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. NOMENCLATURE

T - Absolute temperature

A; - Area of interface

An - Area of matrix

A, - Area of particulate

Aye - Area of unit cell

Vs ; Volume fraction of reinforcement
a - Aspect ratio of the reinforcement
T - Average diameter of the particle

- Average length of the particle

h
R - Crack Propagation Resistance
n - Cyclic strain hardening exponent.
K - Cyclic strength coefficient
V4 - Density of interface sites
Ps - Density of the interface region
- Diameter of the particle
A - Dislocation pile up
e - Elastic energy involved with inserting atom intb a matrix
G - Elastic energy release rate
K, - Elastic stress concentration factor
Er - Energy consumed in crack propagation
&p - Energy required to create two fracture surfaces
de - Equivalent dimension of the particle
& - Fatigue ductility coefficient
Cc - Fatigue ductility exponent
o5 - Fatigue strength coefficient
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Es
Kic
Kint

ggb

aj
Tint
Gk

am

Pc

Pm

o]

Gint

Lm

Fatigue strength exponent (Basquin's exponent)
Formation energy of the impurity in the bulk
Fracture toughness |

Fracture toughnesé at the interface

Grain boundéry energy

_ Gaé constant

Impurity atomic radius

Interfacial fracture strength

Intergranular fracture

Matrix atomic radius
Modification of the boundary energy by impurities using Zuchovitsky Eq.
Modulus of elasticity

New interfacial energy caused by segregation
Normal stress

Number of cycles of failure

Number of reversals to failure

Overall dimension of the cubic unit cell
Particle thickenss

Poisson's ratio

Properties of the composite

Properties of the matrix

Properties of the reinforcement

Segregate constant needed to cause embrittlement
Shear modulus

Strain energy

Stress carrying capability

Stress carrying capability of matrix
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Stress carrying capability of particulate

Stress intensity factor

Surface energy required in forming the impurity atom

Tensile stress
Thickness of the interface region

Volume fractions for interface failure
Volume fraction for matrix
Volume fraction for particulate

Volume fractioq of particles including interphase
Work hardening exponent

Young's modulus

Young's modulus of interface

Young's modulus of the inhomogeneity

Young's modulus of the matrix

2 X the stress amplitude
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ABSTRACT

Metal Matrix ceramic-reinforced composites are rapidly becoming strong candidates
as structural materials for many high temperature and engineering applications.
Metal matrix composites (MMC) combine the ductile properties of the matrix with a
brittle phase of the reinforcement, Iead.ing to high stiffness and strength with a
reduction in structural weight. The main objective of using a metal matrix composite
system is to increase service temperature or improve specific mechanical properties

“of structural components by replacing existing super alloys.

The purpose of the study is to invéstigate, develop and implement second phase
reinforcement alloy strengthening empirical model with SiC, reinforced A359
aluminium alloy composites on the particle-matrix interface and the overall

mechanical properties of the material.

To predict the interfacial fracture strength of aluminium, in the presence of silicon
segregation, an e"mpirical model has been modified. This model considers the
interfacial energy caused by segregation' of impurities at the interface and uses
Griffith crack type arguments to predict the formation energies of impurities at the
| interface. Based 6n this, model simulations were conducted at nano scale
specifically at the interface and the interfacial strengthening behaviour of reinforced

aluminium alloy system was expressed in terms of elastic modulus.

The numerical model shows success in making prediction possible of trends in
relation to segregation and interfacial fracture strength behaviour in SiC particle-
reinforced aluminium matrix composites. The simulation models using various micro

scale modelling techniques to the aluminum alloy matrix composite, strengthened

XV



with varying amounts of silicon carbide particulate were done to predict the material

state at critical points with properties of Al-SiC which had been heat treated.

In this study an algorithm is developed to modél a hard ceramic particle in a soft
matrix with a clear distinct interfface and a strain based relationship has been
proposed for the strengthening behaviour of the MMC at the interface rather than
stress based, by successfully completing the numerical modelling of particulate

reinforced metal matrix composites.
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CHAPTER 1

Introduction

The satisfabtory performance of metal matrix composites (MMCs) depends critically
on their integrity, the heart of which is the quality of the matrix-reinforcement
interface. The-nature of the interface depends in turn on the processing of the MMC
component. At the micro-level the development of local deformation gradients
around the reinforcement can be very different to the nominal conditions and play a
crucial role in important microstructural events such as segregation and precipitation
at the métrix-reinforcement interface. These events dominate the cohesive strength
and mechanical properties of the interface and hence the overall performance of the

metal matrix composite (MMC).

‘The subject of this thesis is to predict the interfacial strengthening mechanism at the
matrix-reinforcement: interface in a metal matrix composite. To determine such a
mechanism will help the design enginee(s to incorporate advanced MMC's in real life
applications. To this‘ end simulation has been done on a unit cell and a numerical
method then proposed to predict the interfacial strengthening of a metal matrix
composite. These analyses have been complimented with experimental data

determined from previous studies by Dr.S.T.Hasan and his group of researchers.

A literature review is first presented in chapter 2, which includes the different types of
composites, the advantages and disadvantages of MMCs, along with the different
fabrication techniques used to make the MMCs. Basic structure of the unit cell used

in this étudy is also explained in this chapter.



Chapter 3 then describes an empirical method of calculating interfacial strength in a
second phase reinforced alloy. In this chapter the basic model presented will be used
in the rest of the study. Chapter 4 looks at the finite element analysis of a unft cell of
a metal matrix particulate composite of aluminium silicon carbide, in which a number
of stress / strain simulations are conducted, predictions are made, along with

correlations of the simulated results to the-empirical model.

Chapter 5 looks at the strengthening behaviour of the Al/SiC composite with different
volume fractions of SiC, along with different heat treatments, finite element analysis
- is used for comparing the different heat treated Al-SiC MMCs, material properties of
whom were taken from previous studies. The analysis and simulations are continued
in chapter 6 with Variational Asymptotical Method for Unit Cell Homogenization
(VAMUCH), which is also explained in detail in this chapter, comparisons are made

for stress and strain values and a closer look is taken at the interface.

Chapter 7 is mainly the modelling and simulation of the non-linear response of silicon
carbide reinforced aluminium alloy with the consideration of a hardening model on é
unit cell method. Chapter 8 focuses on the fatigue analysis on the unit cell 6f our
chosen composite, and predictions and correlations afe made. In the end the

conclusions are made with the recommendations for future work.

1.1 Knowledge Gap

At the presént time the relationship between the strength properties of MMCs and
the characteristics of the reaction products at the matrix-reinforcement interface are

not well understood. The purpose of this project is to define the features that



significantly affect the interfacial strength of an aluminium/silicon carbide system.
Models for segregation and precipitation of second phase particles are used to

predict the nature and properties of the matrix-reinforcement interface.

The key objective of this study is “To predict the interfacial strengthening mechanism

at the matrix-reinforcement interface in a metal matrix composite.”

An attempt has beeh made to predict the atomic movements in the materials on the
1 to 100 nm scale in the region of internal interfaces in MMCs. The work has built on
the knowledge and skills acquired in mathematically predicting materials behaviour

when the following mechanisms are in operation.

(i) Interfacial segregation

(ii) Precipitation on interfaces and intragranular precipitation

(iii) Combined grain boundary precipitation and segregation

(iv)  Relation of grain boundary and interfacial structure to cohesive strength.

The kinetics of precipitation in the solid state has been the subject of much attention.
Early work on growth kinetics has been developed by Aaron and Aaronsson [1] for
the grain boundary case and by Aaron et al [2] for intragranular precipitation.
Quantification of nucleation kinetics has been well treated by Russell’'s group [3].
These approaches have been integrated to produce a unified description of the inter
and intragranular nucleation and growth mechanisms by Shercliff and Ashby [4] and

Carolan and Faulkner [5].



More recently succéssful attempts have been made to combine models of precipitate
growth at interfaces with concurrently occurring segregation in aluminium alloys [3].
Studies of the relation between interfacial qohesive strength and structure have only
recently become possible. This is due to the remarkable advances in physical
examination techniques allowing direct viewing of interface strdcture and improved
theoretical treatments of grain boundary structure. Recent advances relating the:

strength of boundaries to structure have been made by Lim and Watanabe [6].

The effect of stress and strain history on the micro-modelled mechanisms is likely to
be of greatest importance to the segregation and precipitation phenomena and thhs
indirectly affect cohesive strength. Thé methods of incorporating stress into thé
| description of the segregation process are based on the Rauh-Bullough theory [7]
and the concept of misfit-related impurity-boundary binding energies developed by
Carolan and Faulkner [8]. The precipitation kinetics modelling are reconsidered using
Russell's arguments [Qj and by evaluating the effect of the misfit term in the free
energy of nucleus formation equation. Attempts have been made to quantify the
effects of strain, on diffusion constants using the saddle point configuration volume
method [10]. By perform'ing an iteration loop using the diffusion constant data with
the stress induced segregation data, a complete picture of the effect of strain on

precipitate growth is possible.

Particle reinforced metal matrix composites (MMCP) are of interest for a variety of
industrial applications due to their higher stiffness and strength than the matrix alloys.
Deep understahding of the strengthening behaviour of the MMCP is a critical issue in
the development of these materials [11,12]. Experimental observations [11] indicate

that the fine particles yield increased strengthening and hardening effects. The



continuum models [13,14] based on the classical plasticity theories could explain the
load transfer effect from the composite matrix to the reinforcing particle and
successfully predict the plastic work hardening behaviour of the MMCP depending
on _the particle volume fraction and other ﬁon-dimensional parameters (e.g. particle
aspect ratio), but they all failed to explain the particle size dependent strengthening,

since their constitutive laws possessed no intrinsic material lengths[15].

It is proposed to apply the various micro scale modelling techniques reviewed ébove
to the aluminium alloy matrix composite, strengthened with varying amounts of
silicon carbide particulate. The simulation models are then to predict the material
state at critical points during heat treatment of the material. Predictions of the models
for segregation and precipitation and éffect‘on cohesive strength are then studied

and compared with the experimental results.

1.2 Aims and Objectives

The proposal is to apply the various micro scale modelling fechniques to the
aluminium alloy matrix composite, strengthened with varying amounts of silicon
carbide particulate to develop a composition model to predict the interfacial
strengthening behaviour of particulate reinforced alloy for which the following aims

will be dealt with:

1. Estimate the interfacial fracture energy.

2. Predict the composition variation at matrix reinforcement interface.



3. Develop an algorithm to model a hard ceramic particle in a soft matrix with a

clear distinct interface and set the boundary conditions.
5. Numerical simulation of reinforced alloy deformation under a point load.
6. Study the impact of cyclic loading on the reinforced alloy deformation behaviour.

7. Predict and correlate the interfacial strengthening behaviour of ceramic particle

reinforced metallic alloy.



CHAPTER 2

Literature Review

SUMMARY

This chapter starts off with the history of the composites defining different types of
MMCs along with different reinforcements used in industry with their advantages and
disadvantages. Metal Matrix Compdsites (MMC) are then discussed, giving
emphasis to the Aluminiurﬁ Metal Matrix Composites and the Silicon Carbide
reinforcements (SiC). Advantages of using Al-SiC MMCs have alsd been listed. The
design considerations are then discussed with the fabrication methods. A brief
introduction to the structure of the unit cell concept is also explained which is used

later in this study.

2.1 History of Composites

A composite material is composed of two or more materials that results in better
properties than those of the individual components used alone. In contrast to metallic
alloys, each material retains its separate chemical, physical, and mechanical
properties. The two major constituents are known as the reinforcement and the

matrix [16].

The idea of making composite materials came from the need for stronger and stiffer
yet lighter composites in fields as diverse as aerospace, energy, automotive and civil

construction [17]. Research into these composite materials date back to the early



1960's and a lot of developmental efforts have been made since. Some examples of
composites which are used every day and which are not engineered materials are
steel rods in concrete, cement mixed with sand, carbon black in rubber, fiberglass in
resin etc [18]. Today, because of the research and development and given the most
efficient designs, new materials and manufacturing processes, composite materials
that meet or even exceed the performance requirements in various industries can be
made. Most of the savings from the introduction of these materials are in weight and
cost. These are measured in terms of ratios such as stiffness/weight, strength/weight

and cost/weight ratios [19].

It has been documented that very attractive physical and mechanical properties such
as high specific modulus, strength, and thermal stability for metal matrix composites

can be achieved [20-24].

There are different man-made engineered composite materials categorized by the

different reinforcements and matrix combinations which include: '

o Composite building materials like concrete and cements.
« Reinforced plastics like fiber-reinforced polymer (PMC or FRP)
¢ Metal Matrix Composites (MMC) .

o Ceramic Matrix Composites (CMC)

2.1.1 Composite Building Materials

One of the earliest man-made composite materials documented was straw and mud
‘combined to form bricks for building construction. Ancient brick-making was

documented by Egyptian tomb paintings. Wattle and daub is one of the oldest man-



made composite materials, at over 6000 years old, in which a woven lattice o'f 
wooden strips called wattle is daubed with a sticky material usually made of some
combination of wet soil, clay, sand, animal dung and straw. Many historic buildings
include wattle and daub construction, and the technique is again becoming popular
in more developed areas as a low-impact sustaina‘ble building technique [25].
Concrete is also a composife material, composed of aggregate (a broad category of
coarse particulate material used in construction, including sand, gravel, crushed
stone, slag and recycled concrete) bonded together with a fluid cement which
hardens over time. Concrete can be formulated with high compressive strength, but
always has lower tensile strength. For this reason it is usually reinforced ’with
materials that are strong in tension (often steel). Concrete is used more than any
other man-made material in the world. As of 2014, about 4.18 billion metric tons

concrete was made [26].

2.1.2 Fiber-Reinforced Composite

Fiber-reinforced composite materiavls (FRC) can be divided into two main categories
normally referred to as short fiber-reinforced materials and continuous fiber-
reinforced materials. Continuous reinforced materials oflen consfitute a layered or
laminated structure. The woven and continuous fiber styles are typically available in
a variety of forms, being pre-infused with the given matrix. Short fibre reinforced
composites on the other hand provide similar stiffness levels achievable with

continuous fibres while at the same time being mouldable into complex shapes. [25]



Short fibre reinforced composites were initially developed basically to fill the gép
between continuous fibre laminates which were used as primary structures by the
éerospace industry and unréinforced ceramics on the other hand were used largely
in non-load bearing applications. By the introduction of the short fibre systems which
benefit from each of these property bounding engineering materials like, if the fibres
are sufficiently long, stiffness levels can approach those of a continuous fibre system,
while having the ability of the unreinforced ceramic to be moulded into complex
shapes. Hence the short ﬂbré reinforced composites are now used in lightly loaded
secondary structures, in which stiffness dominates the design, along with a notable

increase in strength over the unreinforced ceramics is required [27].

Common fibers used for reinforcement include glass fibers, carbon fibers, cellulose
(wood/paper fiber and straw) and high strength polymers. Fiber-reinforced plastics
(FRP) are commonly used in the aerospace, automotive, marine, and construction
industries. Along with the various advantages structural failuré éan also occur whén
using FRP materials, this happens when, the tensile forces acting on the composite,
stretch the matrix more than the fibers, causing the material to shear at the interface
between matrix and fibers, or if the tensile forces near the end of the fibers exceed
the tolerances of the matrix, separating the fibers from the matrix, or if the tensile
forces exceed the tolerances of the fibers causing the fibers themselves to fracture,

leading to material failure [28].

Hence, FRPs are best suited for any design in which one wants to save weight, do
precision engineering, finite tolerances, and the simplification of parts in both

production and operation. According to price a molded polymer artefact is cheaper,
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faster, and easier to manufacture than cast aluminum or steel artefact, and maintains

- similar and sometimes better tolerances and material strengths.

