitation in a liquid [133].

2.5 Creep behaviour:

2.5.1 Fundamental about creep:
2.5.1.1 The creep curve:

When high temperature and stress are applied on a material, creep occurs and
material is permanently deformed. Creep is of engineering significanceata T > 0.5 T [135],
where T is absolute melting temperature in the Kelvin scale. Temperature and stress govern
the creep rate because when temperature and stress are increased, creep rate is also increased

as shown in Figure 2.10 (a) and (b), respectively.
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Figure 2. 10 Effects of (a) temperature and (b) stress on a typical creep curve [144]

A typical creep curve, as shown in Figure 2.11, is obtained from a uniaxial creep test
which shows creep strain as a function of time. It is observed from the figure that the creep
response of the material can be characterised by three different regions. i.e. primary,
secondary and tertiary creep regions, and the instantaneous deformation which is either

elastic or elastic-plastic.

Rupture
w
=
= Primar
s L Y At
w - Ll
[ .
o Tertiary !
U I > |
Secondary :
F 3 :
]
. 1
Instantaneous deformation |
]
Time t t,
Figure 2. 11 The typical creep curve where the creep strain is a function of the time. Sample
rupture occurs at the time tr

In primary creep which is also known as transient creep, it is observed that creep rate

is decreased steadily. During limited plastic deformation, dislocations are generated in the
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material and their density is increased over time which results in dislocation hardening of
the material and hence creep rate is decreased [136].

In secondary creep which is also known as minimum creep or steady state creep, it
is observed that creep rate is constant. In this region of creep, dislocations start annihilating
by cancelling out each other. Due to annihilation effect, material become soft which not only
lowers the dislocation density but also lower the internal energy of the material. Creep rate
Is constant because new dislocations are formed and old dislocations are annihilated which
keeps the dislocation density constant and a dynamic mechanical equilibrium is maintained
in the material. When temperature is increased, thermal fluctuation occurs in the material
due to which creep deformation takes place. This is the difference between high temperature
and sustained low temperature deformation [136].

In tertiary creep, creep rate is further increased due to rupture of material. This
increase in creep rate can be attributed to the presence of voids in the grain boundaries which
weaken the material and increased annihilations of old dislocations over formations of new
ones. The final rupture of the material takes place due to the formation, growth and
accumulation of the voids which form crack in the grain boundaries and, consequently
weaken the microstructure. Ageing process of the material which makes the microstructure
weak and reduction in cross section area due to necking lead to the final rupture of the
material [136].

The engineering components should be designed in such a way that they should
spend most of their lives in the primary and secondary stages and do not enter into the tertiary
stage of creep. The life of the component is determined by the secondary creep rate and
therefore, it is considered as a design criterion for the components which are subjected to

creep [137,138].
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2.5.2 Temperature dependent creep deformation mechanisms:

For temperature above 0.3 Tm, for metals, the deformation of the material is enhanced
because the energy associated with atomic vibration increases [139,140]. This can cause
time dependent deformation, i.e. creep to occur. Various mechanisms govern creep
deformation at different temperatures domains. At a temperature below 0.35 Tm, when stress
is applied to the material, dislocation slip processes take place which is rate controlling. In
this mechanism, dislocations, which are generated due to plastic deformation, are resisted
by some obstacles such as solute precipitates or other dislocations [140]. At temperatures in
the range between 0.35 T and 0.4 Tm, the energy level of screw dislocations is increased
which allow them to move away from the obstacles as a consequence of the cross-slip
mechanism. When temperature is increased up to 0.6 Tm, diffusion is active in metallic
crystals. Under an applied stress field, when dislocation motion is encountered by an
obstacle, e.g. a solute precipitate, the atoms of the dislocation in the proximity of the obstacle
diffuse away from it. In this condition, dislocation can climb over the obstacle, by the process
called creep recovery [140-143]. At temperatures above 0.8 Tm, creep occurs by diffusion
within crystals nevertheless this temperature range falls outside normal structural
engineering applications [140].

Diffusion and dislocation climb generate time-dependent unrecoverable
deformation, i.e. creep deformation, which represents one of the main effects of temperature

increase on the mechanical behaviour of materials [139-141,144].

2.5.3 Impression creep test:

The need for creep testing has become important over the last few decades to
understand high temperature failure of materials [145,146]. These needs have been driven
by the aerospace and power generation industries. Another aspect is the need for carrying
out creep testing where only small amounts of material are available for assessment

[145,147-149]. This includes non-destructive evaluation of in-service components,
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especially when the removal of material could significantly impair the structural integrity of
the component [150], the characterization of the HAZ of welds [151], the development of
new alloys [149] and, in the nuclear industry, problems related to the handling of active
materials [146]. In these situations, it may not be possible to use conventional full-size
specimens. Therefore, innovative techniques have been developed [139,145-148,152]
which requires very small volume of material for creep testing analysis and impression creep
Is one of those innovative testing techniques. An illustration of the impression creep test can
be seen in Figure 2.12.

Use of the impression creep test method was first reported in 1977, by Chu and Li
[27], for testing of a molecular crystal which exhibited creep behaviour at room temperature,
and, then, it was used for testing of several materials, such as the HAZ of P91 welds [148],
316 stainless steel, 0.5Cr-Mo-V steel [147], magnesium alloys [153] or solid fuel for the
nuclear industry [154]. Impression creep testing was also used under stepped load or stepped
temperature conditions, in order to investigate the creep response of the material, at different

stresses or temperatures, using a single specimen in each case [155].

L=6 XA

R
A

Figure 2. 12 Schematic diagram of impression creep test which shows that load “L” is applied on the

punch whose area is “A” which creates an impression of depth “h” in the material.

The impression creep deformation curve is related to the primary and secondary

creep properties of the tested material in the vicinity of the contact region between the
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specimen and the indenter. Due to the compressive stress field which is produced in the
specimen during the test, the material does not exhibit creep damage, and therefore, tertiary
creep behaviour cannot be investigated by using this technique [153,155]. However, Rashno
et al. [153] reported that magnesium alloy MR1153 exhibited an increase of the displacement
rate curve when impression creep tested at 217 °C and they related this behaviour to carbide
coarsening or precipitate dissolution.

It is generally considered that the contact is between the indenter and the specimen
must be relatively large compared to metallurgical features, in order to obtain bulk creep
properties of the material investigated and to avoid size effects which can affect the
experimental results when less than 6-10 grains are covered by the effective section of the
specimen, i.e. the contact area with the indenter [147,156].

2.5.3.1 Comparison with conventional creep test:

Impression creep tests have been compared with conventional creep tests since the
origin of impression creep testing. From the comparison, it was found that the results showed
agreement in both the activation energy and stress exponent [27,157]. Subsequently, many
comparisons have been reported in the literature [158]. The effect of cavity depth, slip and
stick on the impression velocity by using finite elemental method have been studied [159].
Conclusions drawn from this work are (1) the power law exponent assumed in the calculation
is the same as the stress exponent between punching stress and impression velocity. (2) After
a transient stage, the velocity of the punch is constant which decrease with the cavity depth
and increase with the power exponent. (3) Under the punch, slip or stick conditions between
the material and the punch govern the maximum stress which is proportional to the applied
load. (4) The steady state impression velocity is the smallest for all stick conditions and is

the largest for all slip conditions for the same applied load.
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Comparison between impression creep and conventional creep of single crystal of
lead has been reported in literature by Chiang and Li [160]. They observed that both the
stress and temperature dependences are comparable to those of constant stress tensile creep.

As suggested by Chu and Li [27], Sastry [28] compared tensile and impression creep
of Mg by dividing punching stress by 3 to compare with the tensile stress and by dividing
the impression velocity by the diameter of the punch to compare with the tensile strain rate.
Both the tests were performed at 478 K. The same comparison was made for Cd at 373, 403
and 433 K. The stress exponent was 5.2 to 5.7 for Cd in the temperature range of 348 to 433
K for tensile creep whereas, for impression creep, it was 5.7 in the temperature range of 368
to 453 K. For Zn, the stress exponent was 4.0 to 4.5 for tensile creep whereas, for impression
creep, it was 4.5 to 4.6 at 373 K. The stress exponent calculated by using impression creep
for a near eutectic Sn-Pb alloy and for superplastic Zn-22 wt. % Al alloy agreed with those
from conventional creep tests reported in the literature.

More recently, impression creep of Ni based single crystal superalloys was compared
with uniaxial tensile creep by computer simulation [161]. The stress exponents obtained for
uniaxial tensile creep were 5.13, 5.10 and 5.12 whereas, for impression creep, stress
exponents were 4.96, 5.13 and 5.10. Finite element method was used to calculate these
results. Uniaxial creep and impression creep are two different tests. Therefore, only the
activation energy and the stress exponent can be compared.

2.5.3.2 Impression velocity under diffusion creep:

Diffusional creep of a semi-infinite medium under cylindrical punch was analysed
by Chu and Li [27]. They found that the impression velocity is inversely proportional to the
punch radius and proportional to the lattice diffusivity and punching stress at low punching
stresses. However, it is inversely proportional to the square of the punch radius for interfacial
diffusion between the material and the punch. Impression velocity is proportional to the

punch radius and dependent on the punching stress for dislocation creep.
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The impression velocity of a thin film was analysed by lattice diffusion using a
straight punch by Yang and Li [162]. They found that the impression creep velocity is
inversely proportional to the square of the punch width and is directly proportional to the
film thickness. However, the impression velocity, without the substrate, is independent of
the punch width and inversely proportional to the film thickness. They also analysed
impression creep of a thin film by lattice diffusion using a cylindrical punch [163]. They
found that the impression velocity is proportional to the punching stress at low punching
stresses whereas the impression velocity, for the same punch radius and the same punching
stress, increases without the substrate and decreases for a rigid substrate.

2.5.3.3. Impression velocity under dislocation creep:

The impression velocity was analysed by Chu and Li [27] using finite element
method in which the strain rate obeys a power law of the von-Mises stress. They found that
the impression velocity obeys the same power law with the punching stress and is
proportional to the punch radius. For comparison with uniaxial creep test, the effective gauge
length is 0.84 of the punch diameter and the effective stress is 0.3 of the punching stress.

Finite element method was also used by Hyde et al. [164] to simulate the impression
creep. They found that the equivalent uniaxial strain rate was the impression velocity divided
by 0.755 of the punch diameter and the equivalent uniaxial stress was 0.296 times the
punching stress which agree with the findings of Chu and Li [27]. Later, these findings were
also confirmed by Hyde et al. [165] conducting impression creep experiments on 316
stainless steel at 600 °C.

2.5.3.4 Limitations of impression creep test:

A limitation of this technique is represented by the range of materials that can be
tested, because, in order to avoid excessive deformations of the indenter, its creep resistance
needs to be two to three orders of magnitude higher than that of the specimen. Therefore,

steels for high temperature applications can be tested [147], while materials with higher
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creep strengths, such as nickel-based superalloys, cannot be tested [145]. Also, the
displacement of the indenter during the test is of the order of ~0.1 mm, hence accurate
measurement systems need to be used because experimental noise, for example due to
temperature fluctuations during the test, is likely to affect the test results [145,155].

2.6 Fatigue behaviour:

Typically, material for structural applications are designed in such a way so that
maximum stresses do not exceed the tensile yield strength of the material during their
lifetime so that only elastic strains are developed. However, local stresses are also generated
due to microstructural discontinuities such as pores and inclusions in the structure including
design flaws and surface imperfections. Thus, total stresses acting on the material are more
than the yield stress of the material which results in formation and propagation of cracks
after some repeated loading leading to final rupture. This progressive failure is referred to as
fatigue.