2.1.3 Metal Matrix Composites

A metal matrix composite (MMC) is a composite material with at least two constituent
parts ei matrix and a reinforcement, it is typically made by dispersing a reinforcement
- metal material into a monolithic (a single crystal solid material in iNhich the crystal
lattice of the entire sample is continuous) inetal matrix. In structural applications, the.
matrixl is usually a lighter metal such as aluminum, maghesium, or titanium [29],
whereas the reinforcement which is usually a strong material does not always serve
a purely stiuctural task of reinforcing the compound but is also used to Change
physical properties such as wear resistance, friction coefficient, and/or thermal

conductivity.

The MMC's are bécoming more and more popular in manufacturing of space
systems, aircraft components, top end sports equipment, electronic substrates,
bicycles, automobiles and a variety of other abplications. While the vast majorities
are aluminum matrix compoéites, a growing number of applications require the

matrix properties of super alloys like, titanium, copper, magnesium or iron [30].

In MMCs two or more materials are engineeréd by systematic combiriations of
different constituents in a way to tailor the properties of the overall composite, as |
monolithic materials they have limitations in respect to the combinations of strength,
stiffness and density which can be achieved. MMCs can be either with continuous or

discontinuous fibres, whiskers, or particles in a metal matrix of very high specific
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strength and specific modulus. Furtherfnore, with systematic design and synthesis
procedures properties like ‘high elevated temperature strength, fatigue strength,
damping properties, electrical and thermal conductivities, friction coefficient, wear
resistance and expansion coefficient can be achived. In comparison with cast
composites, where the volume and shape of phase is goverhed by phase diagrams,
for example, cast iron and aluminium-silicon alloys, which have been produced by
foundrieé for a long time. The modern composites differ in the sense that k\any
selected volume, shape and size of reinforcement can be artificially introduced in the
matrix. The modem composites are non-equilibrium combinations of metals and
ceramics, where there are fewer thermodynamic restrictions on the relative volume
percentages, shapes and size of ceramic phases. By carefully controlling the relative
amounts and distribution of the ingredients constituting a composite as well as the
processing. conditions, MMCs can be imparted with a tailored set of useful
“engineering properties which cannot be achieved with conventional monolithic
materials. The quest for improved performance has resulted in a number of
developments in different fabrication techniques and preparation for the reinforcing

phases for MMC fabrication, further explained in section 2.7.

The relationship between the properties and the performance of the composites
interface between the matrix and the reinforcing phase (fibre or particle) is of primary
importance. Processing of MMCs sometimes allows tailoring of the interface
between the matrix and the fibre in order to meet specific property-performance
requirements. The cost of producing cast MMCs has c;ome down rapidly, especially
with the use of low cost particulate reinforcements like graphite, alumina and silicon

carbide.
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Composite materials technology bffer unique opportunities to tailor the properties of
metals and metal alloys. Under ideal conditions, the composite exhibits the principal
mechanical, thermal, physical and tribological properties defined by the 'rule-of-

mixture' as shown in Eq. 1.
P = PmVm + DrVy M

where p, are the pfoperties of the composite materials, P are the properties of

matrix phase, py are the properties of reinforcement phase, v, is the volume

fraction of the matrix phase, and v = 1 — vy, is the volume fraction of the

reinforcement phase .

New composite materials can be manufactured by selecting different reinforcing
phases and an efficient bonding between the matrix and the reinforcement, which
would then exhibit dramatic improvements in strength, elastic modulus, fracture

toughness, density, and coefficient of expansion of the overall composite [31-32].

The preceding discussion iébased on the assumption tﬁat rule-of-mixture is followed
by the composite materials. In fact, this can be the case for certain properties like
modulus, when -continuous filament is used as the reinforcing phase, and matrix to
reinforcement phase interfacial reactions are controlled to provide good bonding

without degradation of the reinforcing phase.
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2.1.4 Ceramic Matrix Composites

Ceramic matrix composites consist of ceramic fibers embédded in a ceramic matrix,
thus forming a ceramic fiber reinforced ceramic (CFRC) material. The matrix and
fibers can consist of any ceramic material, whereby carbon and carbon fibers can
also be considered a ceramic material. CMCs do not have strength but are used

where fracture toughness is required.

As compared to conventional ceramics which have brittle failure, low fracture
toughness and limited thermall shock resistance, CMCs overcome these
disadvantages and hence find their applications in the fields requiring reliability at
high-temperatures and resistance to corrosion and wear. Examples of some of the
applications where CMCs are used include heat shield systems for space vehicles,
components for high-temperatufe gas turbines such as combustion chambers and
turbine blades, components for burners, flame holders, and hot gas ducts, brake
disl;s and components for slide bearings under heavy loads. In addition CMCs can
, also be used in applications, which employ conventional ceramics or in which metal

components have limited lifetimes due to corrosion or high temperatures.

2.1.5 Aluminum Matrix Composites

AIurﬁinium is the most popular matrix for the MMCs. Aluminium alloys are quite
attractive due to their low density, their capability to be strengthened by precipitation,
their high damping capacity, high thermal and electrical conductivity and good
corrosion resistance. Like all composites, aluminum-matrix composites (AMCs) are

not a single material but a family of materials whose stiffness, strength, density, and
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thermal and electrical properties can be tailored. To achieve required properties the
matrix alloy, the reinfbrcement material, the volume of the reinforcement, the shape
of the rejhforcement, the location of the reinforcement, and the fabrication method
can all be varied. Régardless of the variations, however, aluminum composites offer

the advantage of low cost over most other MMCs [33].

AMCs are produced by casting, powder metallurgy, in situ development of
reinforcements, and foil-and-fiber pressing techniques. High-quality products are
now readily available in large quantities, with major producers scaling up production

and reducing prices.

‘AMCs have been widely studied since the 1920s and are now used in a number of
industries like sporting goods, armours, electronic packagihg and automotive
industries. They offer a large variety bf mechanical properties depending on the
chemical composition of the Al-matrix. They are usually reinforced by Al,O3, SiC and

C, but SiO2, B, BN and B4C may also be considered.

In the 1980s, transportation industries began to develop discontinuously reinforced
AMCs, because of their low cost and attractive isotropic mechan.ical properties which
are generally higher than their unreinforced alloys. Among the various and numerous
applications [34, 35], a few examples, are shown in figure1(a) Brake rotors for
German high speed train ICE-1 and ICE-2 developed by Knorr Bremse AG and
made from a particulate reinforced aluminium alloy (AISi;Mg+SiC particulates)
supplied by Duralcan. Compared to conventional parts made out of cast iron with
120 kg/piece, the 76 kg of the AMC rotor offers an attractive weiéht saving potential
[34]. Figure1 (b) The braking systems (discs, drums, callipers or back-plate) of the

New Lupo from Volkswagen is made from particulate reinforced aluminium alloy
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supplied by Duralcan [34]. Figurel (c) AMC continuous fiber reinforced pushrods
produced by 3M for racing engines. These pushrods weigh 40% as much as steel,
are stronger and stiffer, and have high vibration damping [35]. Figurel (d) AMC wires
also developed by 3M for the core of electrical conductors. The unique properties of
this type of conductor offer substantial performance benefits when compared to the

currently used steel wire reinforced conductors [35].

Figure 1: Some industrial AMCs applications: (a) brake rotors for high speed train, (b)
automotive braking systems, (c) automotive pushrods and (d) cores for HV electrical
wires.

The field of Al-SiC whisker composites began in the mid-1960s with the realisation
that whiskers, or discontinuous fibre reinforcements, can be competitive with
continuous-fibre reinforced material from the standpoint of mechanical properties.
Silicon carbide whisker reinforced aluminium alloys show promise as metal matrix

composites for stiff and high-strength, light-weight applications requiring adequate

corrosion resistance [36].

Silicon Carbide (SiC) also has advantages over other candidate reinforcing whiskers
such as boron, graphite, and alumina in Al-matrix alloys. These include the excellent
thermal conductivity and corrosion resistance of the SiC, comparatively low whisker

cost, high machinability, and good workability of the AI-SiC composites. SiC is also
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chemically compatible with aluminium and forms an adequate bond with the matrix

without developing intermetallic phases [37].

Interfacial segregation takes place by two mechanisms: equilibrium and non-
equilibrium types. Equilibrium segregation occurs as a result of impurity atoms
relaxing in disordered sites found at interfaces such as grain boundaries [38]. Non-
equilibrium segregation arises because of imbalances in point defect concentrations ‘

set up around interfaces during non-equilibrium heat treatment processing [39].

Aluminium-based.metal matrix composites (AMCs) are very promising for high
temperature and strength as well as wear resistant applications. Aluminium alloys
are important materials in many industrial applications. Silicon carbide particulate-
reinforced aluminium alloy composites (Al/SiC;) are especially attractive due to their
superior strength, stiffness, low cycle fatigue properties, corrosion fatiéue behaviour,
creep and wear resistance compared with corresponding wrought aluminium alloys

which are normally used extensively for various critical structural applications [40-43].

An important feature of the microstructure in the SiC particulate reinforced aluminium
alloy composites is the higher density of dislocations and larger residual internal
stresses in comparison to the unreinforced alloys, which are introduced by the large
difference in coefficients of thermal expansion between the reinforcement and the
matrix. 'f'he introduction of the reinforcerhent plays a key role in both the mechanical
and the thermal ageing behaviour of 'fhe matrix alloy, as well as the composite
material. Micro-compositional Changes which occur during the thermo-mechanical
forming processés of these materials may cause substantial changes in mechanical
properties such as ductility, fracture toughness and stress corrosion resistance [44-

a7).
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The ability of the work hardening behaviour of particulate reinforced metal matrix
composites is crucial in optimising the parameiers for deformation processing of
these materials. The particulate composite material is not homogeneous; hence
material propérties are not only sensitive to the constituent properties, but also to the
interfacial ones. The strength of the particulate composites depends on the size of
- the particleé, the inter-particle spacing, and the volume fraction of the reinforcement

[40].

The strengthening of a pure metal is carried out by alloying and suﬁersaturating, to
the extent, the excess alloying additions precipitate (ageing) using suitable heat
treatment. The deformation‘ behaviour of precipitate hardened alloy or particulate
reinforced metal matrix 6omposites the interaction of dislocation with the reinforcing
particles is much more dependent on the particle size, the spacing and the density
than on the composition [41]. Furthermore, when a patrticle is introduced in a matrix,
an additional barrier to the movement of dislocation is created and the dislocation
must react by either cutting through} the particles or by taking a path around the

obstacles [48].

2.2 Reinforcement in Matrix

The reinforcement material is embedded into the matrix, this can be achieved in two
different ways, blending of the reinforcement throughout the matrix material, or
adding shaped forms - known as preforms - both methods are performed prior to

consolidation.
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The purpose of adding the reinforcement in the matrix can be for multiple reasons;
firstly it can be structural reason to make the overall composite strong. But it can
purély be because of non-structural reasons as well like to change the physical .

properties such as wear resistance, thermal conductivity or friction coefficient [49].
The reinforcement can be of two types either continuous or discontinuous.

Continuous reinforcement uses fibers such as carbon fiber or silicon carbide. This
results in an anisotropic (diréctionally dependent) structure as the fibers are

embedded into the matrix in a certain direction.

Discontinuous reinforcement on the other hand uses whiskers, particles or short
fibers this results in an isotropic (identical properties in all directions) structure and
can be worked with standard metalworking techniques, such as extrusion, forging, or
rolling. In addition, they may be machined using conventional techﬁiques. Mostly

alumina and silicon carbide are used.

MMCs with discontinuous reinforcements are usually less expensive to produce than
continuous fibre reinforced MMCs, although this benefit is normally offset by their
inferior mechanical properties. Consequently, continuous fibre reinforced MMCs are
generally accepted as offering the ultimate in terms of mechanical properties and

commercial potential.

The faniily of discontinuously reinforced MMCs includes both particulates and
whiskers or short fibres. Mofe recently, this class of MMCs has attracted
considerable attention as a result of (a) availability of various types of reinforcement
at competitive costs, (b) the successful development of manufaéturing processes to

produce MMCs with reproducible structure and properties, and (c) the availability of
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standard or near-standard metal working methods which can be utilized to fabricate
these MMCs [53]. The particulate-reinforced MMCs are of particular interest due to

their ease of fabrication, lower costs, and isotropic properties.

Traditionally, discontinuously reinforced MMCs have been produced by several
processing routes such as powder metallurgy, spray deposition, mechanical alloying
and various casting techniques, i.e. squeeze casting, rheocasting and compocasting

[50-57].

In the blending approach, reiﬁforcement particles are uniformly dispersed in the
matrix by stirring in molten aluminum for the manufécture of Aluminum MMCs. The
particles are slurred with alumina and spray dried for the manufacture of AI-CMCs
[58]; In the preform approach used for Aluminum MMCs, reinforcements, typically in
the form‘of fibers, chopped fibers, particulafes or whiskers, are blended with low and
high terﬁperature binders and formed into the desired selective reinforcement shape
or preform using vacuum forming, pressing or injection molding forming techniques.
Vacuum forming is the most common method fdr manufacturing simple shaped
preforms, such as the plates/disks, rings or cylinders used in the manufacture of

Aluminum MMCs for pistons and cylinder liners.

Pressing of plastic or granulated reinforcements is currently being developed to
make more complex preform shapes required for new applications. Injection molding
has also been used to some extent to make very complex preform shapes, but
preform density is limited, based on the need to maintain a flow able plastic body,
which is then heated or cooled to provide adequate green strength for removal from

the die without distortion [59].
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2.3 Types of Reinforcements
Reinforéed composites can be generally classified into following three types as

shown in figure 2.
(i) Reinforcement by long, continuous fibers.
(i) Reinforcement by wiskers.

(i)  Reinforcement by particulates.

Figure 2: Metallic matrix reinforcement types, (A) Reinforcement by long, continuous
fibres, (B) Reinforcement by wiskers, (C) Reinforcement by particulates [60].

Key cohtinuous fibers include boron, graphite (carbon), alumina, and silicon carbide.
Boron fibers aré made by chemical vapor deposition (CVD) of this material on a
tungsten core. Carbon cores have also been used. These relatively thick
mon-oﬁlaments are a‘vailable in various diameters (like 4.0, 5.6, 8.0 mm, etc). To
retard reactions that can take place betwee~n boron and metals at high temperature,
fiber coatings of materials such as silicon carbide or boron carbide are sometimes

used.
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Silicon carbide monofilaments are also made by a CVD process, using a tungsten or
carbon core. Continuous alumina fibers are available from several suppliers.
Chemical compositions and properties of the various fibers are significantly different.
. Graphite fibers with a wide range of strengths and moduli are available. Efforts to

make graphite fibers from coal-based pitch are under way.

The leading discontinuous fiber reinforcements ‘at this time are alumina and alumina-
silica. Both originally were developed as insulating materials. Silicon carbide and
boron carbide, the key particulate reinforcements, are obtained from the commercial

abrasives industry. Silicon carbide particulates are also produced as a by-product.

A number of metal wires including tungsten, beryllium, titénium, and molybdenum
have been used to reinforce metal matrices. Currently, the most important wire
reinforcements are tungsten wire in super-alloys and superconducting materials
incorporating niobium-titanium and niobium-tin in a copper matrix. The
reinforcements cited above are the most important at this time. Many others have
been tried over the last few decades, and still others undoubtedly will be developed

in the future.

2.4 Matrix Materials and Key Composites

Numerous metals have been used as matrices. The most important have been
aluminum, titanium, magnesium, copper alloys and super-alloys. Matrices can be
used in a number of different forms like continuous fiber, discontinuous fiber,
whiskers and particulates, the following shows the materials used in the above

mentioned forms in metal matrix composites;
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ALUMINUM MATRIX

e Continuous fibers: boron, silicon carbide, alumina, graphite
¢ Discontinuous fibers: alumina, alumina-silica
¢ Whiskers: silicon carbide

¢ Particulates: silicon carbide, boron carbide
MAGNESIUM MATRIX

¢ Continuous fibers: graphite, alumina
¢ Whiskers: silicon carbide

e Particulates: silicon carbide, boron carbide
TITANIUM MATRIX

¢ Continuous fibers: silicon carbide, coated boron

e Particulates: titanium carbide

COPPER MATRIX

‘o Continuous fibers: graphite, silicon carbide
o Wires: niobium-titanium, niobium-tin

e Particulates: silicon carbide, boron carbide, titanium carbide.