In the early 1800’s, engineers observed fatigue as a problem of crack developed in
railroad sections and some bridges where stresses were well under the yield strength. Thus,
engineers concluded that the materials were “tired” and used the word “fatigue” [166].
Today, failures to fatigue account for ninety percent of the total failures reported in the
published literature. This is one of the most common type of failure experienced while in
service as reported by Dieter and Reed-Hill [135,167].

There are three events in the fatigue failure which are nucleation of a crack,
propagation of the crack and the final failure, as shown in Figure 2.13. Fatigue crack growth,
which is perpendicular to the applied tensile load, occurs cycle by cycle. It is governed by
crack tip stress intensity [168]. Fatigue crack propagation (FCP) can be separated into three
stages: Crack growth in stage | occurred by crack propagation due to shear decohesion of a
single slip system and is limited to within a single grain. Transition of the crack growth from

stage | to stage Il takes place at higher stress intensities due to which two slip systems are
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activated and multiple grains are present within the crack tip plastic zone. In this stage, crack
growth is normal to the loading direction and fatigue striations are formed on the fracture
surface. In stage Ill, material has completely failed due to overload fracture. Fracture
toughness or ultimate tensile strength of the material limit the overload fracture. It occurs
when the cross-sectional area is decreased to a point where it cannot hold the maximum
applied stress during the applied tensile load cycle any longer.

When the yield strength of the material is lower than the maximum cyclic stresses,
rapid crack initiation takes place due to gross plasticity within the material and the crack
propagation rate governs the number of cycles to failure [169]. This is termed as low cycle
fatigue, whereas high cycle fatigue is somewhat different. In high cycle fatigue, yield
strength of the material is higher than the maximum applied stress. During high cycle fatigue,
fatigue crack initiation (FCI) takes place due to inhomogeneous localised plasticity which
may occurs at defect sites such as grain boundaries, secondary phases, surface asperities or
inclusions [169]. Slip face less resistance in surface grains or around surface features than
in the interior. Therefore, surface of a component or specimen are responsible for initiation
of the fatigue crack, but fatigue crack is nucleated internally when, due to internal defects,
there are sufficiently high local stress concentrations. Fatigue crack can also initiate in
polycrystalline, and high purity single phase, single crystal with very smooth surfaces.
Therefore, stress concentrations at persistent slip bands on the surface of the material are the

main cause for fatigue crack nucleation [168].
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Figure 2. 13 Schematic illustration of stages in fatigue failure

Kim and Laird [170,171] also examined stage | crack to investigate the fatigue crack
nucleation process. In stage | cracking, crack due to plastic blunting process is advanced
from grain boundary surface to the internal boundary as it is extended up to 180 um into the
specimen surface. Transition from stage | to stage Il occurred when multiple slip systems
are activated due to sufficiently high stress intensity or when the crack reached triple point
junctions. Impurity segregation along grain boundaries are not considered by Kim and Laird
to describe the grain boundary crack initiation process but during high cycle fatigue,
weakening of grain boundaries will likely affect the rate of fatigue crack nucleation and
propagation. Components, which are designed against fatigue failure, are tested in a
laboratory environment where service stresses are simulated because stress cycles applied
on the material in a laboratory is different from an in-service stress cycles as shown in Figure
2.14. During fatigue, either strain or load control cyclic loading is applied to the test
specimen. In high cycle fatigue, load control testing is utilised because strain is limited to
elastic values due to low stress levels whereas, in low cycle fatigue, tests are performed

under strain control because stress state of the material is changed by microplasticity [169].

35



During fatigue testing, cyclic loading is simulated by using wave functions which is
square, trapezoidal, sinusoidal or triangular. To describe constant amplitude stress-
controlled waveform fatigue testing, terminologies are used which are shown schematically

in Figure 2.14 and also shown below as Equations (2.7) through (2.12) [135]

Ns = number of cycles to failure

omax = maximum stress applied during cyclic loading 2.7
omin = Minimum stress applied during cyclic loading 2.8

oa = stress amplitude for the fatigue test

Ao o — Omi
— 29 _ 9max~ 9min 29
2 2

omean = average stress applied during cyclic loading

0; + omi
- max2 min 2.10

Ao = stress range

= Omax -~ Omin 211
R = Zmin = fatigue stress ratio 2.12
Omax
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Figure 2. 14 Schematic illustration of stress cycle in in-service and laboratory, and also shows

terminologies which are used to characterize fatigue behaviour of materials [169]

Fatigue lives are affected by these loading variables and should be reported along
with fatigue results. Many stress loading parameters govern the fatigue lives of specimen
including, testing environment, stress amplitude, stress ratio, frequency and mean stress. At
a given stress ratio (R), increase in the stress amplitude will increase 6max, Ac and Gmean and
result in lower fatigue lives. Fatigue results are significantly affected by different mean
stresses due to different R values as shown in Figure 2.15 [135,172-175].

Fatigue testing is often performed at a variable mean stress, controlled stress
amplitude and fixed stress ratio, but empirical equation exist for relating mean stress effects
on fatigue lives [169]. Fatigue behaviour of a metal can also be affected by frequency of

loading, particularly if it is greater than 200 Hz for metals [169].
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Figure 2. 15 Schematic illustration of different R ratios on spectrum [175]

The number of cycles up to the final failure of the specimen is recorded and the stress
amplitude is varied during fatigue testing. A stress-life (S-N) curve is plotted by using this
data, as shown in Figure 2.16. S-N curves are different for different alloy systems and
materials, and used to design components against fatigue failure. The number of cycles to
failure is increased as the stress amplitude is decreased. Endurance or fatigue limit is usually
observed at stress levels around 40 % of the tensile strength for steel and other ferrous alloys
[169]. The specimen has infinite life at stress amplitude which is below the fatigue limit. Al
and other FCC materials show fatigue behaviour which is different from steel and other
ferrous alloys because, at low stress amplitude, they do not reach fatigue limit [169]. In such
cases, fatigue limit is considered at stress level that give high number of cycles (typically

107 cycles) and this limit is used for designing the components [176].
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Figure 2. 16 Schematic illustration of a stress-life (S-N) curve [169]

The fatigue behaviour of specimens is not only affected by intrinsic features such as
surface finish, microstructure, welds and texture but also by external variables such as
exposure to corrosion environment and temperature. Salty environments such as marine
environments and environments near ocean severely damage automotive components due to
presence of chloride ions. Therefore, it is necessary to consider the dynamic or static effects
of corrosion-fatigue. Automotive components also experience elevated temperatures due to
braking friction, exhaust gases and transfer of heat from the engine which also affect fatigue
behaviour of the material.

2.7 Research gaps and Problem formulations:

Particulate reinforced aluminium matrix composites (PRAMCs) are one of the
important engineering materials in the present era. PRAMCs are increasingly preferred and
used in many applications in aerospace, automotive and marine industries. Therefore, time-
to-time modification on PRAMCs has been made by changing the composition, processing
method and reinforced particles size for achieving better mechanical properties. However,

the demand for continuous improvement in performance of PRAMCSs, through its
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improvement of mechanical behaviour, in automobile and aerospace application is ever
increasing.

An exhaustive review of the literature on in-situ aluminide reinforced AMCs with
effect of UST, and their impression creep and fatigue behaviour have been carried out, and
based on the identified research gaps, the problem formulation was made in the present work.
The important findings from the literature are summarized below:

Fabrication of in-situ aluminide reinforced AMCs by using ultrasonic assisted
casting method is still a novel area of research. Creep and fatigue behaviour investigations
have not been done so far to the best of our knowledge on ultrasonically processed in-situ
composites. Aluminides as reinforcement particles are harder than the matrix phase and can
withstand high temperatures. Homogeneously dispersed intermetallic particles in the
aluminium matrix improves high temperature property. Also, their uniform distribution in
the base Al alloy can improve its high cycle fatigue as it has been reported in the literature
that the presence of small sized reinforced particles in the matrix improves high cycle
fatigue.

UST has potential to not only refine the grain structure and disperse reinforced particle
uniformly throughout the Al matrix but also eliminate casting defects such as porosity in the

AMCs, which will show superior mechanical properties.

Thus, the objectives of the present work are:

1. To fabricate in-situ Al-AlsTi and Al-AlzZr composites using ultrasonic assisted
casting method.

2. To investigate and compare the creep behaviour of AI-AlsTi and Al-AlsZr
composites.

3. To investigate and compare the high cycle fatigue behaviour of Al-AlsTi and Al-

AlzZr composites.
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CHAPTER 3
EXPERIMENTAL PROCEDURE AND
INSTRUMENTS

This chapter deals with the details of experimental procedure carried out in line with the
scope of the work. The procedures of specimen preparation for microstructural
characterization (scanning electron microscopy, optical microscopy and transmission

electron microscopy) and mechanical testing (hardness and tensile test) are explained.

3.1 Materials:

Commercially available AI6061 alloy was procured from Hindalco, India. Its
chemical analysis was done by XRF (Rigaku supermini 200), as shown in Figure 3.1, and
presented in Table 3.1. Its melting range is 580 °C - 660 °C. Potassium hexafluorotitanate
(K2TiFs) and potassium hexafluorozirconate (K2ZrFg) inorganic salt were procured from

Madras Fluorine Private Ltd, Chennai, India.

Table 3. 1 Chemical composition of Al6061 alloy

Elements Mn Zn Fe Cr Si Mg Ti Cu Al
Wt. % 0.33 0003 018 0.006 070 088 0.02 029 97.591

3.2 Experimental procedure:

For fabricating different wt. % of AlsTi and AlsZr reinforced Al composite, the
experimental setup used is as shown in Figure 3.2. An ultrasonic system (Model VCX 1500,
Sonics and Materials, USA) which was used to generate ultrasonic vibration in the melt is
shown in Figure 3.3. It had an air-cooled converter which was made from piezoelectric lead
zirconate titanate crystals and was able to produce frequency of 20 kHz. The intensity of this
unit could be adjusted from 0 to 5.4 kW/cm?. In each experiment, about 250 grams of the
Al6061 ingot was taken inside a graphite crucible and heated up to 750 °C in an electrical
resistance furnace. After holding the melt at 750 °C for 30 minutes, varying amount of

KoTiFsand K2ZrFe (5, 10 and 15 wt. %) was added into the melt to develop composites with
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different weight percent (2.7, 5.4 and 8.1 wt. %) of AlsTi particles and (3.0, 6.1 and 9.1 wt.
%) of AlsZr particles as shown in Table 3.2 and Table 3.3, respectively. After addition, the
melt was stirred manually for 2 min by using a graphite rod for proper mixing of the powders
into the molten metal. After proper mixing of the salt, ultrasonication was carried out at 750
°C for 5 min. This is achieved by inserting the niobium probe of 19 mm in diameter and 42
cm in length, coated with zirconia baked at 200 °C and preheated to the processing
temperature. The amplitude and frequency of ultrasonic stirring was 24 um and 20 kHz
respectively.

After ultrasonication, the melt was poured and allowed to solidify in a mild steel
mould of dimension 40 x 40 x 120 mm? which was coated with high temperature coating
(Zirconia) to avoid any contamination from the mould. The mould was preheated to 400 °C
to ease the flow and reduce thermal damage to the casting. The solidification conditions were
maintained the same for all experiments so that differences in the mechanical properties and

microstructure are due to the processing conditions.

Figure 3. 1 XRF (Rigaku supermini 200) is used for chemical analysis
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Table 3. 2 Al3Ti intermetallic content in each sample with sample labelling

Sample Label K>TiFe addition Al3Ti content
(wt. %) (wt. %)
Base Al alloy 0 0
CluU 5 2.7
cau 10 5.4
C3u 15 8.1

Table 3. 3 AlsZr Intermetallic content in each sample with sample labelling

Sample Label K2ZrFe addition AlsZr content
(wt. %) (wt. %)
Base Al alloy 0 0
C*1U 5 3.0
C*2U 10 6.1
C*3U 15 9.1

3.4 Microstructural characterization:

3.4.1 Optical metallography:

Samples were cut, for metallographic analysis, from the cast ingot. Specimen
preparation involved grinding in belt grinder using emery paper of 100 grit size followed by
manual polishing using 320, 800, 1200, 1500 and 2000 grit size emery papers. Then, cloth
polishing was performed on velvet cloth using a mixture of magnesium oxide powder and
water. These polished specimens were cleaned in ultrasonic cleaner using acetone. All
specimens were etched using Keller reagent. The chemical composition of the Keller
reagent is 2 ml HF, 3 ml HCI, 20 ml HNO3, and 175 ml water.

For microstructural examination, a Zeiss scanning electron microscope (SEM) in
secondary electron imaging mode and an optical microscope (Leica DMI 5000 M) were
used. To determine the average grain size of the Al matrix, ImageJ software and mean linear

intercept method were used.
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3.4.1.1 TEM sample preparation:

For TEM specimen preparation, a low speed diamond saw (BUEHLER IsoMet) was
used for cutting thin slice (1-2 mm) as shown in Figure 3.4. This thin slice was further
thinned down to about 100 um using paper polishing with 1500 grit size emery paper. For
further thinning, dimple grinder (FISCHIONE Model 200) as shown in Figure 3.5 was used
to thin down the slice to about 25 pum. At last, dimple grinded slice was placed in ion beam
miller (GATAN PIPS 1l model 695) as shown in Figure 3.6 with dual modulation at 5keV

with 6° angle of beam to get ion beam polished thin foil for TEM examination.

Figure 3. 4 Low speed precision diamond saw cutter
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Figure 3. 5 Dimple grinder for creating dimple at the centre of the thin slice

Figure 3. 6 lon beam miller for ion beam polishing of the thin slice
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3.4.2 Instruments used in microstructural characterization:
3.4.2.1 Optical microscope:

A Leica DMI 5000M microscope which was used for optical microscopy is shown
in Figure 3.7. Microstructures were captured digitally at different magnifications (5x, 10x,
20x, 50x, and 100x) at various locations in the specimens. In general, this instrument has
light source, objective lens, condenser and ocular or eyepiece. A recording device can
replace the eyepieces. In research, optical microscopy is used for the inspection, analysis,
and recording of microstructure of materials.

3.4.2.2 Scanning electron microscope:

The image of ZEISS EVO 18 scanning electron microscope (SEM) is shown in
Figure 3.8. The SEM with energy dispersive X-ray spectroscopy (EDS) and electron
backscattered diffraction (EBSD) The SEM acquired the microstructural characteristics and
elemental analysis of the aluminium alloys and composites specimens. The fracture surface
analysis was performed for identifying the type of fracture that occurs during tensile tests.

An EDS spectrometer was used for detecting different elements present in the composites.

Figure 3. 7 Leica (DMI 5000M) optical microscope was used for optical microscopy
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Figure 3. 8 ZEISS EVO 18 Special Edition scanning electron microscope used for
characterization of in-situ aluminide reinforced aluminium alloy composites.

3.4.2.3 Transmission electron microscope:

The electron microscopy of the specimens was also performed using a transmission
electron microscope (TEM) (JEOL JEM-3200FS) as shown in Figure 3.9. The TEM was
operated at accelerating voltage of 300 kV. The TEM provides information about the size,
morphological, compositional, and crystallographic characteristics. In the present study,
TEM study was used for the analysis of interface between the reinforced particles and the
matrix, and dislocations and their interactions in the matrix phase.

3.4.2.4 X-ray diffraction (XRD):

XRD is an analytical method which is used for phase identification, phase
quantification, and for determining the lattice parameter, crystallite size, and dislocation
density of the materials. In the present work, XRD (Rigaku SmartLab, Japan) equipment, as
shown in Figure 3.10, was used for identification of different phases present in the
composites. X-ray diffraction patterns were obtained by using Cu K, radiation whose

wavelength is 1.54 A with 20 ranging from 10° to 120°. For all the diffraction peaks and
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corresponding values of 20, the inter-planer spacing, d, was calculated using the Bragg’s

law. For identifying the various phases, JCPDS X-ray diffraction database was used.

3.5 Mechanical testing:

Different mechanical testing procedures used for aluminium alloys and aluminium alloy
composites are discussed in the following sections.
3.5.1 Hardness tester:

Hardness tests were performed on Brinell hardness tester (Heckert HPO-250), as
shown in Figure 3.11, employing 15 kg load and dwell time 10 s. The ball diameter is 2.5
mm. An average of at least five hardness readings was taken and reported along with

standard deviation.

Figure 3. 9 Transmission electron microscope used for characterization of in-situ composites
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3.5.2 Tensile testing machine:

Tensile testing machine (H25 K-S Tinius Olsen) with constant cross head speed of
0.1 mm/min was used to perform tensile test at room temperature, as shown in Figure 3.12.
The gauge length and diameter of tensile specimen was kept according to the ASTM E8M
standard which was 20 mm and 4 mm, respectively. According to ASTM B557, tensile test
was carried out with a strain rate of 10-%/s. The average value of three tensile tests is reported
along with standard deviation. The tensile strength and ductility of the composites were

evaluated from the stress-strain data.

Figure 3. 10 XRD (Rigaku SmartLab) is used for phase identification of the composites
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Figure 3. 11 Brinell hardness testing machine (Heckert HPO-250) used for the measuring the
hardness of the composites.

Figure 3. 12 H25 K-S Tinius Olsen tensile testing machine used for the tensile testing of the
composites.
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3.5.2 Impression creep machine:

Impression creep tests were carried out on an indentation creep machine
(Spranktronics, India) which consist of a linear variable displacement transducer (LVDT),
vacuum chamber, a lever arm and a data acquisition system as shown in Figure 3.13.
Vacuum chamber contains PID controlled furnace, sample holder, indenter holder and
indenter made up of tungsten carbide, as shown in Figure 3.14. To carry out the experiment,
samples of size 15 mm x 15 mm x 6 mm were cut from each casting by using a diamond
cutter. At specific temperature and load, a tungsten carbide indenter of 1.5 mm in dia. was
made to indent the surface of sample and the creep rate was obtained from the curve plotted
between depth of indentation and time.

Creep is of engineering significance at a temperature, T > 0.5 Tm [25], where T is
absolute melting temperature in Kelvin scale. For Al alloy, Tm is 933 K and therefore 0.5 T
Is ~ 467 K. So, the test temperature for creep analysis should be higher than 467 K [26].
Therefore, the impression creep tests were carried out on base Al alloy and the composites
at three different temperatures (543 K, 573 K and 603 K) and three different stresses (113

MPa, 141 MPa and 170 MPa) for 10,000 s under a vacuum of 10”7 Pa.

4 LVDT -
Controller Unit = - Vacuum chamber |
NE 2
S 7" Vacuum unit
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Figure 3. 13 Impression creep machine set up
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3.5.3 Fatigue testing machine:

The fatigue resistance of the base Al alloy and the composites are investigated by
performing fatigue test on servo hydraulic axial fatigue testing machine (INSTRON 8802)
with load cell of 50 kN at a stress-controlled mode as shown in Figure 3.15. The samples
were prepared according to the ASTM E466-07 standard as shown in Figure 3.16. The
fatigue tests were performed under constant stress amplitude on axially loaded specimens.
For all the processed conditions, the stress ratio (R) value was taken to be 0.1 and the test
frequency was maintained at 50 Hz. Scanning electron microscope (Carl Zeiss, EVO 18) in

secondary electron imaging mode was used to analyse fracture surface of the fatigue

samples.
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Figure 3. 15 Instron 8802 machine used for high cycle fatigue and 50 kN load cell
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Figure 3. 16 Schematic diagram of a specimen for high cycle fatigue
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CHAPTER 4
RESULTS AND DISCUSSIONS

4.1 Processing of in-situ Al-AlsTi and Al-AlsZr composites:

Liquid Metallurgy approach to processing of aluminium matrix composites (AMC)
is economical and favours large scale production based on established technology.
Reinforcements like carbides, nitrides, oxides and borides are common to AMCs
[177,178,187-195,179-186]. In in-situ processing, the reinforcement particle is formed
within the matrix phase as a result of favourable chemical reaction. Consequently, the second
phase is thermodynamically stable and uniformly dispersed throughout the matrix with a
clean interface [196-199]. As a result, in-situ formed composites demonstrate improved
mechanical properties [11].

Several investigations have reported on ceramic reinforced AMCs [200-204]. The
making of these composites has some limitations due to the significant difference in the
coefficient of thermal expansions (CTE) between the matrix and reinforcement phase. On
the contrary, intermetallic compounds are an appropriate choice for reinforcement due to
their low density and high modulus. Aluminides, such as AlsFe, AlsNi, AlsZr and AlsTi have
attracted attention due to their excellent mechanical properties, high specific strength, and
high specific modulus, good oxidation and corrosion resistance [62,205,206]. Among these
aluminides, tetragonally structured AlzTi [37] and AlzZr [39] have attracted lot of attention
due to their low density (3.4 and 4.11 g/cm?, respectively), good thermal stability due their
high melting point (1350 and 1580 °C, respectively) and high Young’s modulus (217 and
205 GPa, respectively) [38,40-42]. Moreover, these particles act as heterogeneous nuclei
which lead to the grain refinement of a-Al phase [207]. Orowan strengthening, load transfer
and grain size strengthening are the major strengthening mechanisms in aluminide

reinforced composites [89,208,209].
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The presence of porosity is detrimental to the casting. The major cause for porosity
in aluminium castings is the presence of dissolved hydrogen in molten metal (0.3 — 0.5 cm?®
per 100 g), which is more than the industry standard of about 0.1 cm? per 100 g [210]. For
degassing, purifying and refinement of metallic melts, ultrasonication is a viable option, as
it is both environment-friendly and economical [109,112,117,211]. In ultrasonic processing,
high intensity acoustic wave interacts with molten metal producing nonlinear effects which
include acoustic streaming, acoustic radiation pressure, cavitation and emulsification [91].
These effects contribute to the better distribution of the second phase, elimination of
columnar dendritic structure and refinement of equiaxed grains [109]. The mechanism
behind grain refinement is related to the formation of micro “hot spots” which sustain only
for a few nanoseconds in the molten metal during ultrasonic vibration. These hot spots attain
a temperature of the order of 5000°C with heating and cooling rates close to 101°K s, and
localized pressure approaching 1000 atm [21].

In this work, in-situ AlzTi and AlsZr particles are formed by reacting K>TiFs and
K2ZrFs inorganic salt, respectively with molten Al at 750 °C. For uniform dispersion of the
particles, high intensity ultrasonic vibrations are applied to the melt. It is well established
that the mechanical properties of the composite are significantly improved when there is a
uniform dispersion of in-situ formed particles and less percentage of porosity. Therefore, an
effort is made to use low cost salt-metal reaction route to fabricate AlsTi and AlsZr

reinforced Al composite.

4.1.1 Properties:
When Al melt, maintained at 750 °C, reacted with K:TiFs and KyZrFe salt,

exothermic reaction took place between Al and salt [212].

3K,TiFs + 13A1 = 3AIsTi + KsAlFs + 3KAIF, 4.1

3K2ZrFs + 13Al = 3Al3Zr + 2KzAlFs + 2AlFs3 4.2
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Gibbs free energy for the formation of AlsTi at 750 °C (1023 K) is -122.8 kJ/mol
[213,214]. For the formation of AlsZr at 750 °C (1023 K), Gibbs free energy is -31 kJ/mol
[215] which confirms that reaction between inorganic salts and aluminium takes place
spontaneously.