SUPERALLOY MATRICES

¢ Wires: tungsten
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2.5 Advantages and Disadvantages of MMCs

MMC's have numerous advantages over non-reinforced ceramics, some of them are
listed as they are resistant to fire, they can operate in wider range of temperatures,
they do not absorb moisture, have‘better electrical and thermal conductivity and are
resistant to radiation damage. In addition, they offer excellent thermal conductivity,
high shear strength, excellent abrasion resistance, minimal attack by fuels and
solvents, and the ability to be formed and treated on conventional equipment. Some

of the advantages of MMC when compared with other metals are listed as follows;
Compared to unreinforced metals, MMCs have:

» Increased specific strength

« Increased specific stiffness

 Increased elevated temperature strength
« Improved wear resistance

o Lower density

o Improved damping capabilities

o Tailor able thermal expansion coefficients

e Good corrosion resistance

‘Compared to monolithic metals, MMCs have:

¢ Higher strength-to-density ratios
o Higher stiffness-to-density ratios
o Better fatigue resistance
o Better elevated temperature properties

¢ Higher strength
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e Lower creep rate
" e Lower coefficients of thermal expansion

o Better wear resistance
The advantages of MMCs over polymer matrix composites are:

Higher temperature capability'

e Fire resistance

o Higher transverse stiffness and strength

¢ No moisture absorption

¢ Higher electrical and thermal conductivities

o Better radiation resistance

o No outgassing .

J Fabricability of whisker and particulate-reinforced MMCs with conventional

metalwbrking equipment.

Some of the disadvantages of MMCs compared to monolithic metals and polymer

matrix composites are:

o Higher cost of some material systems
¢ Relatively immature technology

o Complex fabrication methods for fiber-reinforced systems (except for casting)

2.6 Characteristics and Design Considerations of MMCs

An important characteristic of MMCs, along with their superior mechanical properties,

and one they share with other composites, is that by appropriate selection of matrix
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materials, reinforcements, and layer orientations, it is possible to tailor the properties
of a component to meet the needs of a specific desigh. For example, within broad
limits, it is possible to specify strength and stiffness in one direction, coefficient of
expansion in another, and so forth. This is rarely possible with monolithic materials,
as monolithic metals tend to be isotropic. Some processes such as rolling, however,
can impart anisotropy, so that properties vary with direction. The stress-strain
behaviour of monolithic metals is typically elastic-plastic. Most structural metals have

considerable ductility and fracture toughness.

The wide variety of MMCs have properties that differ dramatically. Factors

influencing their characteristics include:

. o Reinforcement properties, form, and geometric arrangement
¢ Reinforcement volume fraction
o Matrix properties, including effects of porosity
¢ Reinforcement-matrix interface properties
e Residual stresses arising from the thermal and mechanical history of the
composite
o Possible degradation of the reinforcement resulting from chemical‘reactions at

high temperatures, and mechanical damage from processing, impact, etc.

Particulate-reinforced MMCs, like monolithic metals, tend to be isotropic. The
presence of brittle reinforcements and perhaps of metal oxides, however, tends to
reduce their ductility and fracture toughness. Continuing development may reduce

some of these deficiencies.
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The properties of materials reinforced with whiskers depend strongly on their
orientation. Randomly oriented whiskers produce an isotropic material. Processes
such as extrusion can orient whiskers, however, resulting in anisotropic properties.

Whiskers also reduce ductility and fracture toughness.

MMCs reinforced with aligned fibers have anisotropic properties. They are stronger
and stiffer in the direction of the fibers than perpendicular to them. The transverse
strength and stiffness of unidirectional MMCs (materials having all fibers oriented
parallel to one axis), however, are frequently great enough' for use in components
such as stiffeners and struts. This is one of the major advantages of MMCs over
PMCs, which can rarely be used without transverse reinforcement because the
modulus and strength of metal matrices are significant with respect to those of most
reinforcing fibers, their contribution to composite behaviour is impprtant. The stress-
strain curves of MMCs often show significant nonlinearity resulting from yielding of

the matrix.

Another factor that has a significant effect on the behaviour of MMCs is the
frequently large difference in coefficient of expansion between the two constituents.
This can cause large residual stresses in composites when they are subjected to
significant temperature changes. In fact, during cool down from processing
- temperatures, matrix thermal stresses are often severe enough to cause yielding.

Large residual stresses can also be produced by mechanical loading.

Although fibrous MMCs may have stress-strain curves displaying some nonlinearity,
they are essentially brittle materials,: as are PMCs. In the absence of ductility to -

reduce stress concentrations, joint design becomes a critical design consideration.
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Numerous methods of joining MMCs have beén developed, including metallurgical

and polymeric bonding and mechanical fasteners.

2.7 Fabrication Methods

Since as described earlier the properties can be adjusted for MMCs by the‘way they
are made, hence the fabrication methods are an important part of the design process
for all structural materials especially MMCs. A lot of work has been done in this
respect in this critical area and significant imprbvements in existing processes and

development of new ones appear likely [60].

Current methods for the fabrication of MMCs can be divided into two major
categories, primary and secondary. Primary fabrication methods are used to create
the MMCs from its constituents [61]. The resulting material may be in a form that is
close‘ to the desired final configuration, or it may require some additional processing,
called secondary fabrication, such as forming, rolling, metallurgical bonding, and

machining. The processes used depend on the type of reinforcement and matrix.

During the fabrication process reactions can occur between the reinforcement and
matrices at high temperatures, these impose limitations on the kinds of constituents
that can be combined by the various pro&esses. Cast MMCs now consistently offer
improved stiffness, strength, and compatibility with conventional manufactufing
techniques. They are also consistently lower in cost than those produced by other

methods.
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2.7.1 MMCs Fabrication — Processing Routes

The important factors for processing good MMCs are, firstly, the reinforcement must
be distributed in a éontrolled manner in the metal matrix and minimal porosity and full
density would result in the final component. Typically, volume fractions of 10% -
40% of reinforcement need to be incorporated in the matrix. Reactions at the
reinforcement/matrix interface should be controlled to promote optimum bond
strength and avoid reinforcement degradation. The route should be capable of
producing components with a high degree of reproducibility with minimum product
variability, minimum cost and maximum productivity. Highly desirable flexibility in a

variety of shapes can be produced [62-63].

Processing of Metal Matrix Composites can be broadly divided into three categories
of fabrication techniques, Solid, Liquid and Vapour State Processing [59], according
to whether the matrix is in the liquid, solid or vapour phase while it is being combined
with the reinforcement, as depicted in figure 3. The individual composite production

operations are briefly outlined below under these groupings by Mortensen et al [65].
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Figure 3: Overview flow chart of MMC processing routes [65].

2.7.2 Liquid State Processing

Liquid State processing technologies can be divided into three main sub categories,

infiltration, dispersion and spraying.

Composites can be made by penetrating liquid metal into a fabric or pre-arranged
fibrous configuration called a preform, this process is called infiltration and can be
carried out under vacuum, pressure or both. The final composite phases consist of
the reaction products and the remaining matrix material. By this method, a dense
composite shape is usually achieved [66-67]. Squeeze infiltration [74] is another

method for liquid state processing of short fibres.
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In dispersion processes the reinforcement is incorporated in loose form into the
metal matrix, but due to poor we_tting characteristic of metal-reinforcement systems,
mechanical force is,fequired to combine these phases. The simplest dispersion
process is the Vortex method, which consists of vigorous stirring éf the liquid metal
and the addition of particles in the vortex [75]. Difficulties, such és the
segregation/settling of secondary phases in the matrix, particulate fracture during
agitation, and extensive interfacial reactions, are often encountered [76]. For the
fabrication of MMCs by stir casting, a requirement for a good stirring unit is to-

provide intimate contact while minimising gas absorption [77].

Mixing of particles and metal can also be achieved while the alloyed metal is kept
between solidus and liquids temperature. This process is known as compocasting or
rheocasting. The advantage of using semi-solid metal is the increase in the apparent
viscosity of the slurry. This process permits the introduction of the pre-treated
particulate or short fibres into the solidifying, highly viscous dendritic slurry of the
molten métrix by agitation. This mechanically entraps the céramic reinforcements
and prevents any form of segregation. Continued stirring then reduces the viscous
mass to low-viscous, fine, non-dendritic slurry. This results in a mutual interaction
between the matrix melt and the filler phase, which enhances wetting and bonding

between the two phases.

In spray processes, as the name suggests, droplets of molten metal are sprayed
together with thé reinforcing phase and collected on a substrate where metal
solidification is completed. Alternatively the reinforcement may be placéd on the
substrate and molten metal may be sprayed onto it. One of the drawbacks of the
process is the amount of residual porosity and normally the resulting materials need

further processing. Spray Deposition (SD) is gaining recognition in the synthesis of
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discontinuously reinforced MMCs. [78]. Adaptation to particulate MMC production by
injection of ceramic powder into the spray has been exfensively explored, although
with limited commercial success. MMC material produced in this way often exhibits

inhomogeneous distributions of ceramic particles [79].

2.7.3 Stir-Casting Approach

The experimental results which are compared in this study with the simulated results
are from Myriounis [9] experiments. All the material samples used for his
experiments were provided by a company MC-21. MC-21 uses a stir-casting
approach in which, the desired aluminium alloy is melted, and carefully sizedr
ceramic silicon. carbide particles are stirred in by means of an efficient vacuum-
assisted mixing process. The process allows good wetting and a very strong bond
between the ceramic particles and aluminium matrix and uses inexpensive raw
materials, this method allows them to produce MMCs containing different volume
fractions of ceramic particulate and of aluminium alloy matrices, this can usually be
done using fairly conventional processing equipment and can be carried out on a

continuous or semi-continuous basis [68-71].

MC-21 have created improved mixing technology that reduées the time required for
uniform incorporation of a wide range of ceramic particle reinforcement volume
fractions [72], which allows the mixing to be done in “real time” in the foundry
environment, which in turn eliminates the need for careful re-melting of thé melt
stock currently required for MMC ingot produced by other processes, saving time,

minimizing the chance for overheating and ruining of the melt, and reducing energy
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consumption. Stir casting is also considered to be the cheapest method to fabricate

MMCs [73].

2.7.4 Solid State Processing

Solid State processes are generally used to obtain the h'ighest mechanical properties
in MMCs, particularly in discontinuous MMCs. Since segregation effects and brittle
reaction product formation are at a minimum for these processes, especially when
compared with liquid-state processes, powder metallurgy is the most common
method for fabricating metal — metal composites. With the advent of rapid
solidification technology, the matrix alloy is produced in a pre-alloyed powder form
rather than starting from elemental blends. After blending the powder with particulate
reinforcements, cold isostatic pressing is utilised to obtain a green compact that is
then thoroughly degassed and forged or extruded [80]. Although, powder based
- routes for MMC production tend to be more expensive than liquid based routes and

therefore generally occupy the more specialist high cost markets for MMCs [81].

- Powder Metallurgy is used in the synthesis of Aluminium Matrix Composites through
the relatively low-cost methods of compaction at ambient or hot conditions and
mechanical deformation following hot pressing. In these solid-state techniques,
subfusion temperature regimes are normally attained in consolidation for optimum
results. Depending on the morphology of the reinforcement or the desirable
properties, further processing by mechanical-deformation mechanisms is applied

[82-83].
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2.8 Applications of MMCs

Cur-rent markets for MMCs are priharily in military and aerospace applicatidns.
Experimental MMC components have been developed for use in aircraft, satellites,
jet engines, missiles, and the National Aeronautics and Space Administration (NASA)
space shuttles. The first production application of a particulate-reinforced MMC in the
United States was a set of covers for a missile guidance system [85]. The most
important commercial application which was made in the 1980's was the MMC diesel
engine piston made by Toyota. This composite piston offered better wear resistance
and high-temperature strength than the cast iron piston it replaced. It was estimated
that 300,000 such pistons were produced and sold in Japan annually at that time.
This development demonstrated that MMCs were at least not prohibitively expensive
for a very cost sensitive application. Other commercial applications include cutting

tools and circuit-breaker contacts [86].

Metal matrix composites with high specific stiffness and strength could be used in
applications 'in which saving weight is an important factor. In-service performance
demands for many modern engineering systems require materials with broad
spectrum of properties, which are quite difficult to meet using monolithic material
systems [87]. Metal matrix composites (MMCs) have been noted to offer such .
tailored property combinations which are required in a wide range of engineering
applications [86] and [87], included in this category are robots, high-speed machinery,
and high-speed rotating shafts for ships or land vehicles. Good wear resistance,
along With high specific strength, also favours MMC use in automotive engine and
brake parts. Tailor-able coefficient of thermal expansion and thermal conductivity

make them good candidates for lasers, precision machinery and electronic
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packaging. Based on information now in the public domain, the following military
applications for MMCs appear attractive: high-temperature fighter aircraft engines

and structures; high—iemperature missile structures; and spacecraft structures.

2.9 Limitations of MMCs

It is worth considering the limitations that may hamper the full commercialisation of

metal composites.

" The first thing is to bridge the gap which is présent in understanding between the
materials, expert's knowledge of the performance of new material and real
engineering applications. This would involve helping the engineering community to
desigh with MMCs by providing property data covering key aspects of performance

and to apply appropriate processing techniques.

Next the misconception of the increased cost of replacing conventional components
with MMC components for gaining increased performances is also a major -
disadvantage. It needs to be clarified that for example, if aluminium based MMC is
offered against a conventional aluminium component, thén a major increase in
performance is vital if the significant increase in costs is to be justified. However, it is
often the case that an aluminium based MMC is offered in replacement of a titanium -

-or polymeric composite part, competing on both performance and cost.

The MMC component design must also take into account of cost effective processing
techniques. MMCs commonly require net shape forming with minimal losses.
Selective reinforcement techniques allow the high performance fibre and

monofilament materials to be applied in critical areas. However, the major factor is
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the high price of the monofilament reinforcement and the costs of its incorporation
into a reactive matrix. Moving from development to production scale of these
advanced materials will bring big savings but will require a major commitment from

end-users and producers a-like [77].

2.10 Role of Interface: Matrix-Reinforcement Interface in an MMC

One of the most critical aspects in MMCs is the matrix-reinforcement interface. The
nature of which depends on how the MMC has been processed. As the MMC
vattempts to deform during processing, at micro-level the development of local
coﬁcentration gradients around {he reinforcement can be Qery different to the
nominal conditions and play a crucial role in important micro structural events such
as segregation and precipitation at the matrix-reinforcement interface. These events
dominate the cohesive strength and subsequent mechanical properties of the

interface.

The thermodynamics of vacancy and impurity absorption at. interfaces and grain
boundaries in solids has been studied in the recent years with theoretical models
proposed in order to predict the behaviour of vacancies at interfaces, as well as the
interface strength during fracture [88]. It has been reported in literature that the
tendency for intergranular fracture is closely related to the type and structure of grain
boundaries. Low-energy boundaries are resistant to fracture while high energy or the
'so-called random boundaries are favoured locations for crack nucleation and
propagation. Lim and Watanaby [89] and Faulkner and Shvindlerman [90] have

recognised the important role playéd by the interface in determining the amount of
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predicted segregation and hence the .change of interfacial energy caused by

segregation.

Certain amounts of plastic deformation are involved with crack propagation along an
interface. The parameters to be considered are the strain rate sensitivity to stress
and the djslocation pile up behaviour at the advancing crack tip. Using this approach,
the effective work parametér can be shown to be thousand times larger than the
surface energy [91]. This implies that minute changes in surface energy caused by

segregation would result in large changes in interfacial fracture stress.

In ductile materials such as metals, plasﬁc deformation occurs at the crack tip. Much
work is required in producing a new plastic zone at the tip of the advancing crack.
Since the plastic zone has to be produced upon crack growth, the energy for its

formation can be considered as energy required for crack propagation [92].

2.11 Scope of SiC Reinforced Al Composites

SiC-reinforced aluminium alloy composites are the typical candidates for engineering
applications in aerospace, military, and civil manufacturing industries due to their
enhanced mechanical properties over the corresponding aluminium alloys such as

high strength, wear reSistance, and fatigue resistance [93-96].

Among different shaped reinforcements, the composites reinforced with particulates
offer relatively isotropic mechanical properties compared to the composites
reinforced with short fibres or whiskers and can be produced using conventional

metal manufacturing process with low cost [97-98].
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It is widely recognized that the properties of MMCs are controlled by {he size and
volume fraction of the reinforcements as well as the nature of the matrix-
reinforcement intérfaces. An optimum set of mechanical properties can be achieved
when fine and thermally stable ceramic particulates are dispersed uniformly in the

metal matrix

Rack [100] studied the fabrication and damage tolerance performance of some of
these lightweight and high performance composites [98]. Matrix-to-reinforcement
particle size ratio (PSR) is the main factor governing the homogeneity of the
reinforcement particle distribution ‘in composites manufactured by the powder
metallgrgy route. To improve the homogeneity of the distribution, reinforcements with
larger average particle size should be used. At the same time, increasing the
reinforcement particle size leads to worsening of the mechanical propeﬁies due to
lower work hardening and higher damage accumulation rates. It is thérefore'
important to optimize the microstructure somewhere in-between a smaller
reinforcement particle size and a more homogeneous spatial distribution [101]. Thus,
much research has been conducted on particulate metal matrix composites.
Slipenyuk et al. [102] have- investigated the effect of reinforcement particle size (3
and 14 pm), matrix to reinforcement PSR ranging from 2.9 to 12.9, and volumé
fraction of the reinforcement (0-20 vol%) on microstructure and mechanical
properties (yield stress, tensile strength, elongation to fracture, and Young’s modulus)
for Al-6Cu- 0.4Mn\SiCp composites manufactured by the powder metallurgy route.
Lewandowski et al. [103] observed improvement in the reinforcement distribution and
better combination of mechénical properties when PSR ratio was varied from 3.3:1 to
1.4:1 in the Al-7Zn-2Mg-2Cu-0.14Zr 20% vol of SiCp composite. However,‘ change of

SiC particle size from 5 to 16 ym for changing the PSR ratio overshadowed the real
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effect of changing the PSR .ratio. Stone et al. [104] also studied the effect of PSR
ratio on the properties of the metal matrix composites (MMCs) in rolled and extruded
conditions. Theif study could not establish any correlation between PSR ratio and
the mechanical properties as both the matrix and reinforcement sizes were varied
éimultaneously. Sternowsky et al. [105] studied thre effect of PSR ratio on the

compressive strength of sintered 6061 Al/SiC Composites. :

During the past two decades, a large number of the investigations have been carried
out to reveal the strengthening mechanisms of the metal matrix composites.
Strengthening effects in the composites could be classified into direct and indirect

mechanisms [96].

Direct strengthening is obtained by the load being transferred from the weaker matrix
to the hard reinforcements [96, 99] during deformation. While, indirect strengthening
“results from the variation of the matrix microstructures, such as grain refinement in

the composites, by the addition of reinforcements [106-107].

2.12 Numerical Modelling: A Unit Cell Approach

The complexity of composite analysis requires the use of an acdurate model for
calculating the properties of various composite patterns. Confidence in the model

requires analytical studies that are comparable to accepted published results.

For particle reinforced MMC periodic unit cell methodology (which is the simplest
repeating unit in a crystal) has been successfully used to study the room
temperature, monotonic tensile loading behaviour, based on idealised and regular

microstructural geometries [108-111]. Cyclic loading on a unit cell of particulate
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metal matrix composite has been studied by Llorca [112] and bohm [113]. 3D unit
cell models have also been used by O'Dowd [114] to study the particle arrangement
and loading state effects. Particle distribution effects in MMCs containing multiple
particles have also been stated by watt [115], in which he studied a unit cell

containing 10 particles.

Rustichelli [116] calculated values for the average stress for the entire matrix and for
the reinforcing particles for the 3d multiple particle geometry model and his simulated
results were about 25% apart when compared by values obtained by neutron

diffraction measurements.

In this study simulations are based on a unit cell. Each unit cell is defined in terms of
lattice points, defined as the points in space about which the particles are free to
vibrate in a crystal. 2D and 3D simulations have been done in various areas of the
metal matrix composites of Aluminium silicon carbide to determine the interfacial
strength as compared to the early studies which have suggested unit cell

methodology for the determination of the entire matrix simulations.

A cubic unit cell with 8 nodes on its corners was choosen for this study as shown in

figure 4.

Figure 4: A cubic unit cell with its 8 nodes at the corners
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The unit cell was designed in ANSYS, (A complete set of experiments and
simulations have been listed step wise in Appendix B covered to come up with the
unit cell as used in this study), representing a small part of the composite which has
aluminium (Al) as the base material with a hard reinforcement of silicon carbide (SiC)
in the centre. The unit cell was assumed to be in symmetry. The dimensions of the
unit cell initially was set to 25.4mm x 25.4mm to keep the aspect ratio equal to 1,
12.7mm diameter for the reinforcement was taken and the depth of the unit cell was
0.245mm, as shown in figure 5. In further simulations in chapter 6, the length of the
unit cell was then calculated for the 20% and 31% volume fraction of AlI-SiC MMC
separately and according to the length corresponding to the volume fraction of SiC

the depth of the 3D cube was adjusted.

Fixed Supports--—--—-- U IWAWA Al
¢

— ~NT [ Forces

ITITTIT]] " SiC

Figure 5. Schematic of the model Unit cell showing where the forces were acting and
the fixed supports

Considerable amount of research work has been undertaken to understand the
effect of yield of the matrix on the strength of the MMC. The two important
characteristic features which complicate the study of MMCs are the high residual
stresses arising from manufacture and the influence of the weak interface between

reinforcements and matrix. Previous researchers have used finite element micro-
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mechanical models to construct initial yield surfaces of unidirectional composites
subjected to various external loads [118]. Their precedure was to -predict the
stresses in the model subjected to load and then scale the load so that the most
highly stressed area of the mesh reached yield. Dvorak et al., [119-120] carried out a
similar analysis but included the effect of the »resvidual stresses arising from the
manufacturing process. They noted that the effect of a uniform temperature change
is approximately equivalent to the translation of the yield surface in the direction of
the hydrostatic stress axis. Dr/orak [121] later showed that uniform thermal changes
applied to the composite can be converted to equivalent mechanical loads
dep'ertding on the thermo-elastic properties of the constituents [117]. Temperature
effects on the strengthening of the particulate metal matrix composite with heat

treatments were also simulated, further discussions in chapter 5.

Shao, J. C., et al. [15] conducted some simulations in which, since the selection of
interface parameters is difficult due to the lack of experimental data on the SiCp/Al
interface, they choose a representative eet of interface parameters to describe the
interface behaviour, by choosing a 7.5 micron diameter of SiC particles for the
interface for a composite containing 16 micron diameter particles. These parameters
were just a representative set to describe the interface behaviour. Bruzzi, McHugh,
O'Rourke & Linder [122] have used randomly selected values for the cohesive zone
representing the interface for simulating the unit cell of metal matrix composites, they
also concluded. simulations for different aspect ratios for the matrix and the
reinforcement, and concluded that aspect ratio of 1 gave the best results. Same
results were shown by Chawla, Nikhilesh, and Yu-Lin Shen [123]. For the 2D and 3D

unit cell modelling the aspect ratio of the matrix and the reinforcement was set to one.
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CHAPTER 3

An Empirical Method of Calculating Interfacial Strength in a Second

Phase Reinforced Alloy

SUMMARY

* Particulate-reinforced metal matrix composites (MMCs) are influenced by se\)eral
factors while considering the fracture at the interface, such as particle size, volume
- fraction and inter-particle spacing of the reinforcement. A method of calculation has
been applied to predict the interfacial fracture toughnessv in a particulate reinforced
composite. The composite used in this study is silicon carbide reinforced with
aluminum matrix, in the presence of silicon segregation. The model shows success
in making prediction possible of trends in relation to segregation and interfacial
~fracture strength behaviour in metallic alloys. Small changes in surface energy
caused by segregation result in, very large chahges in interfacial fracture stress. The
interface structure vis important in determining the émount of bredicted segregation
énd’ hence the change of the interfacial energy caused by the segregation. Equations
have been developed to forecast the energy change in terms of the coincidence site
stress (0,) value describing the interface, and the formation energies of impurities on
the interface. The interfacial stre‘ngth is calculated baséd on the fracture toughness

properties of the interface.
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3.1 Introduction

In the case of particle-reinforced metals, numerous studies have focused on
understanding the influence of crack growth rate [124-126] and the reinforcing
particles on the matrix microstructure and the corresponding effect on the fatigue

behaviour of the metal matrix composites (MMCs) [127].

In composite materials with ductile matrix and hard-brittle reinforcement, interfaces
can be assumed to behave in a similar manner as in the case of grain boundaries of
second phase reinforced alloy. In such cases, the crack would propagate through the
matrix and the crack tip would meet the interfacial- region, where plasticity and/or
energy changes. Then, the crack may, (a) continue to propagate through the
reinforcement, or (b) be deflected by the matrix-reinforcement interface, as shown in
figure 6. ‘It is, therefore, necessary to predict whether the interfacial region has
enough fracture strength in order to resist crack growth through the interface or
matrix cracking around the reinforcement boundary region. An important factor
regu-lating crack growth behaviour in metal matrix composites is the matrix-
reinforcement interface property, which relates to precipitation hardening
mechanisms. It takes more energy for a crack to propagate through an interface and
this is the ideal situation fof a material to resist fracture. Stresses arising by the crack
propagation are ideally sustained by the interface strength; therefore, the crack
requires more energy in order to propagate. Stress gradients within the
matrix/reinforcement interface regfon can cause varying levels of stress at which the
crack becomes separated or trapped due to different levels of crack closure in the
wake of the crack tip. The ideal solution is for the crack to be able to propagate

through paths with the highest ductility and strength [128].
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This model considers the interfacial energy caused by segregation of impurities at
the interface and uses Griffith crack-type arguments to forecast the energy change in
terms of the coincidence site stress describing the interface and the formation
energies of impurities at the interface. Based on Griffith's approach, the fracture
toughness of the interface is expressed in terms of interfacial critical strain energy

release rate and elastic modulus.

This approach shows success in making prediction possible of trends in relation to
segregation and interfacial fracture strength behaviour in SiC particle-reinforced
aluminum matrix composites. The proposed model can be used to predict possible
trends in relation to segregation and the interfacial fracture strength behaviour in
MMCs. Precipitation hardening mechanisms can play an important role in
strengthening mechanisms and in tailoring the A359/SiCp interface behaviour. The
propagation of a crack through the matrix shows good interfacial strength,
propagation by cracking the reinforcement indicates higher matrix strength, while

propagation through the interface indicates weak interfacial strength.

Stress

Matrix Particulate
Crack
Stress After applying stress Before stress is applied

Figure 6: (A) Crack propagating through the interface (B) Crack propagating through
the particulate.
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3.2 Estimation of Interfacial Stress and Strain using Numerical Modelling

3.2.1 Interfacial Fracture Strength Model

Griffith [129] was the first who tried to relate the micro-defect fracturé strength with
the interatomic bond strengths for glass, a perfect brittle material. His model states
that crack propagation will occur only if the total energy of the system is decreased.
This implies that only if the energy released upon crack growth is sufficient to provide
all the energy that is required for crack growth then this crack will propagate. The
energy consumed in crack propagation is denoted by Er = dw/da which is called the
crack resistance. Where 'w' is the work done by the fracture and 'a' is the crack area,
if Er is a constant (da=constant), this means that for the crack to propagate the
elastic energy release rate G must exceed a certain critical value G,c. For metals, Er
is mainly the plastic energy; surface energy is so small that it can be neglected.

Therefore, the energy criterion for plane stress conditions stipulates that:
Gy =~ )

and for plane strain conditions,

— K (1-v%)

G =& 3)

where, K¢ is the fracture toughness and E the Young’s modulus of the material.

Based on Griffith’s approach, the fracture toughness of the interface, Kiy, can be
expressed in terms of critical strain energy release rate, Giy, of the interface and the

Young’s modulus of the interface, Ejnt [130],

Kint = v GintEint : (4)
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The energy €, required to create two fracture surfaces is basically related to the work

of intergranular fracture, G, which is given, according to Faulkner et al. [131] by:
£a
G, = Aepenln(%) ®)

Where, A is the dislocation pile-up term describing the effectiveness of dislocations
in providing stress concentration at the advancing interfacial crack tip (=100) in
ductile materials and n, is the work hardening exponent (= 10 for FCC aluminium)e,

is the new interfacial energy‘caused by segregation and ¢,is the total energy.

Eq. 4 originally developed for intergranular fracture through grain boundaries, also
appliés to particulate/matrix interfaces. Interphase regions separate into two different

phases whereas the grain boundaries separate into new portions of the same phase.

Hence, the grain boundary system has one more degree of freedom than the '

 interface system. Therefore, G¢ = Gin, which is the work of interfacial fracture.

Replacing Gk from Eq. (2) and Eq (5), the following relationship can be obtained:

K in(%
= 100¢,e™ "(89) (6)

€,, in Eq. (6), is then the new interfacial energy caused by segregation given by [132]:
&, =&, —ZRTIn(1 —c + Bc) . (7
Where:

Z, describes the density of interface sites which are disordered enough to act as
segregation sites (= dps), with d the thickness of the interphase, and ps the density

of the interphase, R is the gas constant (= 8.314472(15) J-K'mol), T is the
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absolute température (= 530 K for T6, = 450 K for HT1) and c, is the segregate

concentration needed to cause embrittlement (= 0.1).

Substituting the value of €, from Eq. 7 into Eq. 6 we get,

2 _ZRTin(1—c+Bc)
Kine _ 1008pe"l"(1 T 8)
int
or
KBy _ (1 B ZRTzn(1—c+Bc))" ©)
100En; p £

“From Eq. 9 g, can be estimated if Kix and Eiy; are known. In the section below the

interface fracture toughness Kiyt is estimated and a model proposed.

Eint on the other hand is approximately equal to Ep, [133], A model proposed by
McMahon and Vitek [91] predicts the fracfure resistance of a ductile material that
fails by an intergranular mechanism. Based on this model, an effective work
parameter can be developed to predict fractu}e strength of an interface at a
segregated state using Griffith crack-type arguhents. The model assumes that small
changes in interfacial energy caused by segregation of impurities at the interface will
result in a much larger change in the work of fracture. This is due to the fact that the
work of fraciure must be provided by a dislocation pile-up mechanism around the
advancing crack-tip on the interface. This implies that additional work must be
provided to deform the material at the crack-tip in addition to the work needed to

overcome the interface energy and to replace it with two surfaces.

48



Hence, from Eq.9 [3] the fracture strength o can be determined, which is given by,

100e,E;
_ pEint ) }
Oint = «/T (10)

Where: E is Young's modulus, d is the particle thickness, since it is assumed that
cracks of the order of the grain size are present when considering crack propagation

through the interface and the particulate,

g, is the energy required to create two fracture surfaces = 2¢g — g (= &), with €s the

surface energy, and &g, the grain boundary energy.

The 100 g, component allows for dislocation interaction and movement ahead of the
- crack-tip in ductile materials. This refers to the work required for a total separation of

the lattice planes, which is equal to the area under the force-extension curve.