4.1.1.1 Microstructure:
XRD analysis of Al composite with varying amount of K>TiFs and KzZrFe salt

addition into the melt was conducted to determine phases present in the developed
composites as shown in Figure 4.1 and 4.2, respecively. It confirms the formation of in-situ
AlzTi and AlsZr particles as corresponding peak is clearly observed as shown in Figure 4.1
and 4.2, respectively. Moreover, as the amount of salt increased, relative intensity of AlsTi
and AlsZr particle also increased. Intermetallics phases other than AlzTi and AlsZr, and
elemental Ti and Zr were not observed which suggested that reaction between molten Al and

salts was completed within the time duration.
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Figure 4. 1 XRD patterns of the base Al alloy and AlsTi reinforced Al alloy composites
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Figure 4. 2 XRD patterns of the base Al alloy and AlsZr reinforced Al alloy composites

Optical micrograph of base Al alloy, AlsTi reinforced composite, as shown in Figure
4.3, and AlsZr reinforced composite, as shown in Figure 4.4, reveals the uniform dispersion
of reinforced particles throughout the matrix. The dark spots appeared in the microstructure
is AlsTi particles (Figure 4.3) and AlsZr particles (Figure 4.4) which is confirmed by EDAX
analysis as shown in Figure 4.5 and Figure 4.6, respectively. With higher amounts of salts
addition, more intermetallic particles form which tend to agglomerate during casting to
minimize the overall interfacial energy [128]. The uniform distribution is achieved when
high intensity ultrasonic vibrations is applied into the Al melt. During ultrasonic treatment,
nonlinear effects such as cavitation and acoustic steaming are produced when ultrasonic field
is injected into the molten metal. According to the cavitation phenomena, during rarefaction
phase of the acoustic waves, tensile stress is generated which result in the formation of small
cavities throughout the molten metal. These cavities grow in size due to inertia, a stage
comes when the size of the bubbles become unstable and collapse under compressive stress
which is generated during the compression phase. The sound pressure (P) in the travelling
wave can be calculated according to
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where pi is the melt density in (g cm™3), P (kW) is the output power of the ultrasonic
generator, c is the speed of sound in the melt (m s*) and S (cm?) is the probe-face area [216—
218]. In our experiment, p. =2.37 gcm™3, ¢ =1.3x10ms? [27],P=15kWand S = 2.8
cm?, thereby, Px = 5.7 MPa, which is much higher than the threshold value of 1 MPa [217]
for generating acoustic cavitation. Under the effect of high-pressure pulse, the particle
clusters are broken and dispersed throughout the matrix. The dispersion is facilitated by
acoustic streaming, which is a form of turbulence developed near obstacles when there is a
loss in wave energy. To produce these effects, fully developed cavitation must occur into the
molten metal which depends upon the intensity (1) of the ultrasonic vibration. The intensity

of ultrasonic vibration is defined by
[ =2 puc(2nfay 4.4

where pi_ is the melt density (g cm™), f is the frequency (Hz), A is the amplitude (um) and ¢
is the speed of sound in the melt (m s) [109,128]. High-intensity ultrasonic vibration
requires 1 > 100 W cm™. Moreover, the fully developed cavitation occurs in the molten
aluminium alloys when I >80 W c¢cm™ [109,128]. In our experiment, A =24 ym, p=2.37 g
cm3, ¢ =1.3x10° m s, and f = 20 x 10° Hz, thereby | = 1400 W cm, which is far greater
than the threshold value. The effect of cavitation produced by the ultrasonic vibration in the
melt is confirmed by the well dispersed AlsTi and AlsZr particles shown in the

microstructure of the ultrasonically treated melts.
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Figure 4. 3 Optical micrographs show microstructure of (a) base Al alloy; (b) C1U; (c) C2U and (d)

C3U showing uniform distribution of the AlsTi particles throughout the matrix

Figure 4. 4 Optical micrographs show microstructure of (a) C*1U; (b) C*2U and (c) C*3U showing

uniform distribution of the AlsZr particles throughout the matrix
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Figure 4. 6 SEM micrograph shows in-situ formed AlsZr particles in the matrix. Inset in shows the

energy spectra corresponding to the AlsZr particles and atomic percentage of its elements

The average grain size of the composites is shown in Figure 4.7. It is observed from
the figure that the grain size of composites decreases with increase of the particles,
suggesting that in-situ formed particles can act as an effective grain refining agent during
solidification. The interfacial energy between the solid matrix and the nucleating substrate
plays an important role in microstructure refinement. If the solid and the substrate are
coherent or partially coherent, the interfacial energy will be low. The following equation can

be used to evaluate the lattice misfit, 8, between the substrate and the matrix:
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where osubstrate and amatrix are the lattice constants of the substrate and the matrix, respectively.
As a rule, the interface between the matrix and the substrate is coherent when 8 < 0.05 and

partially coherent when 0.05 < 6 <0.25 [219].
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Figure 4. 7 Variation in grain size of base Al alloy and the composites.

The crystal structure of AlsTi (DO02) is tetragonal with a = b = 0.385 nm and ¢ =
0.861 nm [220]. The crystal structure of AlzZr (D023) is also tetragonal with a = b = 0.4009
nm and ¢ = 0.864 nm [221]. On the other hand, a-Al crystal has a fcc structure witha =b =
¢ = 0.404 nm [222]. So, the lattice misfit values between in-situ formed AlsTi and a-Al in
both a and c/2 directions are 0.049 and 0.065, respectively whereas the lattice misfit values
between in-situ formed AlsZr and a-Al in both a and c/2 directions are 0.069 and 0.008,
respectively. On the basis of this calculation, it can be concluded that in-situ formed AlsTi
and AlsZr particles have a good lattice match with o-Al and can act as an effective
heterogeneous nucleating site for primary Al during solidification. The size distribution of
the AlsTi and AlsZr reinforced particles in the composites was characterized by Image J

software as shown in Figure 4.8 and Figure 4.9, respectively. It was observed that about 75%
62



of AlsTi particles are between 2 um and 4 um in size whereas, around 70 % of AlzZr particles
have size less than 2 um. The average size of AlsTi and AlzZr particles is about 3.4 £ 1.2

pm and 1.8 £ 0.8 um, respectively.
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Figure 4. 8 Size distribution of in-situ AlsTi particles in the composite.
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Figure 4. 9 Percentage of different sizes of AlsZr particles in the composite

Grain refinement due to AlsZr and AlsTi particles can also be understood with the
help of Al-Zr and Al-Ti phase diagram obtained by using thermo-cal software (Figure 2.4
and 2.5, respectively). According to the phase diagram, the peritectic reaction takes place

according to:



L + AlsTi — o Al (at 665 °C) 4.6
L + AlsZr — a Al (at 665 °C) 4.7

The reaction product of the above equations is a new phase precipitated on AlsTi and AlsZr
which acts as a heterogeneous nucleating agent. This is confirmed by the microstructures
shown in Figure 4.3 (b-d) and Figure 4.4 (a-c).

From mechanical properties point of view, thermodynamically unstable particles can
be detrimental because they can form reaction product around the reinforcing particles by
reacting with molten metal [223]. Therefore, clean interface between the particle and the
matrix is always desired which enhance the capacity of the composite to bear load and hence,
mechanical properties are improved. Figures. 4.10 (a) and 10 (b) show TEM micrographs of
the area containing AlsTi particle and SAED pattern of an AlsTi particle, respectively. It is
evident from the TEM analysis that the interface between the Al matrix and AlzTi particles
is clean (Figure 4.10 a) without the presence of porosity or any reaction product. The in-situ
formation of AlzTi particles within melt reduces the possibility of oxidation of the particles,
thus improving the interfacial bonding between matrix and particles [224,225]. Dislocations
around the AlsTi, which are generated due to difference in CTE between matrix and
particles, also contribute to strength and hardness of the composites (Figure 4.10 a). The
TEM micrographs of the AlzZr reinforced composite is shown in Figure 4.11. High dense
dislocations are noticed around AlsZr particulates and in the aluminium matrix as shown in
Figure 4.11 (a-c). These dislocations are generated when there is a significant difference in
CTE between the matrix (CTE of Al: 25.2 x 10°® K™'[226]) and the reinforced particles
(CTE of AlsTi: 13.0 x 10°® K™ [227] and AlsZr: 15.5 x 10°® K™ [221]). This difference in
CTE creates volumetric strain in the composites which produce geometrically necessary
dislocations (GND) around the particles [228-232]. The SAED pattern of an AlzZr particles
which confirms that the AlsZr particles formed in the composites are tetragonal in structure

as shown in Figure 4.11 (d). The interface between the Al matrix and the AlzZr particle is
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shown in Figure 4.11 (e). The interface is free from micro pores, undesirable reaction
product, and is continuous and plain which indicate that AlsZr is well bonded with Al matrix.
This improvement in interfacial bonding between the particles and the matrix can be
attributed to the formation of particles within the melt which limits the chance of the particles
to get oxidized [225]. The absence of oxidized surface not only enhance wettability by
reducing wetting angle between the AlsZr particles and the Al matrix but also enhance
interfacial integrity [199]. Due to exothermic nature of the reaction, the increase in the
temperature of molten Al further ensures good wettability. Although homogeneous
distribution enhances mechanical properties, good interfacial bonding is also desired. The
HRTEM of the selected area of the interface, marked by yellow box in the Figure 4.11 (e),
is shown in Figure 4.11 (f) which confirms that the interface is coherent with the small lattice
misfit between Al and AlsZr. It is observed from (Inverse Fast Fourier Transform) IFFT
image of the outlined area, marked by yellow box in Figure 4.11 (f), that the fringes of AlsZr
particle are aligned along (004) plane and there interplanar spacing is 0.227 nm.

The experimental density of the base Al alloy and composites was calculated by
Archimedes principle [233]. The porosity content P in the composite specimens is
determined as

P(%)=(1- pﬁ) X 100 4.8

where the actual density of the specimen p is obtained by Archimedes’ method: p =
W,/ (W, —W,,) where W, and W, are the weight of samples in the air and the weight of
samples in water, respectively. The theoretical density po is calculated using the rule of
mixture: p, = Vg, X pp + (1 = V) X pr, Where Vipis the volume fraction of the particle
(Table 5), pp is the density of the particle which is 3.4 g cm™ and 4.14 g cm™ for AlsTi and
AlsZr, respectively and pm is the density of the matrix (2.7 g cm). The values of theoretical
density and actual density for AlsTi and AlzZr reinforced composite are shown in Table 4.1.

The percentage of porosity of the composites is found to be lower than that of the base Al
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alloy because of ultrasonic degassing. Degassing of the melt during ultrasonication happens
in three stages [128]: Stage I: Bubbles are formed in the melt and their sizes increase due to
transformation of gasses from the surrounding melt. Stage I1: These bubbles get consolidated
and form large bubbles. Stage I1I: The large bubbles float to the top surface of the liquid
metal and collapse releasing gas to the environment. So, when the duration of ultrasonic
stirring is increased, the dissolved gases in the liquid metal are removed effectively and

composites with less porosity can be formed.

Figure 4. 10 TEM micrograph (a) showing clear interface between in-situ AlsTi particles and Al
matrix. Dislocation tangles are present around the particles contributing to the strength and hardness of

the composite. (b) SAED pattern of AlsTi particle.
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ons

Al matrix

Figure 4. 11 TEM micrograph (a) and (b) showing the generation of dislocations around the particles
which contributes to the strength and hardness of the composite, (c) showing the dislocations in the
matrix, (d) SAED pattern of the AlsZr particle which confirms the tetragonal structure (D0.3) of the
AlsZr, () indicate clean interface between Al matrix and in-situ AlsZr particles, (f) showing HRTEM
of the interface between particle and matrix, and (g) showing IFFT (inverse fast Fourier transform)

image to calculate the interplanar spacing.
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Table 4. 1 Density and porosity of as cast base Al alloy and composites.