3.2.2 Interfacial Stress / Strain Behaviour of Reinforced Alloy System

To measure the stress transfer to the particle in a particulate reinforced MMC
subjected to tensile loading, the stress carrying capability of the particle is defined as
the ratio of the normal stress oy to the particle in the loading direction to the
macroscopic tensile stress, o, defined as the ratio L = oy / ot as the stress transfer
from the rﬁatrix to the particles in a particulate reinforced MMC is mainly controlled
by the misfit of the elastic consténts between the two phases [134]. Myriounis-Hasan
[133] proposed a micro-mechanics mode! to determine the fracture strength of the
interface in a metal matrix composite, based on thermodynamic principles and given

as in Eq.11.
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Ko =%y 42Ky _yry 1 Bmoy 4 K (1 - 30,) (11)
Lp Lp+Lm Ly

Where, K;c is the fracture toughness of the composite, Kp, K,, and K, are the
fracture toughnéss of the particle, matrixv and the interface respectively. L, is the
stress carrying capability (ratio of normal and tensile stress as given in Eq 12) of the
particle and Lm' is the stress carrying capabilities of the matrix. V7, is the area fraction
for particle cracking and (¥, — V};,) is the area fractions for interfaceA failure [9]. Wang
and Zhang [136] found the ratio for V,/(V;, — Vi) about 0.13 in an aluminium silicon

carbide composite.

_on -2

Where, gy is the normal stress and o is the tensile stress.
By using Eshelby’s theory, the stress carrying capability of a spherical

inhomogeneity can be written as [137]:

_ 9x(2+3x)

T (1+2x)(8+7x) (13)
Where,
T
X = E, (14)

E; and E,, are the young's modulus of the inhomogeneity and the matrix respectively.
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According to Cox [138] for a particulate the stress carrying capability can be

calculated as,

L=1+ (15)

a
‘/§ !

Where, a is the aspect ratio of the particle and can be given as a ratio of the average

length (h) and the radius of the particle (7 ) as;

a=

S

(16)

Mostly on average, for silicon carbide particles L, =2 and for aluminium matrix L, =

2 [9]. Eq 11 then takes the following form;
K ’ Kin [
Kic = Vi + =% (Vi — Vi) + KipVin + Kin (1 — 3V,) (17)

The young’s modulus of the interface in terms of critical stréin energy release rate
Gin:can be found out using Griffith's approach using Eq.4 [130]. Since interfacial
fracture strength o;,, is given by Eq.10 it implies that the energy required to create

two fracture surfaces ¢, can be given as;

_ +Gint

& = 100Ein; (18)

&, according to definition is also equal to 2¢,-g4;, which is the same as g,, where &

and g, are the surface and grain boundary energies.
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According to Faulkner et al [131] the work of intergranular fracture Gis given by, Eq.
5, since the work of Faulkner et al was based onintergranular fracture we can relate

it to interfacial fracture which implies,
Gr = Gint | (19)

Substituting E;,;=0in:/€ine in Eq. 4, we get

Gine =——* €t (20)

Eq.5 then can be written as;

€,
__ 4o intﬁinten ln(E%)

Eint - ,Kint ‘ ) (21)

Where g;,,; is the interfacial strain caused by segregation and can be given as,

n .
Eine = 10008, [1 _ ZRTin(-C-BO) | (22)

€p

Where,

€ne  Strain in the interface

oine Stress on the interface

& Energy required creating two surfaces

-2 Density of the interface sites

52



'=8.314472 J/Kmol
= 803.15 Kand 723.15 K for T6 and HT1 respectively

= 0.1 for pure Al (segregate concentration)

w O - =

Adjusted boundary energy taking into account Zuchovitsky equations

n = 10 for FCC Al (work hardening)

Here a model has been proposed to estimate the effects of particle volume fraction
on fracture toughness in a particle-reinforced MMC. This model assumed that SiC
particles are uniformly distributed in the matrix and that the patte~m of particle
distribution is similar to FCC structure in metals. The fracture toughness of the

composite can then be written as Eq. 11.

— Kp vyt Kint | ! Km
Kic=—Vn+ 2=V, — V) + 22V, + K, (1 — 3V,)
: Lp Lp+Ly, Ly

3.2.3 Constants Calculation

The energy ¢, required to create two fracture surfaces is basically related to the work
of intergranular fracture, Gx as described earlier in section 3.2.1. The constant
parameter B in Eq. 22, describes the modification of the boundary energy by

impurities using the Zuchovitsky equations [3, 141], given by:

£1— €& 0.75£f

B=eCrr ) = R0 _ , (23)

Where: ¢ —¢; is the difference between the formation energy in the impurity in the
bulk and the interface region. It is assumed that the values of the surface energy and
the impurity formation energy in the bulk are close in value; therefore, the numerator

in the exponential term depends on the impurity formation energy in the interface
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region, which is assumed to be 0.75&;, where & is the formation energy of the

impurity in the bulk. Using Faulkner's approach [139] to the derivation of impurity

formation energy,
& =& T & (24)

Where: ¢ is the surface energy required forming the impurity atom and ¢, is the

elastic energy involved with insening an impurity atom into a matrix lattice site. This

is given by:
_ 0.5¢ 8nD 2
& = 1_9; + ?e—am(qi —ay)ev (25)

Where;

£s is the surface energy (1.02 J m?)

e is the electronic charge (1;6021 7646 *10"9 Coulomb)
a; is the impurity atomic radius (0.118 nm for Si)

an is the matrix atomic radius (0.143 nm for aluminum)

G is the shear modulus (26 GPa for aluminum)

By performing the calculations the impurity formation energy, &, for aluminium alloy

can be determined and then substituted in Eq. 23 to éalculate B (Zuchovitsky).

Hence, as calculated from Eq 23, B for Al-SiCp, .31% Vol fraction at different heat
treatments is as follows,
T6  1.000029539

HT1 1.000032807
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T1 1.000079082
The range of the value of the boundary energy by impurities (B) is between 0.27% -

0.7~* and hence can be averaged to 1.

The values of & further calculated for T1, HT1 and T6 are 0.263. Which is compared

to the value of 0.303 as calculated by Myriounis et al [9] and 4% improvement

recorded to original estimates.
3.3 Interfacial Strengthening Behaviour of Reinforced Alloy System

3.3.1 Strengthening Behaviour in MMCs

The strengthening m~eChanisms observed in MMCs may be divided _into two
categories, direct and indirect strengthening. Direct strengthening in particulate
reinforced metals is an extension of the classical composite strengthening
mechanisms used to describe the behaviour of continuous fibre reinforced
composites [140-142]. Under an applied load, the load is transferred from the weaker
matrix, across the matrix/reinforcement interface, to the typically higher stiffness
reinforcement. In this manner, strengthening takes place by the reinforcement
carrying much of the applied load. Due to the lower aspect ratio of particulate
materials, load transfer is} not as efficient as in the case of continuous fiber

reinforcement, but is still significant in providing strengthening [143-145].

In metal matrix composites, where a high stiffness ceramic reinforcement is
embedded in a metallic alloy, the thermal mismatch between the high expansion
metallic matrix and the low expansion ceramic is typically quite high. Thus, upon

cooling, dislocations form at the reinforcement/matrix interface due to the thermal
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mismatch. In this manner, thermally induced dislocation punching results in indirect
strengthening of the matrix [146-149]. In age harden-able matrix materials, the
thermally-induced dislocations (formed upon quenching from the solution treatment)
serve as heterogeneous nucleation sites for precipitate formation during the aging
treatment [150]. Not only is there a preferential distribution of precipitates in the
particle/matrix interface Vregion, but the higher density of dislocations also causes an
acceleration in the time to peak-aging compared to the unreinforced alloy of a similar
composition. An increase in reinforcement volumé fraction or a decrease in particle
size increases the amount of indirect strengthening, since a larger amount of

interfacial area exists for dislocation punching to take place.

The extent of indirect strengthening is more difficult to quantify than the contribution
from direct strengthening. Krajewski‘ et al [151] used a thermo-mechanical treatment,
consisting of solution treating, rolling, followed by aging to provide a homogeneous
~ distribution of dislocations (and subsequéntly precipitates) in both the matrix of the
composite and the unreinforced alloy. In this manner, the difference in strengthening
between unreinforced and composite could be attributed primarily to load transfer to
the reinforcement. Chawla et al [145], compéred experimental data on composites
with a simple modified shear lag analysis proposed by Nardone and Prewo [143],
and obtained extremely good correlation, It was shown that in peak-aged materials
-only (without rolling), the strengthening in thé composite could be partitioned into

direct and indirect strengthening components.
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CHAPTER 4

Finite Element Analysis of a Unit Cell Using ANSYS

SUMMARY

There are numerous different software's available in the market to model and
perform structural analysis of different composites. like Abaqus, ADlNA? Altair
HyperWorks, COMSOL Multiphysics, Femap, Siemens PLM Software, HyperSizer,
LS-DYNA, MSC Marc, Nastran, Radioss, STRAND7, TSV etc., out of which ANSYS
mechanical software suite was chosen, which is trusted by organizations around the
world to rapidly solve complex structural probiems with ease. Finite element énalysis
was performed on a unit cell of AI/SiC with 20% and 31% volume fraction of the
particulate and the stress/strain results compared with the experimental results

focusing on the interfacial region of the matrix and the reinforcement.

4.1 Introduction

Structural analysis solutions from ANSYS provide the ability to simulate every
structural aspect of a product, including linear static analysis that provides stresses
or deformations, modal analysis that determines vibration characteristics, through to
advanced transient nonlinear phenomena involving dynamic effects and complex

behaviours.

All users, from designers to advanced experts, can benefit from ANSYS structural

analysis solutions. The fidelity of the results is achievéd through the wide variety of
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material models available, the quality of the elements library, the robustness of the
solution algorithms, and the ability to model every product — from hsingle parts to
very complex assemblies with hundreds of components interacting through contacts

or relative motions.

ANSYS structural analysis solutions also offer unparalleled ease of use to help
product developers focus on the most important part of the simulation process:

understanding the results and the impact of design variations on the model.

To start off with ANSYS software basic simulations were made to understand the

depth of the software. A few of the experimental simulations are listed in Appendix A.

4.2 Analysis Using ANSYS

4.2.1 Unit Cell Concept

The unit cell was designed in ANSYS which represented a small bart of the
cbmposite which has aluminium matrix and silicon carbide as reinforcement. The top
and bottom edges were fixed and loads were varied from 77MPa to 310MPa, and
were applied on the X-axis if the unit cell is viewed from the front on the positive and
negative X-axis as shown in chapter 2, figure 5. In this study bulk properties have
been used and hence the scale of the unit cell does not have any effect on stress

and material properties. -

The mechanical properties of aluminium and silicon carbide for the ANSYS
simulations are as shown in table 1. The can be seen in figure 7. In this study the

polynomial (p-method) for meshing in ANSYS is used. The meshing érdund the
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reinforcement is mapped and further in the matrix is free. The free meshing in the
matrix area was chosen to save time while calculating the solution. Refinement has
also been put to meshing near the interface. Another consideration was to put
mapped meshing on the edge of the unit cell to see the effect of deformation when
the loading was applied. The matrix and the reinforcement can clearly be seen in
figure 7, which also depicts the coordinate system which is used in the simulations.
The red ring around the reinforcement is the interface between the matrix and the

reinforcement which are glued together frictionless.

R14.5

A Metal Matrix

fMiii iiiltHii A Interface

- Wi
saisg#”; W
----> Ceramic Particulate

> Coordinate System

Figure 7: The grid pattern showing the Meshing used in this model.

The same simulations were tested upon a tetrahedral mesh with an element size of
0.1 but there were no differences in the results. The only difference was that it took a
lot longer for the solution and the files being generated were very big because of the
more number of elements, figure 8 shows the tetrahedral mesh, another reason was
that since ANSYS treated both the materials i.e. the metal matrix and the ceramic
reinforcement as different materials, and upon applying infiltration convergence was
an issue. As the mesh in figure 8 shows the coarseness in the rest of the matrix

other than the interface which is our main area of focus, infiltration is done very
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smoothly and the convergence is very good at the interface of the matrix and the
reinforcement. Some examples of non-convergence of the mesh can be seen in

appendix B.

SiC reinforcement

Al Matrix -

Figure 8: (A) The grid pattern showing the tetrahedral meshing (B) Magnified mesh
at the interface
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Symbol Units SiC Al

Density P g/cm3 | 3.2 2.7
Youngs Modulus E GPa 427 71.7
Poisons Ratio | Y | - 017 0.33
Yeild Stress O, _ MPa 1000 503
Ultimate Strength Oyrs MPa - 527
Elongation at Break er % 2.34 11.0
Coeeficient of thermal CTE x10°°C | 4.3 236
expantion

Table 1: Mechanical properties of Al and SiC

-4.2.2 Finite Element Analysis of Interfacial Characteristics of Al/SiC

Metal Matrix Composite

A Unit Cell is the simplest repeating unit in a crystal. The unit cell is designed using
ANSYS which has a 1 X 1 square with a circle of diametér 0.5 inch, with a‘n Aspect -
Ratio of 1. The Element type taken is Solid 8 Node 183, both the materials are taken
as Structural - Linear - Elastic and Isotropic. The square part is Aluminium (Al) with

the following properties,
EX =71.7GPa
Poisons R"atio PRXY =0.33

The circle part is Silicon Carbide V(SiC.:) with
EX =427GPa

PRXY =0.17
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The matrix and the reinforcement were glued together, and then Meshed (a finer
mesh on the interface was done as that is the region of interest). The two top and
bottom sides are given initial conditions of zero displacement for fixed supports and

forces applied on the right and left (stretching the cell).

L

Figure 9: (A) The contact plane between aluminium matrix and SiCp reinforcement
(B) The fixed supports and the forces been applied (5000N is just an example of the
magnitude) (C) The coordinate system (D) Meshing of the model used.

The full set of results for the stress and the strain are shown in the following grid
patterns, the stresses were applied with the following forces applied to the 0 degrees
and 180 degrees of the unit cell perpendicular to the fixed supports which are
applied on 90 degrees and 270 degrees. All the degrees are stated when looking at
the unit cell as shown in figure 9 (C). The strains were recorded at the following
different stresses (values in MPa) 77, 147, 149, 151, 155, 193, 232, 310 as seen in

figure 10, and the corresponding stresses are shown in figure 11.
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Figure 10: The gird patterns showing strains recorded at 77, 147, 149, 151, 155, 193,
232, 310 MPa
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Figure 11: The gird patterns showing stresses recorded at 77, 147, 149, 151, 155,

193, 232, 310 MPa
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4.3 Al/SiC Stress Strain Simulations using ANSYS

The pressure was varied frc;m 8MPa to 310MPa. The interface between the matrix
" and the reinforcement was bonded frictionless and the meshing done in a way that
the meshed blocks on the interface met each other to simulate the actual bonding in
an actual composite. This gives a much realistic scenario in simulation of the actual
composite. Figure 9-D, shows the meshing performed on the unit cell. Figure 11
- shows the output when loads of 77,147, 149, 1561, 155, 193, 232, 310 MPa and 310
MPa respectively were applied to the composite. The strain levels can be seen
changing in the figure 12, esbecialiy on the interface where the stress levels staﬁ
very small and then gradually get to a point where they are at the peak level and
then start decreasing again which shows the failure of the material. Lo‘oking at figure
12 it can be seen that the strain ’on the interface starts increasing, reaches to a peak
and then starts decreasing which shows the failure of the material as teﬁsile forces

are increased on both sides of the unit cell.

Figure 12 shows a comparison of the stress/strain values at the centre of the unit cell,
at the interface of the unit cell and the edge of the unit cell. All values were taken at
the horizontal axis in the centre of the unit cell. The edge in at the extreme right of
the unit cell. The graph in figure 12 clearly shows that after reaching the peak strain

value the material fails at the interface first.
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Comparing Stress/Strains at the center, Interface and at the Edge of the Unit
Cell

0.004
0.0035
0.003
0.0025

c 0.002 Center

5 0.0015 Interface

0.001

0.0005

-0.0005

Figure 12: Comparision of the stress/strain values at the center, interface and the
edge of the unit cell.

The strain levels are plotted on 5 positions at 0, 30, 45, 60 and 90 degrees of the
applied load from the centre of the interface, an average of two values one from the
silicon carbide and the other from aluminium was taken to predict the strain patterns
at the interface. Best fit data plotted at 0, 30, 45, 60 and 90 degrees of the applied

load are given by Eq's 26, 27, 28, 29 and 30 respectively and shown in figure 13,
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tfinto = 41-8 In(£int) + 416.

°int30= 263 In(fint) + 300.

°int45 = 40.1 In(eint) + 404.

°in t6o
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Figure 13: Comparison of Interfacial Stress / Strain curves of Al/SiC composite unit
cell and the Empirical results.

In this study the numerical results were compared with the empirical results and as
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shown in figure 13, interfacial stresses and interfacial strains of Al/SiC composite unit
cell were plotted at 0° ,30° , 45° , 60° and 90° of the applied load from the unit cell
approach taking into consideration that at the interface a frictionless bond has been
made versus the experimental data, It can be seen that the strain at 0°was recorded
higher than that at 90° at the same point of reference for particular stress value.

When compared to the real world problem the results are comparable to the



empirical data with that of the 0°, as compared to the 90° which is perpendicular to
the loading condition performed at 0°. Hence practically the 0° is more near to reality

and will be considered throughout this study, as can be shown in figure 14.

250 . strain (0)
n strain (90)
200
150 Log. (strain (0))
Log. (strain (90))
<3100 Log. (EXP)

0.002 0.004 0.006 0.008
-50

Figure 14: Comparison of Interfacial Stress / Strain curves of Al/SiC composite unit
cell at 0° and 90° of the applied load and the empirical results.

It is observed that for the initial loads of up to 75MPa of load the correlation is very
good and both the results are in harmony i.e. the experimental and simulated. As the
stress reaches 110 MPa the strain as shown in figure 14, increases and then the gap
between the trend lines for the empirical and simulated data become constant. In this
study the numerical simulations are carried out taking stresses on 0°, as the results
from figure 14 it is evident that when stresses are applied at 0° from the axis of the
unit cell and strains recorded the results correspond to the experimental results
pretty well specially for lower strains. The deviation is about 3% between the two
results which is due to the interfacial segregation and precipitation; it can be
concluded that if more data sets are plotted of the empirical data the trend line would

match that of the simulated data.
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Figure 15: Comparison of Interfacial Stress / Strain curves of AL/SiC composite unit

cell and the Empirical results.

4.4 Empirical Model of a Unit Cell: Young's Modulus at the Interface

The spherical particle in the unit cell is converted to a cubic particle as shown in

figure 16. The diameter of the particle d, thickness of interphase region dj, volume

fraction of the particles including the interface v'p the equivalent dimension of the

particle is deand the overall dimension of the cubic unit cell s, are given by [152],

= Vfs3= (de+ dt)3



’
- f.__....."
BOTLE o N . -
Sl ds —_— H i
e v /T 7 gLl
N 3 d

Figure 16: Conversion of a spherical particle to a cubic particle [153]
The volume fraction of the particles including the interface region is therefore,

de+d;

3
vy = (“4) (32)
And the volume fraction of the particles is
de\3 '
o= () : o

Consider the unit cell is subjected to a uniaxial load in the longitudinal direction. The

total load on the unit cell is defined from force equiIiBrium:

Pc =Dp +Pm +Di (34)
In an average sense if A,,is the area of the unit cell,

0 Ayc = 0pA, + O Ay + 04, , (35)
Dividing Eq. 35 by A, = s> and substituting the actual areas, one obtains:

_ _ dis (s?=(de+d)*)s ((de+d;)?—dd)s

(36)

or,
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oo V2/3 tao, (1 _ ‘6:,2/3) + ;i (%:2/3 -V /3) | (37)

Compatibility of longitudinal displacement requires that strain in the composite and

each constituent be the same (i.e. &.=em=€p=¢i), so the Eq. 37 reduces to:

2, ,2 2 2
EC=EM/3+Em(1—‘§/3)+Ei(l§ /3—15,/) (38)

So, the Young’'s modulus of a particulate composite E¢ is given as a function of the

moduli of the particles E,, matrix E,,;, énd interface E;.

Due to the fact that the difference V{ — V is very small, a good approximation is to

consider that the Young’s modulus of the interface is close to that of the matrix;
E; = Ey, (39)
4.5 Correlation with Empirical Model

As explained i‘n section 4.4, the Young’s modulus of a particulate composite E_ is
given'as a function of the moduli of the particles E,,, matrix E,;, and interphase E;.
Due to the fact that the difference (V¢ — V;) is very small, a good approximation is to
consider that the Ybung’s modulus of the interface is close to that of the matrix and
given by Eq. 39, when subjected to numerical simulation and tested upon our model
in ANSYS, following results were obtaihed in which the stresses and strains are

compared on the interface with the matrix.
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Figure 17: Interfacial Stress Strain Curves of Al/SiC unit cell at 0°

Stress Strain Curves of Al/SiC unit cell at 0 degrees of the loading where strain M(0)
is stress and strain on the Matrix side of the unit cell at 0 degrees and strain (0) is

strain at 0 degrees on the reinforcement.

200 ¢ Strain M(90)
150 .
] strain (90)
100
100
== — 80
60
1 40
0.0005 0.001 20
-50
int -20

Figure 18: Stress Strain Curves of Al/SiC unit cell at 90°

It can be concluded from figure 17 and figure 18, that when the young's modulus is
considered the young's modulus of the interface is nearly equal to the young's

modulus of the matrix which proves the empirical hypothesis as explained by Eq. 39

given as follows for the young's modulus of interface and the matrix Et = Em.
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4.6 Modelling and Analysis of Cohesive Zone Element at Matrix-

Reinforcement Interface

‘The cohesive zone is a layer with independent properties between the matrix and the
reinforcement; it was assumed to be the interface. The unit cell model was made in
ANSYS using APDL coding. Figure 19 (A) shows the outline of the model of the unit
cell produced indicating the matrix and the reinforcement along with the cohesive
zone element in between them. Figure 19 (B and C) show the nodes represented in
this analysis in 3D and 2D 'respectively. Figure 19 (D) is a snap shot of the complete
3D unit cell showing the strains produced at a random point in time when stresses

were applied to the unit cell.

Figure 19 (E and F) are a close up of the interface region of the unit cell; they show
the matrix, reinforcement and the interface between them. Figure 19 (E) was taken
from the initial analysis when the properties of matrix and the interface were kept
same. Figure 19 (F) on the other hand depicts the changed properties of the

interface which were taken from the experimental work of Myriounis [9].

The properties of Aluminium and silicon carbide were taken same as defined in table
1, chapter 4. Whereas for the properties of the interface an assumption was made
that the poison's ratio of the interface was equal to the poisons ratio of the
reinforcement. The young's modulus of the interfacé was taken from the

experimental results of Myriounis [9] as explained further in table 3, chapter 5.
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Figure 19: (A) 3D-Unit Cell Lines,(B) Nodes 3D, (C) Nodes 2D, (D) 3D-complete Unit
Cell, (E) Interface with same properties as the Matrix, (F) Interface with different
properties.
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Figure 20 (A) shows the cohesive zone element alone without the matrix and the
reinforcement, it is extended on the x-axis but this is just a depiction of ANSYS as it
by default shows a plane along with the cohesive zone element, as can be clarified
by the section view of the half cut unit cell in figure 20 (B) which shows the

completely rounded interface between the matrix and the reinforcement.

ANSYS
ANSYS NODAL SOLUTION

rrep-i

<Ay

L936E-07

IParticle Reinforced.VF-20 Particle Reinforced,Vf-20

Figure 20: (A) CZE (B) Half Section Unit Cell with CZE

The properties of matrix and reinforcement were kept the same as shown in table 1,
chapter 4, and values of the young's modulus for the interface were kept as shown in
table 3, chapter 5. For the interface the poisons ratio was kept same as that of silicon

carbide reinforcement on the basis that the interface is stronger than the matrix.

The stress/ strain values were observed for T1, T6 and HT1 heat treatments, for Al-

SiC with 20% and 31% volume fraction of SiC, as shown in figures 21 and 22.
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4.7 Observations from the CZE Analysis

From the graphs presented in figure 21 and 22 it can be observed that the strain
values remain almost the same for the corresponding stress for the same volume

fraction of particulates of reinforcement.
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Figure 21: Stress/Strains at the CZE for 20% Vol fraction SiC at T1, HT1 and T6
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Figure 22: Stress/Strains at the CZE for 31 % Vol fraction SiC at T1, HT1 and T6
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The difference is quite evident when the volume fraction of the reinforcement is

changed from 20% to 31%.
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Figure 23: Stress/Strains at the CZE for 20% and 31% Volume fraction SiC at T1

The cohesive zone element (CZE) when introduced for the 20% volume fraction and
the 31% volume fraction of SiC in an aluminium matrix, the stresses and strains were
measured at the CZE and it is evident from figures 21 and 22 that the heat treatment
did not have any effect on the CZE (this was the reason that only T1 heat treatment
is further compare in figure 24) but the volume fraction of the reinforcement play's a
significant role and as expected when the volume fraction of SiC was raised from 20%
to 31% because of the CZE becoming tougher. The stress/strains as shown in figure
23 at any point of strain high stress was observed to be endured for the 31% volume

fraction of SiC as compared with the 20% volume fraction of SiC in aluminium matrix.
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Stress/Strains of Al/SiC with and without CZE for
20% and 31% VF at T1

m  Al/SiC without CZE 20% VF
A CZE 20% VF Al/SiC
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Figure 24: Stress/Strains at the CZE for 20% and 31% Volume fraction SiC at T1
compared with stress/strains at the interface without the CZE for 20% volume
fraction SiC at T1.

Another comparison was made with the unit cell with a CZE, the results of which are
described in figure 21 and 22, with the model discussed earlier in section 4.2.2 in
which the matrix and the reinforcement are glued together frictionless. The stresses
and strains were measured at the interface. As shown in figure 24 it is shown that
when the matrix and the reinforcement are bonded frictionless without a CZE present
the stress strain values at a certain point in time are lower as compared to the values

recorded with a CZE.
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4.7 Conclusion

It can be concluded that the stress strain curves are best observed in simulation of a
unit cell when the forces are acting axially at 0° from the centre of the unit cell. It is
also observed from the results that the degradation is more pronounced in the
interfacial elements near the axis of symmetry where the stresses are high resulting
in more degradation in these zones. The interfacial shear stress changes with
change in SiC content. From these results, it is observed that the higher the volume
fraction of SiC the more interfacial shear stress. The maximum interfacial shear
stress occurs just inside the model at some distance from the free end of the unit cell.
It can be concluded that the young's modulus of the matrix is equal to the young's

modulus of the interface as verified empirically and through FE simulation.

It can also-be concluded that the interfébe does play a very important role in the
strengthening of the metal matrix composite as it is evident from the results shown in

figure 24.
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CHAPTER 6

Strengthening Behaviour with T6é and HT1 Heat Treatments

SUMMARY

'This chapter focuses at the strengthening behaviour of the aluminium silicon carbide
metal matrix composite with different volume fractions of SiC, along with different
heat treatments, finite element analysis is used for comparing the different heat
treated Al-SiC MMCs, material properties of whom were taken from previous stddies.
Both scenarios were simulated i.e. keeping the same volurhe_ fraction with different
heat treatments along with keeping same heat treatment for different volume

fractions.

5.1 Introduction

The thermal conditions for the reaction between the matrix and the reinforcement
depends on the composition of the MMC and its processing method. A good bond
can be formed by proper and adequate interaction between the reinforcement and
the matrix. Inadequate interaction results in lack of proper bonding, whereas
excessive interaction leads to the ioss of the desired properties and inferior
performance of the MMC. The important factors affecting the heat treatment process
are the temperature, the cooling rate, the concentration of solute atoms and the
binding energy between solute atoms and vacancies. Temperature control is

extremely important during the fabrication process. If the melt temperature of
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SiCp/Al composite materials rises above a critical value, Al4C3 is formed [145],
increasing the viscosity of the molten material, which can result in severe loss of

corrosion resistance and degradation of mechanical properties.

Heat treatment of composites though has another aspect to consider, which is the
partiéles introduced that may alter the alloy’s surface characteristics and increase
the surface energies. The process variables affecting the dispefsion of the
particulate is very important, including tempe}rature and type of heat treatment of the
particles size and shape, melt temperature, feed rate of‘the particu'late and volume

percent of the dispersion [135].

One of the most used heat treatments for the Al A359/SiCp composite is the T6 heat
treatment. It is known that molten aluminium does not wet silicon carbide readily,
which is one of the major concerns which needs to be overcome to prevent silicon
carbide particles being displaced from molten aluminium and to ensure Al/SiC,
bonding. MC-21 Inc. patented melt stirring, a method of satisfying -these
requirements and producing high quality composites. SiC particulates are added to
Al-Si casting alloys, where Si in thé alloy slows down the formation of Al4C3. The
prbcess yields material with a uniform distribution of particles in a 95-98% dense
aluminium matrix. The rapid solidification, inherent in the process, ensures minimal

reaction between reinforcing material and the matrix [146].

The two heat treatments T6 and HT1 have been considered since due to heat
treatments the precipitates and segregates at the interface are more pronounced,
and to validate our simulated results a complete set of experimental results were

present from the work of Myriounis [9].
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5.2 T6 Heat Treatment

The T6 Heat treatment consists of quenching and age hardening. In the solution heat
treatment, the alloy is heated to a terhperature just below the initial melting point of
the alloy, where all the solute atoms are allowed to dissolve to form a single phase
solid solution. The alloy is then quenched to room temperature at a rate sufficient to
inhibit the formation of Mg-Si precipitates, resulting in a non-equilibrium solid solution
which is supersaturated. In age hardening, the alloy is heated to an intermediate
temperature where nucleation and growth of the M,g-Sf precipitates can occur. The
precipitate phase nucleates within grains and at grain boundaries, as uniformly
dispersed particles. The holding time plays the key role in promoting precipitation
and growth which results in higher mechanical deformation response of the
composite. The material is then cooled to room temperature, whe‘re it may receive

further process'ing [136].

The T6 heat treatment process used for the samples used by Myriounis [9] for the
experimental results which‘are compared with the simulated results in this work,
consisted of the following steps: solution heat treatment, quench and age hardening.
In the solution heat treatment, the alloys have been heated to a temperature just
below the fnitial melting point of the alloy for 2 hours af 53015 °C where all the solute
atoms are allowed to dissolve to form a single-phase solid solution then quenched in
water. Next, the composites were heated to a temperature of 155 °C for 5 hours then

cooled in air.
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5.3 HT1 Heat Treatment

The second heat treatment process is the HT1 heat treatment, where the alloys in
the solution treatment are heated to a temperature lower than the T6 heat treatment,
at 45015 °C for 1 hour, and then quenched in water. Subsequently, the alloys are
heated to an intermediate temperature of 170 °C for 24 hours in the age hardened

stage and then cooled in air.

The T6 heat treatment has been selected according to the literature studied, where it
is proposed as the ideal treatment for these kind of composites, whereas the HT1
heat treatment cycle was determined throughout a trial and error procedure by

Myriounis.

5.4 Materials Considered for Simulations

The materials used by Myriounis for his experiments were supplied by MC-21, Inc
located in Carson City, NV, USA [154], which developed, patented, and
demonstrated at a commercial scale a proprietary process improvement that
achieves much greéter efficiency in the mixing operation. This fncreased efficiency
allows SiC particles to be mixed into molten aluminium much more rapidly.
Aluminium alloys A359 are important materials in many industrial applications,

including aerospace and automotive applications.
For the investigation data for the following two types of materials were used:

1)  Hot rolled as received A359/31 vol.% SiC, with an average particle size of 171

micron
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2) Hot rolled as received A359/20 vol.% SiC, with an average particle size of 17+1

micron.