Material developed  Theoretical density Experimental Porosity (%)
(g cm?®) density (g cm™)
Base Al alloy 2.70 2.55 55
CluU 2.72 2.68 1.5
cau 2.73 2.67 2.2
C3uU 2.75 2.67 2.9
C*1U 2.73 2.70 1.1
C*2U 2.75 2.69 2.1
C*3U 2.78 2.71 2.5

4.1.1.2 Mechanical properties:
4.1.1.2.1 Hardness:

The Brinell hardness of the base Al alloy, AlsTi and AlzZr reinforced composite is
shown in Figure 4.12. It is evident from the figure that the developed composites have higher
hardness as compared to the base Al alloy. It is well established fact that the reinforcement
of hard particles into the ductile matrix increase its hardness [234]. AlzTi and AlzZr particle,
as a hard reinforcement, provide inherent property of hardness to the matrix material which
enhance its ability to resist deformation [235]. With increasing number of reinforced
particles, hardness of the composites is also increased. It is also observed that the hardness
is increased due to refinement of the matrix phase because, during deformation, movement
of dislocations are effectively resisted by the increased grain boundaries. As shown in Figure
4.7, developed composites have smaller grain size than that of the base Al alloy. The
hardness of the composites also improves when dislocations are generated around the
particles due to difference in CTEs between reinforced particles and Al matrix [235]. The
composites have clean interface between the Al matrix and in-situ formed particles which
provide better bonding between them and as a result the capacity of the composite to bear
load is increased. Therefore, improvement in the hardness of the composites is observed.

The hardness of AlsZr reinforced composites is higher than the AlsTi reinforced composite
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which may be attributed to the smaller size of AlsZr particles, than that of AlsTi particles

which effectively resist the movement of dislocations.
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Figure 4. 12 Variation in hardness of base Al alloy and the developed composites

4.1.1.2.2 Tensile properties:

Engineering stress-strain curves of the AlsTi and AlsZr reinforced composites are
shown in Figure 4.13 and 4.14, respectively. Values of their tensile properties are listed in
Table 4.2. In comparison with the base Al alloy, higher values of YS and UTS are observed
in the composites. Generally, tensile properties of composite depend on the properties of
reinforced particles and matrix, and compatibility between them. During deformation,
dislocations, which are generated in the matrix, interacts with the reinforced particles present
in the matrix and the movement of dislocations is resisted. Additional stress is required to
move these dislocations which results in increased UTS and YS of the composites [236].
The grain refinement of the matrix, uniform distribution of the particles in the matrix, clean
interface between reinforced particles and Al matrix resisting the initiation of crack at the
interface due to efficient transfer of load from the matrix to the particle, and presence of
dislocations around the particles are other factors which contribute in the improvement of

tensile strength of the composites [237-239].
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It is also observed from the figure that there is a significant improvement in the
ductility (% elongation) of the composites as compared to the base alloy. This improvement
can be attributed to the ability of the particles to resist the propagation of crack during
deformation. Therefore, ductility of the composite can be improved by providing resistance
in the direction of crack propagation [199]. Small grains of the matrix, which do not facilitate
crack propagation, good interfacial bonding between the particles and Al matrix, and
presence of less porosity, due to ultrasonication, which act as a weak point in the composites,

are other factors which contribute in the improvement of ductility of the composites

[226,238].
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Figure 4. 13 A comparison of the tensile stress versus strain curves for the base Al alloy and AlsTi
reinforced Al composites
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Figure 4. 14 A comparison of the tensile stress versus strain curves for the base Al alloy and AlsZr
reinforced Al alloy composites

Table 4. 2 Variation in UTS, YS and elongation of as cast and composites

Casting condition UTS (MPa) YS (MPa) Elongation (%)
Base Al alloy 130+5 59+ 3 7.7£21
Clu 175+ 4 66 £ 2 13.8+3.1
cau 188 + 3 74 +2 165+15
C3u 208 +3 84+2 235+2.6
C*1U 166 +5 72+2 156+3.4
C*2U 192 +2 81+3 175+3.0
Cc*3U 214 +5 91+2 222+3.0

To study the effects of reinforcement particles on the strength of the composites, two
approaches are considered which are based on continuum mechanics and micromechanics
strengthening, respectively. In continuum mechanics, the load transfer to reinforcement
particle is due to good bonding between the matrix and the particles. Whereas in
micromechanics, the strengthening effect of the particles is the basis for improved strength.
In the continuum mechanics approach, the yield strength of composites (cyc) can be

expressed as [240,241]

Oye = Oym [V (55) + (1= W) 4.9
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where oym is the yield stress of the matrix phase, Vp is the particle volume fraction in the
composites and S (l/w) is the aspect ratio of the reinforcing particles.

In the micromechanics approach, the yield strength of the metallic matrix (cym) IS
calculated by considering the grain refinement strengthening (Aoyp), Orowan strengthening

(Aay,) and strengthening due to thermal mismatch(Aao-rg), and can be expressed as [241]

O'ym = O-O + AO—HP + \/(AO'OT-)Z + AO'CTEZ 410

where oo IS the yield strength of the as cast sample (base alloy).

In the strengthening due to grain refinement, grain boundaries resist the motion of
dislocation due to the high lattice disorder of the grain boundary region and misorientation
of adjacent grains [50]. By refining the grains of aluminium alloy, grain boundary area can
be increased which further increase the resistance to the motion of dislocation improving the
yield strength of the matrix. This improvement in yield strength due to grain refinement can

be calculated by using Hall-Petch relationship [241,242]
1 _1
AO_HP = k (Cl_E - d02> 4.11

where k is the Hall-Petch slope, d (um) is the average grain size of the composites and do
(um) is the average grain size of as-cast alloy. By putting the values of d, do and k in egn. 8,
the increment in the yield stress due to grain refinement for different composites is calculated
and shown in Table 4.4.

The yield strength of the matrix is increased when particulate reinforced composites
are quenched from the working temperature (750 °C) to room temperature. According to the
Taylor strengthening mechanism, volumetric strain occurs in the composite due to
significant differences in CTE between the matrix and the reinforced particles. To
accommodate the CTE difference, geometrically necessary dislocations (GND) are

produced around the particles which increases the flow stress in the matrix [232]. Hence,
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the yield strength of the matrix is improved due to CTE mismatch strengthening (o¢rg)

which can be described as [242]

Aocrg = BGbyJp 4.12
where £ is a constant; G and b are the shear modulus of the matrix and the Burgers vector,
respectively; p is the dislocation density induced by the CTE mismatch, which can be

estimated as [226]

__ 12Aa AT Vp
" bD(1-Vp)

4.13
where Aa is the CTE mismatch between the matrix and the reinforcing particles; AT (K) is
the difference between solidification start temperature and test temperature; V, is the volume
fraction of the particles and D (um) is the diameter of the particles. By using eqn. 4.12 and
4.13, the increment in the yield strength due to difference in CTE is calculated and shown in
Table 4.4.

In Orowan strengthening, precipitate particles hinder the movement of dislocations.
With the application of stress, the dislocation on interaction with the precipitates are first
bowed, then reconnected, and finally the dislocation loops are formed around the particles.
These dislocation loops hinder the movement of subsequently formed dislocations and
thereby improve the strength of the composite [232].

However, the Orowan-strengthening is initiated when the reinforcement particles are
smaller than 1um [232,243]. In this work, the average size of the particles in all the
composites are greater than 1 um. Hence, Orowan mechanism is not expected to contribute

to strengthening. So, eqn. 4.10 can be modified as:

Uym = Oy + AGHP + AO_CTE 4.14
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Table 4. 3 Useful parameters for calculating the strengthening mechanism in Al-AlsTi and Al-AlsZr

composites
Parameter  Description Value Reference/Comment
0.022, 0.043 and 0.065  Calculated for C1U, C2U and
Vp Volume fraction of particles C3U composites, respectively
Calculated for C*1U, C*2U
0.019, 0.038 and 0.056  and C*3U composites,
respectively
1.8,2.8and 2.7 Calculated for C1U, C2U and
S Aspect ratio C3U composites, respectively
Calculated for C*1U, C*2U
1.7,2.1and 2.8 and C*3U composites,
respectively
k Hall-Petch slope 74 x 103 MPavm [226]
do Average grain size of base Al 213 um Calculated
alloy
104, 76 and 57 um Calculated for C1U, C2U and
d Average grain size of the C3U composites, respectively
composites
120,93 and 79 um Calculated for C*1U, C*2U
and C*3U composites,
respectively
B Constant 1.25 [243]
G Shear modulus 26 GPa [226]
b Burgers vector 0.286 nm [226]
oAl CTE of Al 25.2 x 108K [226]
ap CTE of AlsZr 155 x 108 K*? [221]
ap CTE of Al;Ti 13.0x10°% K*? [227]
o Yield strength of the base Al 59 MPa Calculated
alloy
T process Processing temp. 940 K Solidification start temp. of Al
Trest Testing temp. 298 K Room Temperature
3.3,2.9,and 3.8 Calculated for C1U, C2U and
D Average particle size C3U composites, respectively

1.2,1.6and 1.9 um

Calculated for C*1U, C*2U
and C*3U composites,
respectively

Using the above equations and values taken from the literature (Table 4.3),

comparison between experimentally obtained YS and theoretically calculated YS of the

composites is done as shown in Table 4.4. The experimental values of yield strengths of

C1lU, C2U and C3U composites are 1.2, 1.2 and 1.1 times smaller than their respective

predicted values whereas, for C*1U, C*2U and C*3U composites, itis 1.1, 1.1 and 1.0 times

smaller than their respective predicted values. This difference between the predicted and

experimental values may be attributed to the less uniformity in particle distribution in the

matrix and measurement error of average grain size, average particle size and aspect ratio of

the particle. Improvement in yield strength due to thermal mismatch is more as compared to
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that due to grain refinement which suggests that thermal mismatch strengthening is the

dominant strengthening mechanism in the developed composites.

Table 4. 4 Predicted, experimental and contribution of different strengthening mechanisms to the yield

strength of composites: 6ym, YS of matrix; oycp, Predicted Y'S; oyce, Experimental Y'S.