The above mentioned materials were thermally modified by the two heat tfeafments
-T6 and HT1 by the manufacturer and Table 2, contains the details of the chemical
composition of the matrix alloy as well as the amount of silicon carbide particles in
the metal matrix composites provided by manufacturer [154] MC-21 inc. The benefits -
of the rapid mixing process developed by MC-21, Inc. include its demonstrated ability
to produce a much wider range of reinforcement size and volume fraction
combinations. For examplé, materials with twice the stiffness of aluminium at
comparable density greatly reduced thermal expansion coefficient and orders of
magnitude improvément in wear resistance are achievable in th'e higher
reinforcement volume fraction composites. The material properties taken for our

simulation inputs were from the study 6f Myriounis work.

TYPES |Si [Mg [Mn |[Cu [Fe [zZn |SiCp
INGOT |95 |05 |01 [02 |02 |01 [40
A359

INGOT |95 |05 |01 |02 |02 |01 |25
A359 |

CAST |95 (05 |04 |02 |02 |01 |30
A359

ROLLED |95 |05 |04 |02 |02 |01 |31
A359 |

ROLLED |95 |05 |01 |02 |02 |01 |20
A359

Table 2: The chemical composition of the matrix alloy and the amount of SiC,, [9]
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5.5 Microstructure of Al/SiCp

The microstructure vof composite materials consists of a major phése which in our'
case is the aluminium, silicon carbide is the reinforcement and the eutectic mixture of
these two elements is at the interface. In this systerh, each element plays a role in
tﬁe material’s overall behaviour. In particular, Si improves the fluidity of Al and also
Si particles are hard and improve the wear resistance of Al. By adding Mg, Al-Si

alloys become age hardened through the precipitation of Mg,Si.

5.6 Unit Cell - FEA Analysis

To validated the effects of heat treatments on the strengthehing behaviour of Al
A359/SiCp, two different volume fractions were used 20 % Vol SiCp and 31 % Vol
SiCp. Three different simulations were performed on both of the volume fractions at
T6, HT1 and for comparison purposes simulated results were calculated on as

received composite.

5.6.1 Modelling the Unit Cell from the Interface

To look at the behaviour at the interface of Al A359/SiCp the model used was a 1 x 1
x1 unit block as shown and described in chapter 4. This block/unit cel represents a
very small unit oh the interface of Al A359/SiCp as shown in figure 25. For the initial
simulations the properties of aluminium and silicon carbide only were studied with a
frictionless bond between them. The interface properties were then studied by taking

an average value from the matrix and the reinforcement on the meshing blocks -
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touching the boundary of aluminium and silicon carbide respectively. The
stress/strain results from taking a unit cell from the interface region were found to be
very close to the results which Myriounis [9] got in his experiments. The results
obtained where compared with the numerical simulations and predictions made as

discussed further in this chapter.

Interface

(A) (B)

Figure 25: A blown up unit cell showing the interface as a ring with one unit on the
interface which is further blown up in (B)

The structure was designed in ANSYS with the following Young's modulus (E) as
can be seen in table 3 and the Poisson's ratio was considered same as that of Al as

proved by Eq. 39.

Material Condition Young
Modulus (E)
Rolled Al As Received 100
A359-SiCp-20p T6 112
HT1 102
Rolled Al As Received 108
A359-SiCp-31p T6 116
HT1 110

Table 3: Youngs Modulus of Al A359-SiCp-20p and 31 p at different heat treatments
[9].
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5.6.2 Comparing Different Heat Treatments with Same Volume Percent of

SiCp

For the Al A359/SiC 20% Volume fraction and A359/SiC with 31% volume fraction of
SiC three comparisons each were carried out, the first was to compare the as
received condition with the HT1, the stress and strain's were recorded in ANSYS and
were compared with the experimental results. Similarly simulations were carried out
between the as received condition and T6 and the third set of simulations, was to
compare the HT1 and T6 heat treatments and the results are compared and
analysed in figure 26 for A359/SiC with 20% volume fraction of SiC and in figure 27

for A359/SiC with 31% volume fraction of SiC.

‘From the stress strain graphs shown in figure 26 and 27 it is clear that the simulation
results corresponded very much like the experimental results in the linear region but
as the non-linearity is reached the experimental results show much lower strains as
compared to the simulated strains, this could mainly be attributed to the experimental
conditions when the experiments were performed. Other than that a very good
correlation between the experimental and simulated results for both Al A359/SiC 20%
volume fraction and A359/SiC with 31% volume fraction of SiC is observed, at all the

three heat treatments T6, T1 and HT1.
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Figure 26: Comparing stress vs strain of the experimental results vs ANSYS FEA
simulation results for Al A359/SiCp, 20% vol for T6 heat treatment, HT1 heat
treatment and the as received sample.
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Figure 27: Comparing stress vs strain of the experimental results vs ANSYS FEA
simulation results for Al A359/SiCp, 31% Vol for T6 heat treatment, HT1 heat
treatment and the as received sample.

Also from the results in figure 20 and 21, it can be clearly seen that heat treatment
does have an impact on the strengthening behaviour at the interface of the

composite Al A359/SiCp 20% Volume fraction and A359/SiC with 31% volume
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fraction of SiC. The most profound effect was found to be with the T6 heat treatment,

followed by the HT1 heat treatment.

5.6.3 Varying the Volume Percent of SiCp: Keeping the same Heat

Treatment

To validated the effects of volume percentages while keeping the same heat
treatments on the strengthening behaviour of Al A359/SiCp, was studied with two
different volume fractions again with 20 % Volume fraction of SiCp and 31 %
Volume fraction of SiCp. Three different sets of simulations were performed on both
of the volume fractions at T6, HT1 and for comparison purposes experimental results

were calculated on as received composite.

For as received conditions of Al A359/SiC 20% Vol and Al A359/SiC 31% Vol,
experimental and simulated stress strain values were compared as shown in ﬁgu're
28 for t1 heat treatment condition, figure 29 for T6 héat treatment condition and
figure 30 for HT1 heat treatment condition . It is evident that experimentally lower
strains are observed when compared to the simulated conditions, from the resulté
there exists a factor difference of two between the experimental and the simulated
results. Other than that a very good correlation between the experimental and
simulated results for both Al A359/SiC 20% Volume fraction and A359/SiC with 31%
volume fraction of SiC was observed, at all the three heat treatments T6, T1 and

HT1.
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Figure 28: Comparing Experimental results vs ANSYS FEA simulation results for Al
A359/SiCp, 20% vol at T1 Vs 31% vol SiC at T1.
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Figure 29: Comparing Experimental results vs ANSYS FEA simulation results for Al
A359/SiCp, 20% vol at T1 Vs 31% vol SiC at T6.
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Figure 30: Comparing Experimental results vs Ansys FEA simulation results for Al
A359/SiCp, 20% vol at T1 Vs 31% vol SiC at HT1.

Comparing figure 28, figure 29 and figure 30 for all three heat treatments which are
as received (T1), T6 and HT1 it is evident that the T6 heat treatment irrespective of
the volume fraction of SiCp has a very profound effect on the strengthening behavior

of the composite as compared with the T6 and the HT1 heat treatment conditions.

5.6.4 Effects of Dislocation Pile Up upon Strengthening in A359/SiCp

After analyzing the data it can be predicted that the differences in the stress/strain

results, were because of the dislocation pile ups and the Bauschinger effect.

The Bauschinger effect refers to a property of materials where the material's
stress/strain characteristics change as a result of the microscopic stress distribution

of the material. For example, an increase in tensile yield strength occurs at the
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expense of compressive yield strength. The effect is named after German engineer

Johann Bauschinger [155].

The Bauschinger effect is normally associated with conditions where the yield.
strength of a metal decreases when the direction of strain is changed. It is a general
phenomenon found in most polycrystalline' metals. The basic mechanism for the
Bauschinger effect is related to the dislocation structure in the cold worked metal. As
deformation occurs, the dislocations will accumulate at barriers and produce

dislocation pile-ups and tangles.

5.6.5 Predictions and Correlations

To check the model as éxplained in section 5.6.1, the same model which was made
in ANSYS was used with the addition of MISO (Multilinear Isotropric Hardening
model). For the analysis in ANSYS which uses the von Mises vyield criteria coupled
with an isotropic work hardening assumption which in our case was the heat

freatment and simulations were used to define the stress strain curves.

As shown in figure 31 there is a factor difference between the experfmental results
and the simulated results for the stress and strains,'for both 20% and 31% volume
fraction of SiC, the differeﬁé:e of these results is in the region of 10 which is very
small but the reson for this is basically because when the reinforcement is put into
the matrix, the matrix is d‘isplaced, producing strain, to accommodate the volume
fraction of the composite. This is the mis-fit parameter which is responsible for under
predicting the stress/strain values in the simulatiohs, as compared to the

experimental values.
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SN-Curve Al A359/SiCp 20% & 31% Vol SiCp - T1
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Figure 31: Comparing Experimental results vs ANSYS FEA simulation stress/strain
results for Al A359/SiCp, 20% vol and 31 % vol at T1.

The exact values are listed in table 4 for Al A359/SiCp 20% vol and table 5 for Al

A359/SiCp 31% vol.

Stress (MPa) EXP  ANSYS % Diff

37.5 0.0012 0.0016 33
62.5 0.0018 0.0026 44
81.5 0.0025 0.0034 36

Table 4: Values of Stress and Strain as measured in the simulations and
experimentally with their difference for Al A359/SiCp 20% vol.

Stress (MPa) EXP ANSYS % Diff

37.5 0.00125 0.0016 28
56.25 0.001875 0.0029 54
88 0.00375 0.0057 52

Table 5: Values of Stress and Strain as measured in the simulations and
experimentally with their difference for Al A359/SiCp 31% vol.
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Plotting the stress-strain curve enables us to understand of what occurs during a
loading and reverse loading cycle. This proposed method was also tested for non-
proportional loading for plastic strain controlled cyclic tests with a combined axial
force for particulate metal matrix composite unit cell of Al/SiC. The results obtained
for aluminium silicon carbide with 20% vollume fraction varied between 33-44%,
where as in case of aluminium silicon carbide with 31% volume fraction varied
between 28-54%, at high stresses the deviation of strains is more when compared
with the experimental results obtained by the work of Myriounis et al. [9], which is
mainly due to the more energy required to overcome the particulate shearing when
new surfaces are formed and dislocation pile up occurs at the particles interface as

shown in figure 32.

+
Dislocation

Particulate Sheared Particulate

Figure 32: Particulate Shearing, forming new surfaces.

Heat treatment considerably improved the fracture toughness of the composites. In
particular, the specimens simulated under the T6 condition exhibited enhanced
fracture toughness compared to the other two conditions. This behaviour can be
attributed to a mechanism related to alterations in the microstructure at the vicinity of
the interface induced by the heat treatment. This mechanism was associated with

precipitates accumulated at the interfacial region resulting in material hardening.
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As it can be clearly seen in figures 28, 29 and 30, the HT1 heat treatment has
improved both the étrength and strain to failure in.comparison with the untreated
composites for both volume fractions. Furthermore, t.he failure strain for this temper
~ is considerably higher than fhe one for the T6 heat treatment; this may be attributed
to the annealing which acts competitively to the precipifation leading to the
toughening of the composite. However, the T6 heat treatment exhibits the highest
strength foIIoWed by the HT1 and the T1 state. Finally, as it was expected, the T1

composites behaviour in tension deteriorates with increasing filler concentration.
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CHAPTER 6

Simulating Linear Response of SiC Reinforced Aluminium Alloy

(VAMUCH)

Summary

The complexity of composite analysis requires the use of an accurate model for
calculating the properties of various composite patterns. Confidence in the model
reduires analytical studies that are comparable to accepted published results [136].
The mechanical properties of MMCs are the main characteristic Which drives its uses
in many fields as the properties of MMCs can be tailored by selecting the matrix and
reinforcements for a specific application. Like, it is possible to specify coefficient of
expansion in one direction and strength and stiffnéss in another, and so forth. This is

not possible with monolithic materials as they tend to be isotropic.

Particulate-reinforced MMCs, tend to be isotropic as monolithic metals. The brittle
reinforcements and metal oxides present in such composites reduce their overall
ductility and fracture toughness, whereas the modulus and strength of metal

matrices are significant when compared to the reinforcing agents.

In this section of the study an attempt has been made to simulate a hard particulate
reinforced Al alloy system using, Variational Asymptotical Method for Unit Cell
Horﬁogenization (VAMUCH) [156], which is a finite element-based code used in
conjunction with ANSYS to homogenize anisotropic and heterogeneous material
properties, using a unit cell approach [157]. VAMUCH works by calculating the

effective material properties of the whole composite first and then recovers the
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~localized fiéld based on the macroscopic analysis of fhe effective medium [158]. The
results indicate an increasing trend of hardness and impact strength with increase in
percentage of SiC. Since the linear part of the stress strain data forms the basis of
maximum design load for structural data, the linear part of the stress strain curveNhas
been studied in depth and verifications of the results have been made on three

different heat treated Al-SiC metal matrix composites, using 20% and 31% volume

fraction of SiC in Al.

6.1 VAMUCH Simulation of Al/SiC

In this study simulations are based on a unit cell. A unit cell is the simplest repeating
unit consisting of all the constituents of the composite in a crystal. Each unit cell is
defined in terms of lattice points which are points in space about which the particles

are free to vibrate in a crystal.

A cubic unit cell with 8 nodes on its corners has been chosen ~for this study described
in séction 4.2.1 and as shown in figure 7, showing the VSchematic of the model Unit
cell showing where the forces were acting and the fixed supports. The material
properties used for our simulations are listed in table 1. The experimental results

which are compared are taken from the work of Myridunis et al [9].

To date no attempt has been made, to introduce total volume_z fraction of the
reinforcement into strength predictions rather than area of the interface. Hence, an
opportunity to validate/refine the above hypothesis to model matrix—reinforéement
interfacés in 3D for volume fraction calculation rather area of the interface has been

attempted. Hence, more accurate predictions.
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VAMUCH in ANSYS was used to s.imulate a unit cell of Al-SiCp with 20% and 31%
volume fraction in 3D, representing a small part of the composite which has
aluminium as the base material with a hard reinforcement of Silicon Carbide (SiC) in
the centre. It is assumed to be in symmetry and the aspect ratio was kept 1. Loads of
equivalent to 40% of the UTS of the composite were applied on the positive énd
negative X-axis, whereas at the perpendicular Y-axis positive and negative were
acting as fixed supports as shown and explained in chapter 4, section 4.2.1, figure 7.
The interface between the matrix and the reinforcement was bonded frictionless and
the meshing done in a way that the meshed blocks on fhe interface met each other
. to simulate the actual bonding in an actual composite. This gives a much realistic

impact in simulation of the actual composite.

The Stress / Strains were taken at 3 different heat treatments for both 20% and 31%
volume fraction of AI-SiC. T1 is the as received state where the absolute
temperature was 300°K, HT1 was at 800°K, and T6 at 723.9° K. The experimental

data is listed in table 4, and the plotted experimental results can be seen in figure 33.

6.2 Inputs to VAMUCH code

Firstly the length of side of the cubic unit cell was calculated with respect to the
volume fraction of silicon carbide present in the composite. The diameter was
considered to be 17 microns and the lengths were multiplied by 100 to enlarge the

unit cell for easier analysis and the final lengths were,

L20% vol frac = 2.343mm

L319% vol frac = 2.025mm
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The experimental results which were compared with the VAMUCH simulation results
were taken from the work of Myriounous [9]. The experimental stress/strain results

were averaged out using,
T =Eep* Ty : (40)
Where, E; is the effective properties of the composite.

For the effective properties of the composite the input in VAMUCH was as follows,

u vow 7 ‘
€11 €12 €13 ‘ '
. 41)
€21 E22 &23
€31 €32 &33

where,
£11= strain value

The non-diagonal € values i.e. g;,, €13, €23, €21, €31 & €3, are kept zero which are

representing shear strain.