Casting  AcHa-petch  Aocte  oym (MPa) Oyc,p Oyc,e Absolute
condition (MPa) (MPa) (MPa) (MPa) error (%)
CluU 2.2 14.0 75.2 76.7 66 16.2
C2u 34 21.0 83.4 88.4 74 19.4
C3U 4.7 23.0 86.7 94.5 84 125
C*1U 1.7 19.1 79.8 81.1 72.0 12.6
Cc*2U 2.6 23.6 85.2 88.6 81.0 9.4
C*3U 33 26.6 88.9 95.8 91.0 53

4.1.1.2.3 Fractography:

The fracture surface analysis is very helpful to identify the contribution made by
different mechanism to failure process and to identify the dominant failure mechanism.
Therefore, to identify the failure mechanisms operating in the composite, fractographical
examination of the fractured surface of the tensile specimen is conducted which has been
successfully used on monolithic metals to identify their failure mechanisms. Fractured
surface of the base alloy, C1U, C2U and C3U are shown in Figure 4.15 (a-d) and fractured
surface of C*1U, C*2U and C*3U are shown in Figure 4.16 (a-c). Base alloy is fractured in
a brittle manner as tear ridges and cleavage facets are observed as shown in Figure 4.15 (a).
The base alloy has high porosity, low density, as shown in Table 4.1, and coarse grains, as
shown in Figure 4.7. Therefore, the base alloy has shown low UTS, YS and poor toughness
as shown in Table 4.2. Few dimples and plastic slip bands are observed in C1U composite
as shown in Figure 4.15 (b) which indicates the improvement in ductility of the composite
over base alloy. It is observed from the Figure 4.15 (c) and (d) that the number of dimples is

increased, and the size of dimples is reduced which may be attributed to the improvement in
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ductility and refinement of matrix as the amount of reinforcement is increased. The fractured
surface of the composites indicates mixed mode fracture dominated by ductile fracture.
The developed composites are failed due to mixed mode fracture dominated by
ductile fracture as shown in Figure 4.16 (a-c). In Figure 4.16 (a), plastic slip bands, few
dimples and tear ridges are observed which suggests that some plastic deformation occurred
in the C*1U composite as compared to the base alloy. The population of tiny dimples are
relatively increased in C*2U composite as shown in Figure 4.16 (b) which shows that
composite went through more plastic deformation before failure took place. However, step
wise facets, formed due to shear fracture, are observed in some regions of the fractured
surface of C*2U composite which indicates towards brittle fracture. The amount of the
observed tiny dimples is further increased in C*3U composite as shown in Figure 4.16 (c)
which indicates improvement in ductility over C*2U composite. It is evident from the Figure
that the fracture surface of C*3U composite has uniform distribution of tiny dimples and
tear ridges. On increasing the amount of reinforcement, refinement of the Al matrix is

occurred which leads to the reduction in dimple size as shown in Figure 4.16 (a-c).

4.1.2 Summary:

Varying amounts of K,TiFes and K2ZrFe powders was reacted with molten Al at 750
°C to form in-situ AlsTi and AlsZr particles, respectively. Uniform dispersion of
intermetallics was achieved by applying ultrasonic vibration to the melt for 5 minutes.
Blocky morphology of in-situ formed AlsTi and AlsZr particles was observed with the
average size of 3.4 £ 1.2 um and 1.8 £ 0.8 um, respectively. UTS, YS and hardness of the
developed composites was improved as compared to that of the base Al alloy. During
solidification, heterogeneous nucleation was promoted by the particles which acted as a
nucleation site for Al matrix and led to the grain refinement of the composites. The best
combination of mechanical properties with good UTS, YS and % elongation is obtained in

C3U composite with 8.1 wt. % AlsTi was and C*3U composite with 9.1 wt. % AlsZr. The
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well bonded and clear interface between the Al matrix and the in-situ formed particles played
important role in the improvement of mechanical properties. It is concluded from the
analysis of the strengthening mechanism that the dominant strengthening mechanism in the
composites was thermal mismatch strengthening followed by Hall-Petch strengthening. Due
to the coarseness of the particles, Orowan strengthening was omitted. It was observed that
the mechanical properties of the in-situ AlzZr reinforced composite was better than the in-
situ AlsTi reinforced composite. This was explained as due to the average size of Al:Zr
particles was 1.8 £ 0.8 um which was around 50% smaller than the in-situ AlzTi particles

whose average size was 3.4 = 1.2 pm.
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Figure 4. 15 SEM micrograph of the fracture surface of tensile specimens (a) base Al alloy; (b)
C1U; (c) C2U and (d) C3U.
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Figure 4. 16 SEM images of the tensile fractured surface of (a) C*1U; (b) C*2U and (c) C*3U

4.2 Impression creep behaviour of Al-AlsTi and Al-AlsZr
composites:

Particulate reinforced aluminium matrix composites are used in the aerospace and
automobile industry due to their excellent properties, such as high temperature creep ability,
low density, high strength, good thermal stability, etc. [244,245]. At room temperature,
aluminium alloys show high strength but their mechanical properties drop to less than 50%
at temperatures higher than 473 K, limiting their use at high temperature [246].

Conventional creep test is time consuming and inconvenient because it requires
many samples and it is difficult to interpret the mechanisms due to microstructural
modification during the test. Therefore, a localized creep in a limited duration as achieved
in indentation testing is a better alternative. In indentation creep test, spherical, pyramidal or
a conical indenter is used which do not show a steady state at constant load. However, at

constant load, cylindrical indenter with a flat end not only reduce the difficulty to find out
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the strain rate for a spherical or pyramidal indenter but also provide constant strain rate under
constant stress lending to steady state penetrating velocity. Such a creep test is called
impression creep [158]. The term "impression creep™ was first introduced by Chu and Li
[27].

Impression creep has several advantages over conventional creep tests like (i) very
small volume of material is required, (ii) relatively short duration of test, (iii) large amount
of data can be obtained from a sample which not only reduce sample preparation time but
also variation in properties due to involvement of many samples, (iv) due to its non-
destructive nature, brittle material can also be tested. Due to these advantages, impression
creep test has gained significant attention amongst the researchers in recent decades
[247,248]. Apart from the advantages, limitations of this test are (i) due to its non-destructive
nature, it is difficult to estimate rupture life of the sample, (ii) due to short duration of time,
it is difficult to evaluate changes in creep behaviour of an engineering alloy due to changes
in microstructure [248].

Creep behaviour of various aluminium alloys reinforced with different types of
reinforcements such as TiC [246], B4C [249], SiC [250-253], Al>O3 [254] have been studied.
Among these, silicon carbide (SiC) as the short fibres, particles or whiskers are mostly used
as reinforcement in the Al alloys matrix. Many research works on the impression creep
properties of the magnesium [255,256] and aluminium alloys matrix composites [257,258]
are being carried out, but impression creep study of aluminide reinforced Al composites has
not been reported so far. Therefore, the present study aims to investigate the creep properties

of in-situ aluminide reinforced Al composite.

4.2.1 Post creep test microstructure:

To study the microstructural changes during creep, the tested samples were sectioned
along the impression direction and the microstructure beneath the indentation was examined.

Microstructure of a sectioned sample of C3U composite which was creep tested at 573 K
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and 141 MPa is shown in Figure 4.17 (a). In the figure, three different zones are observed
which is differentiated by curved lines and labelled with different numbers. The line pattern
IS supposed to be associated with material flow during impression creep. These different
deformation features can be attributed to the localised strain and stress field during
impression creep [259,260]. The first zone, which is just beneath the indenter, has no
microstructural changes due to hydrostatic stress distribution which is also reported by many
researchers [153,261,262]. The second zone between the arc lines, where severe deformation
occurred composed a semi-spherical zone. The particles are aligned along the flow direction
which is indicated by arrows in Figure 4.17 (b). In this process, it is believed that under the
applied stress an elastic-plastic zone is pushed into the material. Therefore, the velocity of
this zone which proceeds into the material underneath the indenter governs the impression
velocity. The diameter of the flow circle is comparable to the diameter of the indenter. The
flow lines are more concentrated near the edges of the indenter than in front of the indenter
which shows that the most severe plastic deformation takes place at the edges of the indenter.
And, in the third zone, which is far away from the indenter is characterized by the particles
being randomly distributed indicative of a lack of flow pattern. Also, there is an absence of

plastic deformation of the material.

ag;j%ﬁ’:v SM‘I:I“:D}TIITSRE1 Mag= 130X w
Figure 4. 17 SEM micrograph of the C3U composite after the creep test at 573 K under 141 MPa stress
for 10,000 s; (a) beneath the indenter and (b) deformed region.
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4.2.2 Impression creep:

The impression creep curves obtained after 10,000 s tests are shown in Figures. 4.18,
4.19, 4.20, 4.21, 4.22, 4.23 and 4.24 for the base Al alloy, C1U, C2U, C3U, C*1U, C*2U
and C*3U composites, respectively. It is observed from the curve that primary (Stage 1)
creep followed by secondary (Stage 2) creep are observed. The tertiary stage is not observed
because rigid (elastic) materials offer restriction by enveloping plastic zone which result in
stable deformation under the punch. Therefore, steady state stage is maintained for long
period of time and this is a unique advantage of the impression creep test over the
conventional tensile creep test.

In the primary stage, creep rate decreases with time as work hardening is dominant
in this stage, whereas, in the secondary stage, creep rate is constant because equilibrium is
established between the work hardening and recovery. Similar impression creep curves for
the other alloys were reported in the published literature by Mohammadi and co-workers
[263] and Kutty and co-workers [264]. It is observed from impression creep curves that on
increasing temperature and stress, creep rate is also increased. The primary stage in creep
curves of base Al alloy, C1U, C2U, C3U, C*1U, C*2U and C*3U at temperature 603 K is
small as compared to other temperatures as work hardening effect is low at high temperature.

The minimum impression rate, &, during the steady state is determined by

. oh
é= 4.15
where ‘h’ (mm) is the depth of indentation and ‘t’ (s) is time

Power law relation is used for dominant creep mechanism which is as follows [262,263]:

__ ADyGb .5 n
T KT \G

4.16
where Dy is the diffusion coefficient, £ is the minimum creep rate, b is the Burger vector, T
is the temperature in Kelvin, A is the constant, k is the Boltzmann constant, G is the shear

modulus and ‘n’ is the stress exponent. The equation of Dy is given by [26]

D, = D,exp(— }f—T) 4.17
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where ‘Q’ is the activation energy, ‘R’ is the gas constant and ‘T’ is the temperature in

Kelvin. By combining Egs. (4.16) and (4.17) we get

GbD,
kT

£ =A(

)(0/G)"exp(— ) 4.18
For stress exponent ‘n’, Norton’s equation is used [255]

. I _n _&

£ =Ao"exp( RT) 4.19
which can be rewritten by taking logarithm on either side as

Iné=InA"+nlno — < 4.20
RT

According to this model, at constant temperature, a plot between In € and In © gives
straight line having a slope equal to the stress exponent ‘n’. The values of ‘n’ at different
temperatures for base Al alloy, C1U, C2U and C3U composites, and for C*1U, C*2U and
C*3U composites are different as shown in Figure 4.25 and 4.26, respectively and
summarised in Table 4.5. These stress exponent values are helpful to identify the dominant
creep mechanism in the material. Several operative creep mechanisms have been reported
in the literature [264,265]. If the stress exponent ‘n’ is unity, the dominant creep mechanism
is based on diffusional flow such as Nabarro-Herring creep and Coble creep. If ‘n” is found
to be 2, the creep controlling mechanism is grain boundary sliding. When n = 3, it is a form
of creep where the dislocations glide velocity is controlled by solute drag. When ‘n’ value
is in the range of 4-7, the dominant mechanism is climb of edge dislocation. The value of n
> 7 can be observed by blocking the dislocation motion, lattice self-diffusion and grain
boundary sliding which can be achieved by developing an intermediate phase within the

matrix [266].
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Figure 4. 19 Impression creep test of C1U at 543 K, 573 K and 603 K temperature and stresses at 113

MPa, 141 MPa and 170 MPa
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Figure 4. 20 Impression creep test of C2U at 543 K, 573 K and 603 K temperature and stresses at 113
MPa, 141 MPa and 170 MPa
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Figure 4. 21 Impression creep test of C3U at 543 K, 573 K and 603 K temperature and stresses at 113
MPa, 141 MPa and 170 MPa
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Figure 4. 22 Impression creep curves of C*1U tested at 543 K, 573 K and 603 K temperature and
stresses at 113 MPa, 141 MPa and 170 MPa
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Figure 4. 23 Impression creep curves of C*2U tested at 543 K, 573 K and 603 K temperature and
stresses at 113 MPa, 141 MPa and 170 MPa.
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Figure 4. 24 Impression creep curves of C*3U tested at 543 K, 573 K and 603 K temperature and
stresses at 113 MPa, 141 MPa and 170 MPa.
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The average value of ‘n’ for base Al alloy, C1U, C2U, C3U, C*1U, C*2U and C*3U
are3.6+0.2,42+02,52+02,58+0.3,48+0.2,54+0.2and 6.7 0.3, respectively
which indicates that the dominant creep mechanism in all the composites is the dislocation
climb. As demonstrated, the stress exponent significantly decreased from 3.9 to 3.2, 4.6 to
4.2,551t04.8,6.4t05.4,5.2t04.5,5.7t05.1 and 7.2 to 6.3 for base Al alloy, C1U, C2U,
C3U, C*1U, C*2U and C*3U, respectively with increasing temperature from 543 to 603 K.
The drop of ‘n” values with temperature reflects the instability of the microstructure at high
deformation temperatures. The observed instability may be attributed to the softening of Al
alloy matrix at high temperature.

This mechanism is independent of grain size (q = 0) [267,268] which is concluded
from the In € vs. In d plot as shown in Figure 4.27 and 4.28. It is observed from the plot that
the creep rate decreases as grain size of the composites decrease which means that the grain
size of the composites does not adversely affect the creep rate. Also, the increase in creep
resistance due to the reinforced particles cancel out the adverse effect which arise due to

grain refinement, if any.
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Figure 4. 25 Plot of In £ vs. In ¢ for calculating the stress exponent for base Al alloy, C1U, C2U and

C3u
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Table 4. 5 Stress exponent ‘n’ values for different composites

Composite Creep test temperature, Stress exponent, n
K

Base Al alloy 543 3.9
573 3.7

603 3.2

Clu 543 4.6
573 3.9

603 4.2

C2u 543 55
573 5.2

603 4.8

C3U 543 6.4
573 5.7

603 5.4

C*1uU 543 5.2
573 4.7

603 4.5

Cc*2U 543 5.7
573 5.3

603 5.1

C*3U 543 7.2
573 6.7

603 6.3
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Figure 4. 27 Plot of In € vs. In d for calculating grain size exponent ‘q’ for all the three samples at 603

K temperature
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Figure 4. 28 Plot of In € vs. In d for calculating grain size exponent ‘q’ for all the three samples at 603
K temperature

In the deformation process, thermal activation is mainly responsible for creep and
without thermal fluctuation creep cannot occur in the material. The activation energies for
creep provide better understanding of the mechanism contributing to creep in the material.
These mechanisms can be identified by their respective activation energy [269]. So, this
activation energy is calculated using Arrhenius type rate equation [135]:

g = Ae @/RT 4.21

For a constant stress, the plot between In € vs. 1/T is a straight line which has a slope
equal to Q/R where R is the gas constant (8.3 J/mol) and Q is the activation energy. The
obtained values of Q are 111 + 4 kJ/mol, 127 + 3 kJ/mol, 143 + 4 kJ/mol and 157 £ 5 kJ/mol
for base Al alloy, C1U, C2U and C3U, respectively as shown in Figure 4.29, and 142 + 3
kJ/mol, 148 + 3 kJ/mol and 163 + 4 kJ/mol for C*1U, C*2U and C*3U, respectively as
shown in Figure 4.30. The standard deviation of the mean is reported as the error values.
The activation energy of base Al alloy, AlsTi reinforced composites and AlsZr reinforced
composites are close to lattice self-diffusion (142 kJ/mol) [270]. It indicates that the velocity

of dislocation climb is controlled by diffusion of Al atoms through lattice. It is observed
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from the Figure 4.29 and 4.30 that the values of activation energy are decreased as stress is
increased. This can be attributed to the formation of higher density of dislocation under an
application of higher stresses. As a result, more rate of materials flow by diffusion through
dislocation pipe than that through the lattice which lowers the activation energy [271,272].
Therefore, on the basis of stress exponent and activation energy values, it can be concluded
that lattice diffusion-controlled dislocation climb is the dominant creep mechanism in the

base Al alloy and the developed composites.
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Figure 4. 29 Plot of In £ vs. 1/T for calculating the activation energy for base Al alloy, C1U, C2U and
C3U.
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Minimum impression rate or steady state impression rate comparison between AlsTi
and AlsZr reinforced composites at different temperature and stresses is shown in Figure
4.31. From these figures, it is observed that steady state impression rate of base Al alloy is
higher than that of composites at all the test temperatures. This is because dislocation creep
or power law creep is governed by the movement of dislocations assisted by dislocation
climb aided by diffusion of vacancy [135]. This movement of dislocation is dependent on
activation energy. The value of activation energies of the composites is larger than that of
base Al alloy as shown in Figure 4.29 and 4.30. For large activation energy, diffusion of
vacancy is low which resist the movement of dislocation and thus, the creep rate is low. The
C*3U composite has the lowest impression rate among all the composites because it has the
largest activation energy. It is also observed from the figure that the steady state impression
rate is higher at higher temperature than that at lower temperature for a given stress. At

higher temperatures, the ability of dislocations to climb over particles is apparently fast
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enough to render the particles as ineffective dislocation barriers. At lower temperatures, the
time needed for a dislocation to climb around a particle (for a given stress) is much longer,

so the creep resistance is significantly improved [273].
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Figure 4. 31 Comparison of impression rate for base Al alloy and the composites under different
stresses tested at 543 K, 573 K and 603 K.

Creep resistance of the composite also depends on coherency between matrix and
reinforcement particles. A large mismatch in lattice coherency between matrix and
reinforced particles give undesirable microstructure that have poor mechanical properties at
elevated temperatures. A non-coherent particle having no crystal structural relationship with
the aluminium atoms as illustrated in Figure 4.32 (a). When there is a lattice coherency, these
dispersed particles are highly stable and provide good mechanical properties for the
composite at elevated temperatures [274]. A coherent particle that has similar lattice
parameters and crystal structure relationship with the surrounding aluminum matrix atoms

as illustrated in Figure 4.32 (b). It has already been shown in the section 4.1.1.1 that in-situ
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formed AlsTi and AlsZr particles have fairly good lattice match with a-Al and therefore,

enhances creep property of the composites.

Aluminium atoms .............

Non-Coherent
particle

Coherent particle

Figure 4. 32 (a) illustrates a non-coherent particle. (b) illustrates a coherent particle that has similar

crystal structure relationship with the surrounding aluminium matrix atoms.

Intermetallic particles enhance creep properties by either resisting grain boundary
sliding or suppressing dislocation annihilation (recovery) [272,275,276]. The high melting
point of the particles confirm their stability at the creep test temperature. Therefore, it seems
that the presence of the particles inside the matrix phase enhances the creep properties of the
composites by preventing dislocation easy gliding during the creep deformation. Further, the
presence of the particles in the matrix improve its resistance to plastic deformation which
also increases creep resistance of the composite. Therefore, it can be observed from Figures.
4.18, 4.19, 4.20, 4.21, 4.22, 4.23 and 4.24 that at a particular stress and temperature the
penetration depth of the indenter for any duration of time is decreased as the amount of

reinforcement is increased.

4.2.3 Summary:

The creep behaviour of Al-AlsTi and Al-AlsZr composites is investigated at various
temperatures ranging from 543 K to 603 K and under stresses between 113 MPa and 170
MPa. Creep resistance of the composites are higher than that of the base Al alloy suggesting
that AlsTi and AlsZr particles addition is beneficial. Composite with the highest particle

addition is the most creep resistant. The creep resistance is attributed to the lattice coherency
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between the reinforced particles and Al matrix reflected in higher activation energy values
which resist the movement of dislocation. The values of calculated stress exponent ‘n’ lie in
the range of 3-7 for base Al alloy and the composites suggesting that the dominant creep
mechanism is the dislocation creep. The activation energy value for the creep of base Al
alloy and the composites are close to that of the lattice self-diffusion (142 kJ/mol) of
aluminium. This implies that the dominant creep mechanism in base Al alloy and the
composites is the lattice self-diffusion-controlled dislocation creep. Since creep controlling
mechanism is dislocation creep mechanism which is independent of grain size, the
refinement in microstructure of the composites, obtained from the incorporation of
uniformly distributed in-situ particles throughout the matrix, achieved by ultrasonication of
the melt, do not affect the creep behaviour of the composites. Both the composites have

shown similar creep behaviour under the selected range of temperatures and stresses.

4.3 High cycle fatigue behaviour of AI-AlTi and AlsZr
composites:

In aerospace industries, commercial sectors and transport, the demand of particulate
reinforced Al matrix composites (PRAMMCS) have increased due to their stiffness and high
specific strength. In aerospace applications, components, in their service life, are undergone
through many cyclic stresses which can degrade the materials due to fatigue. Therefore, it is
very crucial from design aspect to investigate the fatigue behaviour of the components
fabricated from these materials to know the life and reliability of these components [277].

There are several factors which affects the fatigue properties of PRAMMCSs. These
include temperature, composition, type and frequency of loading, microstructure, operating
test conditions such as stress or strain controlled, aging treatment of the matrix, bonding
between particle and matrix, size of reinforced particle, volume fraction of reinforcement
and its distribution, etc. [278].

There are three different stages in the process of fatigue damage of the composite

which is similar to the alloy. These stages are: (1) fatigue crack initiation (Stage I); crack
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propagation (Stage I1); ultimate fracture (Stage I11). In stage I, inclusions and the reinforced
particles are considered as an initiation sites for fatigue crack. Stage Il can reveal the
relationship between damage mechanisms and microstructure as microstructural features
govern the damage process. In stage 111, dimple formation and the particle fracture, similar
to the tensile fracture, are the main features of the fatigue fracture [279-282].

In recent years, in-situ metal matrix composites have gained lot of attention because
of their good machinability [283,284] and mechanical properties [285-290]. The good
mechanical properties are required in the field of structural engineering which involve
dynamic high-cyclic loading during their long-term period. Therefore, it is of great interest
to investigate high-cyclic fatigue behaviour of in-situ metal matrix composites as it has been
reported that the in-situ metal matrix composite shows improved HCF limit as compared to
the unreinforced alloys [291-294].

Many researches have been carried out on ex-situ particle reinforced composites to
study their HCF damage which was commonly fabricated by powder metallurgy route
[29,295-297]. It has been observed that the damage occurred in those composites are mainly
due to interface debonding and particle fracture. The morphology and the size of reinforced
particles affect HCF properties of composites. The reinforced particles which have sharp
edges can act as a site for crack initiation and leads to brittle fracture because these sharp
edges increase stress concentration during HCF [279-282]. Also, small sized particles may
substantially improve HCF of composites [29,298,299]. The in-situ composites which have
small sized reinforced particles will have noticeable effect on HCF behaviour. The most
Common reinforcement for Al based MMCs are oxides (SiO2, Al203), carbides (TiC, SiC)
and borides (ZrBy, TiB>).

High cycle fatigue study of aluminide reinforced Al composites has not been reported
so far. Therefore, present study aims to investigate and compare high cycle fatigue behaviour

of in-situ formed AlsTi and AlzZr reinforced composites.
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4.3.1 Fatigue properties:

The S—N curves of the base Al alloy and the developed composites are shown in
Figure 4.33. It is observed that fatigue life is increased as the amount of reinforcement is
increased. In high cycle fatigue test, a significant part of the total fatigue life is the crack
initiation [300]. Therefore, when the particles are formed in the aluminium alloys, they
provide higher resistance to crack initiation. Therefore, C3U and C*3U among AlsTi and
AlsZr reinforced composites, respectively exhibit longer fatigue life under any amplitude. It
has been reported in the literature that high cycle fatigue life of PRMMCs is improved
[301,302]. The reason behind this improvement can be attributed to the transfer of load from
the matrix to the particle.

Strain amplitude has strong influence on the fatigue process which was demonstrated
by Park et al. [300]. The presence of high strength and high modulus particles in the matrix
lower the total strain at any stress level. Thus, fatigue life of the composites is improved as
they experience lower strain as compared to the base Al alloy at the same stress level. On
the other hand, it is known that crack is initiated when there is the cyclic slip in the slip bands
[301]. However, the presence of small reinforced particles can delay the crack initiation by
acting as a barrier to the development of slips bands which leads to decrease in slip distance
[303]. Thus, resistance to crack initiation is enhanced.

It has been reported that several factors affect the HCF performance of PRMMCs
such as the volume fraction and the particle size [303]. Fatigue resistance can be enhanced
either by decreasing the particle size or increasing the volume fraction due to a combination

of direct and indirect strengthening [36].
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Figure 4. 33 S-N curves of the base Al alloy, AlsTi reinforced composites and AlsZr reinforced
composites

In the high cycle fatigue regime where stresses are low, these improvements are more
pronounced than that where stresses are high. For a given reinforcement volume fraction,
when the particle size is decreased, interparticle spacing is also decreased which offer more
resistance to the motion of reversible slip during fatigue and localized strain is also decreased
due to cyclic slip refinement. Above a critical particle size, the propensity of the particle
cracking is increased with the increasing particle size which results in predominant fracture
of reinforcement contributing to premature fatigue failure. Fatigue life can also be improved
by narrowing the particle size range distribution because larger particles are more prone to
cracking [36]. It has been reported by Wallin et al. [304] that as the particle size is increased
its probability to fracture is also increased, which is described by the following equations:

d

P(fr)=1—exp [— (5)3 X f(a)] 4.22

where f{o) is defined as

. . \m
matrlx_o_matnx)

flo) = (L) x T 4.23

dy o1
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where d refers to the particle size. The other terms are defined on page xv

From the above equation, it can be concluded that the probability of the small sized
reinforced particles to be fractured is also small.

Other factors that affect high cycle fatigues are matrix microstructure and particle—

matrix bonding. Armstrong et al. [305] have proposed that the effect of grain size on the
fatigue limit stress (orL) can be given as:
OpL = Opp, + kp,d=/? 4,24
where oFL, oorL, ke and d are the fatigue limit, original fatigue limit, constant and average
grain size, respectively. It is observed that the fatigue limit is inversely proportional to the
average grain size which means that the fatigue life is improved as the average grain size is
decreased. Therefore, increased HCF life of the composites over the base Al alloy is
observed due to finer grains of the matrix.

In in-situ technique, bonding between particle and matrix is very strong as no reaction
layer is formed which enhance the load bearing capacity of the composite. The clean
interface between matrix and reinforced particle improves high cycle fatigue of the
composites.

In this work, the developed composites have shown improved high cycle fatigue over
the base Al alloy due to higher elastic modulus of the reinforced particles, the finer grains
size of the matrix, clean interface between Al matrix and the particles, and uniform
distribution of the particles throughout the matrix. However, AlsZr reinforced Al composites
has shown improvement in HCF over the AlsTi reinforced composites, although volume
fraction of the reinforced particles and average grain size of the developed composites are
almost similar. This improvement can be attributed to the presence of AlsZr particles in the
matrix which is around 50 % smaller in diameter than the AlsTi particles due to which its

probability to be fractured is also less than that of AlsTi particle.
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In Al alloy, persistent slip bands (PSBs) are major intrinsic sites to initiate crack,
whereas, in the Al matrix composites, both PSBs and fractured reinforced particles are major
intrinsic sites to initiate failure [300]. However, in the HCF regime, initiation of fatigue crack
at the PSBs is significantly reduced due to existence of extrinsic crack initiation sites
[306,307].

The size of the reinforcing particles governs the intrinsic crack initiation site. In the
particle reinforced composites, the crack initiations occur at the sites where large size
particles fracture [308]. Many researchers drew the same conclusions for the composites
reinforced with particles which are large in size [295,309].

The sites for extrinsic crack initiation are related with the presence of porosity and
clusters of the particle in the matrix. Particle clusters are broken by ultrasonication as
discussed above. Porosity due to gas entrapment is also significantly reduced by
ultrasonication [310].

The crack initiation and the crack growth rate govern fatigue life. In metallic
materials, fraction of the total life to initiate crack is defined by the ratio between the crack
initiation life (Ni) and the total fatigue life (Nf). Crack initiation occurs very early in fatigue
life in the low cycle fatigue regime. Therefore, the life of crack growth dominates the fatigue
life, and the Ni/N¢ is low. In the HCF regime, crack initiation dominates the fatigue life which
means Ni/Nf is close to unity [311,312]. Therefore, HCF should be investigated by

considering the crack initiation.

4.3.2 Fractography:

The crack initiation point in the fracture surface of the base Al alloy and the
composites is shown in Figure 4.34. Cracks often initiated at defects or weak points on the
specimen surface as discussed above. However, crack initiation sites in PRMMCs are more
diverse due to the particle additions. The interface between matrix and the particle is an

important crack initiation site [313]. During cyclic deformation, stresses are concentrated at
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and near the interface between the matrix and the particle due to the mismatch that exists
between them, which may cause the separation of the particles from the matrix or premature
failure of the matrix. Llorca and Poza [309], on the other hand, reported that under cyclic
deformation, reinforcement fracture was the dominant damage mechanism. Besides intrinsic
sites, there may be extrinsic sites such as porosity, particle clusters and other casting defects
which cause crack initiation.

It is also observed from the Figure 4.34 (b) and (c) that the composites have
undergone more plastic deformation as more dimples are formed than that of the base Al
alloy, as shown in Figure 4.34 (a), where fewer dimples and tear ridges are formed due to
stress localization. The driving force relative to the facet type brittle fracture may decrease
due to the formation of dimples. As a result, the crack propagation rate is lower in the
composite than that in the base Al alloy because plastic deformation at a crack tip leads to
crack blunting.

The striation marks in the base Al alloy and the developed composites is shown in
Figure 4.35. The micrographs show fatigue striations of approximately 1 um in the base Al
alloy as shown in Figure 4.35 (a). During cyclic loading, fatigue crack growth is indicated
by these striations. For understanding the growth of fatigue crack under the process of cyclic
slip, various models have been proposed [314]. According to these models, during one cycle
of fatigue, continuous sharpening, blunting and re-sharpening of crack tips form fatigue
striations. These striations are nothing but closely spaced tiny ridges and the distance
between them govern the growth of the fatigue crack. The fatigue crack growth will be more
if the distance between the striations is large as reported in the literature [314].

The fracture surface of the composite, as shown in Figure 4.35 (b-g), reveals fine
gentle steps of the fatigue striations as compared to the base Al alloy which can be attributed
to the presence of the in-situ particles. As observed from the figure, the width of these

striations is ~0.2 um which is less than that of the base Al alloy. This indicates that due to
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low fatigue crack growth rate, the fatigue strength of the developed composites is improved
over the base Al alloy.

It has been reported that the coherency of the particles with the matrix also governs
the fatigue crack growth rate. The presence of coherent particles in the composite reduce
fatigue crack growth because it favours zig-zag crack growth and the planar reversible slip
[315]. Some secondary cracks with different depth between fatigue striations are observed
as shown in Figure 4.35 (c) and (d). These secondary cracks are formed due to the stress

concentration [316].

\
Crack
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IITR 20 6 mm 4.92 mm|ETD

Figure 4. 34 SEM micrograph of crack initiation and propagation direction of (a) base Al alloy; (b)
AlsTi reinforced Al alloy composite and (c) AlsZr reinforced Al alloy composite
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Figure 4. 35 SEM micrograph of striations mark in (a) base Al alloy, (b) C1U, (c) C2U, (d) C3U,
(e)C*1U, (f) C*2U and (g) C*3U
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4.3.3 Summary:
High cycle fatigue behaviour of in-situ Al-AlsTi and Al-AlzZr composites is

investigated. The S-N curves indicate that the fatigue resistance of the composites improved
over the base Al alloy suggesting that particle addition is beneficial. The reinforced particles
lowered crack propagation rates by acting as crack stoppers or/and deflecting the growth
planes of the main and secondary cracks. Therefore, as the amount of reinforcement is
increased, the fatigue life of the composites also increased. Composites reinforced with
AlsZr particles shown improved fatigue resistance over the composites reinforced with Al Ti
particles because in-situ formed AlsZr particles, which had average size of 1.8 = 0.8 um,
were smaller in size than the in-situ formed AlsTi particles which had average size of 3.4 +
1.2 um. Due to smaller particle, no particle cracking was observed in the process of crack
initiation and propagation. Grain refinement of the matrix due to the presence of the
particles, uniform distribution of the particle and removal of the porosity due to
ultrasonication, clean interface and coherency between particle and matrix also contributed
in the improvement of fatigue life. The fatigue resistance of in-situ composite tended to
decrease with increasing stress amplitude. The fracture surface of the base Al alloy was
brittle in nature consisting of tear ridges while the fracture surface of the composites was
appeared to be ductile with dimples which was formed due to nucleation and growth of
voids. Also, finer striations marks were observed in the composites indicative of low fatigue

crack growth compared to the base alloy.
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CHAPTER 5
CONCLUSIONS AND FUTURE SCOPE

The following conclusions are drawn from the present research work:

1. Aluminium composites with different weight percent of AlsTi and AlsZr particles
were developed by in-situ reaction of aluminium alloy with potassium
hexafluorotitanate (K:TiFs) and potassium hexafluorozirconate (K2ZrFe)
respectively. Ultrasonication of the aluminium melt during salt reaction was carried
out to refine the cast microstructure and achieve better dispersion of in-situ formed
Al3Ti and AlsZr particles. These particles generated in the melt promoted
heterogeneous nucleation, which was responsible for grain refinement of the cast
microstructure. The well dispersed particles significantly improved the mechanical
properties including ductility, yield strength (YS), ultimate tensile strength (UTS)
and hardness. The contribution of different strengthening mechanisms namely Hall-
Petch strengthening and thermal mismatch strengthening in the yield strength of the
composites were quantified. However, the contribution by thermal mismatch
strengthening in yield strength was more as compared to Hall-Petch strengthening.
The mechanical properties of the in-situ AlsZr reinforced composite was better than
the in-situ AlsTi reinforced composite.

2. Creep analysis of the developed composites was carried out in the temperatures
ranging from 543 to 603 K, and stresses between 113 and 170 MPa. The results
obtained from creep analysis revealed that the composites had higher activation
energy and stress exponent compared to the base alloy. The improved creep
behaviour is attributed to the presence of homogeneously distributed these particles
in the aluminium matrix. The obtained stress exponent and activation energy values
suggest that the main creep mechanism in the base Al alloy and the developed

composites was lattice diffusion-controlled dislocation climb.
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3. High cycle fatigue behaviour of the developed composites was investigated for
stress ratio R = 0.1 and compared with each other. The results obtained from high
cycle fatigue analysis revealed that both the composites had higher fatigue life as
compared to the base Al alloy due to uniform dispersion of reinforced particles,
refinement of the matrix and clear interface between the particles and the matrix. It
was observed from the comparison of high cycle fatigue between the two developed
composites that the AlzZr reinforced Al composites had higher fatigue life as
compared to AlsTi reinforced composites under any stress amplitude. This
improvement was mainly due to presence of fine in-situ AlzZr particles, whose
average size was 1.8 + 0.8 um, which was around 50% smaller than the in-situ AlsTi

particles whose average size was 3.4 = 1.2 um.

5.1 Future scope:

The following open questions need to be addressed before these composites find
applications as automobile components:
1. Studies on impression creep at high temperature and low stress can be conducted
to analyse the diffusional creep in the composites.
2. Low cycle fatigue behaviour and fracture toughness of the composites need to be
analysed.
3. Ultrasonication with continuous cooling can be done for incorporating the
refinement of the matrix due to cavitation.
4. The phenomena of improvement of ductility with increased reinforcement of

ultrasonically treated composite is to be studied further.
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