&= | - 42
This implies,
u=-¢,+*l, (43)

Where, [, is the length of the cube according to the volume fraction of silicon carbide.
The effective properties for Aluminium silicon carbide with 20% and 31% volume
fraction of siliéon carbide are listed in table 5 for three different heat treatments at as
received condition T1, HT1 and T6. v,, Values as listed in table 6 were taken from

VAMUCH.
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Volume Fraction T1 (GPa) HT1 (GPa) T6 (GPa)
20% 101.17457 101.17819 101.19441
31% 127.07547 127.08229 127.10142

Table 6: Values of E1 for different heat treatments for different volume fractions from

VAMUCH

Volume Fraction T1 - HT1 T6
20% 0.30054405 0.30054281 0.30053725
31% 0.27699202 0.2769896 0.27698284

Table 7: Values of vy, for different heat treatments for different volume fractions from

VAMUCH

—&22

NOW, V12 = a1

€220 = V12 * &4

Since the unit cell is in symmetry as it is a cube, &,, = £33,

Hence,

€33 = — V12 ¥ €13

Now since Aw = w,-—v;,&111,

Putting the value of &;; from Eq. 46 in Eq. 47, implies,

Aw

€33 = 5

100

(44)

(45)

(46)

(47)

(48)




Which implies,

Aw = g33 % |, | (49)
and,

iy = 2 (50)
€33 = —V13 ¥ €11 = —V12 ¥ &11 ' (61)
Aw =w=—vy, x&1 %, (52)

The value of 'u ' remains same as that expressed in Eq.43, for each case of different

volume fraction of silicon carbide.

e =2

22 — lo
V=—g&,*l, | (53)
Since,
e =Ty 54
V= —Vp, k&g ¥, (55)
Hence, v =w (56)

Also, &,, = &35 as v, = v,5 from the effective properties, as the unit cell that was

considered was a cube and is symmetrical.
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6.3 VAMUCH Outputs

The stress / strain values plotted with the results from VAMUCH for the heat
treatments T1, T6 and HT1 are given in table 8, the values from VAMUCH are
engineering stresses and strains which have been normalized to engineering-
stress/strain values .to corﬁpare the experimental results to plot againét the
experimental values to see the difference. The lengths of the unit cell because of the
constraints of ANSYS were set to 100% increase due to the small éize meshing was
giving infinitesimal small error and hence the difference between the experimental
and simulated values on average were recorded to be around 1.6% difference. This
difference can be attributed to a number of reasons like work hardening while
manufacturing the composite under heat treatments which was not incorporated in
the simulated results, in which case the experimental strains are lower than the
simulated strains. At present in literature heat treatment improves the fracture
properties of the composite and this is related to a precipitation hardening

mechanism caused by the accumulation of precipitates at the interfacial region.

The engineering stress/strain values were converted to true stress/strain by first
getting the effective properties from VAMUCH and then multiplying the effective
strain with the effective properties of the composite to get‘ the stress at that particular
point, this was in Pascals and then converting it to MPa (T1 (N), T6 (N) and HT1 (N))

to plot the stress / strain curves.

The results obtained from VAMUCH were plotted for every different heat treatment
with 20 and 31 percent of silicon carbide individually and can be shown in the graphs

in figure 34 to ﬁguré 39; the experimental values which were compared are given in
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table 8. Figure 27 has a red marking which shows the linear region which is being

studied.
VAMUCH RESULTS (STRESSES NORMALISED STRESSES
Strain MPa) (MPa)

- T1 HT1 T6 T1(N) HT1I(N) | T6(N)
0.000313 | 31.61705 | 31.6181 | 31.62325 | 31.61705 | 39.71322 | 31.62325
0.000625 | 63.23411 | 63.23636 | 63.2465 | 63.23411 | 79.42643 | 63.24651
0.00125 | 126.4682 | 126.4727 | 126.493 | 126.4682 | 158.8529 | 126.493
0.001875 - - 189.7 189.7023 | 238.2793 | 189.7395

0.0025 | 252.9364 | 252.9455 | 252.986 | 252.9364 | 317.7057 | 252.986
0.00375 - - 379.4 | 379.4046 | 476.5586 | 379.479
0.005 - - 505.872 | 505.8729 | 635.4115 | 505.9721
0.0075 - - 758.8 758.8093 | 953.1172 | 758.9581
Table 8: VAMUCH values to be plotted
Strain STRESSES (MPa)

- T1-20 T1-31 HT1-20 | HT1-31 T6-20 T6-31
0.000156 6.25 6.25 6.25 6.25 6.25 6.25
0.000313 23 23 23 23 23 23
0.000625 40 40 40 40 40 40
0.000938 62.5 62.5 62.5 62.5 62.5 62.5

0.00125 87.5 87.5 87.5 87.5 87.5 87.5
0.001563 100 100 100 100 112.5 112.5
0.001875 110 110 112 112 135 135
0.002188 125 120 125 120 162.5 162.5
0.0025 131.25 125 131.25 | 128.125 | 181.25 181.25
0.00375 150 140 150 143.75 252 252
0.004844 155 148 1567 151 285 280
0.005 157 151 159 153 290 285
0.0068 160 157 166 163 320 310
0.0072 160.5 158 167 165 314 313
0.0075 161 159 168.75 166 330 320
0.01 163 165 - 174 348 331
0.0125 163 - - 180 350 -
0.015 160 - - 182 352 -
0.0175 - - - 184 353 -
0.02 - - - 185 351 -

Table 9: Experimental results for stress / stains for Al SiC for 20% and 31 % vol
fraction at temperatures T1, HT1 and T6.
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Experimental Results for Al-SiC at T1,HT1 & T6
for 20% and 31% Vol Fraction

400
350
300
uTI-20
? 250
uTI-31
mHT1-20
£ 19 =HT1-31
100 _ _ —  T6-20
Linear region
—  T6-31

(0] 0.005 0.01 0.015 0.02 0.025

Strain

Figure 33: Experimental results plotted for stress / stains for Al SiC for 20% and 31 %
vol fraction at temperatures T1, HT1 and T6 [9].

Avg Stress/Strain 31% Vol T1 VAMUCH Vs Experimental
140

120 TI-31 (Exp)
100 T1 VAMUCH
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0 0.0005 0.001 0.0015 0.002 0.0025 0.003
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Figure 34: Comparison of Exp (section of fig 27) and VAMUCH linear results for
Al/SiC 31% at T1
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Avg Stress/Strain 31% Vol HT1 VAMUCH Vs Experimental

140
HT1-31 (Exp)
120
HT1 VAMUCH
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0 0.0005 0.001 0.0015 0.002 0.0025 0.003
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Figure 35: Comparison of Exp (section of fig 27) and VAMUCH linear results for
Al/SIC 31% at HT1
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Figure 36: Comparison of Exp (section of fig 27) and VAMUCH linear results for
Al/SiC 31% at T6
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Avg Stress/Strain 20% Vol T6BVAMUCH Vs Experimental
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Figure 37: Comparison of Exp (section of fig 27) and VAMUCH linear results for
Al/SiC 20% at T6

Avg Stress/Strain 20% Vol HT1 VAMUCH Vs Experimental
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Figure 38: Comparison of Exp (section of fig 27) and VAMUCH linear results for
Al/SiC 20% at HT1
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Avg Stress/Strain 20% Vol T1 VAMUCH Vs Experimental
140

TI-20 (Exp)
120

T1 VAMUCH
100

0.0005 0.001 0.0015 0.002 0.0025 0.003
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Figure 39: Comparison of Exp (section of fig 27) and VAMUCH linear results for
Al/SiC 20% at T1

The experiments by Myriouns [9] showed a very interesting fact that the increasing
percentage of the reinforcement i.e. silicon carbide led to a change in the yield and
the ultimate tensile strengths of the aluminium silicon carbide composites. As the
percentage of silicon carbide was increased from 20% to 31% stress concentrations
were created in the composite and thus the ductility of aluminium was reduced due

to the induced embrittlement, thus reducing the failure strain of the composite.

6.4 Predictions and Correlations

The strain levels are plotted as shown in figure 40 and figure 41 for correlation from
the data given in table 8 and table 9, of which individual comparison graphs are
plotted in figure 34-39, from Variational Asymptotical Method for Unit Cell

Homogenization and compared with the experimental results.
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TI-20
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Figure 40: Experimental results and VAMUCH results plotted for stress / stains for Al
SiC for 20% and 31 % vol fraction at temperatures T1, HT1 and T6 along with the T6

140 TI-20
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Figure 41: Linear section (section marked red in fig 34) of the experimental results
and VAMUCH results plotted for stress / stains for Al SiC for 20% and 31 % vol
fraction at temperatures T1, HT1 and T6.
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According to the proposed hypothesis above the values were also calculated and the

difference was about 2% from the experimental values.

In this study the numerical results were compared with the empirical results and as
shown in figure 40 and figure 41, interfacial stresses and interfacial strains of Al/SiC
composite unit cell were plbtted at 0° of the applied load from the unit cell approach
versus the numerical data, it can be observed that for the initial loads up to 75MPa of
load the correlation is very good and both the results are in harmony. As the stress
goes higher than 110 MPa the strain increases and the gap between the values for
the empiridal and simulated data become constant. Tﬁe deviation on average is
about 1.5-3% between the two results which is due to the interfacial segregation and
precipitation; it can also be concluded that if more data sets are plotted of the

empirical data the trend line would match that of the simulated data.

6.5 Conclusions

In this study a hard particulate reinforced Al alloy system was simulated and a
numerical model proposed using finite element method, to predict the interfacial
strain values of aluminium, in the presence of silicon. This model reflects the
interfacial energy at the matrix-reinforcement interface caused by segregation and
precipifation of impurities to forecast the formation of energies by taking into account
the Giriffith's crack type arguments. VAMUCH in ANSYS was also used to verify the
experimental results which were then verified by the numerical model proposed. This
model can also be found useful to predict the trends in relation to the interfacial

fracture strength of a particulate reinforced aluminium alloy system. The numerical -
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model proposed made good predictions in relation to the interfacial stress / strain

behaviour in aluminium silicon carbide metal matrix composites.

The simulations showed that for the same range of conditions tested, the yield and
the ultimate ténsile strengths of the SiCy/Al composites were mainly controlled by the
percentage of reinforcement as well as by the intrinsic yield/tensile strengths of the
matrix alloys. The addition of the SiC, reinforcement created stress concentrations in
the composite, and thus the aluminium alloy could not achieve its ductility due to the
induced embrittlement. As a result, it was seen that with the increasing reinforcement
content, the failure strain of the composites was reduced and that the heat treated
composites clearly have improved fracture properties. This can be‘ related to a.
precipitation hardening mechanism caused by the accumulation of precipitates at the

interfacial region.
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CHAPTER 7

Modelling Non-Linear Response of SiC Reinforced Aluminum Alloy

SUMMARY

This chapter reports a finite element study of non-linear response effect of load on
silicon carbide (SiC) reinforced aluminium alloys interfacial stress/strain
characteristics. The non-linear behaviour of the com‘posite is simuléted by using
ANSYS finite element package, using a unit cell model and applying appropriate
boundary conditions. An attempt is made to study the influence of different volume
fractions of the reinforcement on the stress transfer from matrix to particle analysis, it
is found that the volume fraction of the particulate plays an important role in the
ductility and overall fracture toughness of the composite, also the results show that

de-bonding is more pronounced in the interfacial element near the axis of symmetry.

7.1 Introduction

MMCs exhibits plasticity and damage due to their micro‘structﬁral heterogeneity
under mechanical loading, whereas its plasticity is related to metal matrix-behaviour,
the damage mechanism is generally due to particle breaking and interfacial de-
bonding between the matrix and the particle. To achieve good mechanical properties
for processing structurall materials from MMCs it is vital to have good bonding

between metallic matrices and ceramic reinforcements.

To a large extent the performance of the composite is controlled by the stability of

the interface between the matrix and the particulate, and this interface_is
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fundamentally important in determining the mechanical properties of MMCs as it

controls the stress transfer between the matrix and the particulate.

It is known qualitatively the poor matrix-particle adhesion produces composite
materials with poor properties. Numerical analysis illustrated that matrix-particle
adhesion has a strong effect on the composites transverse properties which only
change slightly. Generally composite materials with weak interfaces have relatively
low strength, whereas materials with strong interfaces have high strength and

stiffness but are somewhat brittle [159].

A number of theoretical and numerical modelling has been done on MMCs along
with experimental investigations. Macroscopic properties of the composites are
determined by the experimental observations; however, the inclusion of an interface

region in to these analyses has been neglected in many cases.

The objective of the present work is to understand the non-linear response of SiC
reinforced Al alloy system, focusing on the interface behaviour of metal matrix
composite during the tensile loading with the effect of different volume fraction of

reinforcements.

Subsequent Yield
Surface

_Initial Yield
Surface

Subsequent Yield
Surface

, Initial Yield
Surface

Figure 42: (A) Kinematic Hardening (B) Isotropic Hardening [162]



The different existing kinematic hardening models, alopg with their advantages and
shortcomings are described below. Basically the hardening rule describes how the
yield surface changes (size, centre and shapé) as the result of plastic deformation. It
determines when the material will yield again if the loading is continued or reversed. -
This is in contrast to elastic-perfectly-plastic materials which exhibit no hardening i.e.,

the yield surface remains fixed.

There are two basié hafdening rules to prescribe the modification of the yield surface,
Kinematic hardening and Isotropic hardening as shown in figure 42. In Kinematic
hardening the yield surface remains constant, whereas in isotropic hardening the
yield surface expands subsequently and uniformly in all directions with plastic flow.
Most metals exhibit kinematic hardening behaviour for small strain cyclic loading.
The stress-strain behaviour for linear kinematic hardening is when subsequent yield
in compression is decreased by the amount that the yield stress in tension increased,
so that a 20, difference between the yields is always maintained as shown in figure
43. (Also known as Bauschinger effect). An initially isotropic material is no longer
isotropic after it yields and experiences kinematic hardening. For very large strain
simulaﬁons, the linear kinematic hardening model can become inapprdpriate

v because of the Bauschinger effect.

Figure 43: Bauschinger Effect [160]
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Kinematic hardening is generally used for small strain, cyclic loading applications.
Isotropic hardening states that the yield surface expands uniformly during plastic flow.
The term isotropic refers to the uniform dilation of the yield surface and is different

from an isotropic yield criterion (i.e. material orientation)

Plotting the stress-strain curve enables an understanding of what occurs during a
loading and reverse loading cycle, the subsequent yield' in compression is equal to
the highest stress attained during the tensile phase as shown in figure 43. Isotropic
hardening is often used for large strain or proportional loading simulations. It is

usually not applicable for cyclic loading.

7.1.1 Different Hardening models

Prager [161], describes the translation of the yield surface in his model. According to
this model, the simulation of plastic response of materials is linearly related with the

plastic strain.

Armstrong and Frederick [162], simulated the multiaxial Bauschinger effect
(movement of the yield surface in the stress space). Whén compared to the
previously existing models, this one predicts Bauschinger effect wheré intuitively one
would be expected. This model also proposed some advancement in terms of
simplicity for computer proérams. Although the subroutine for calculating strain
increments from stress were more complex than the ones for Prager Model, however,
there Was.improvement in results and better correlation with experiments. Armstrong
and Frederick model [162] was based on the assumption that the most recent part of

the strain history of a material dictates the mechanical behaviour.
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Wang and Ohno [163], proposed a model based on the non-linear kinematic
hardening rule of Armstrong and Frederick [162]. It demonstrates the effect of two
térms, temperature rate and reliable translation, on two forms of non-linear kinematic
hardening, multi-surface and multicomponent. The study shows that in the case of
multi-surface form, the omission of the temperature rate terms leads to unstable

deformation. This unstable deformation occurs due to intersection of the surfaces.

The omission of the temperature rate term results in shifting of the hysteresis loop
along the stress axis in both the forms. The omission of the relative translation term

has little or no influence on the two forms.

In this work, the kinematic hardening vériables aré decomposed into components to
examine the relation for the ratchéting behavio_ur. Each component is assumed to
have a critical state, after which its dynamic recovery is fully activated. Chaboche
kinematic hardening is chosen, which was proposed. by Chaboche and his co-
workers [163 - 164], this model is based on a decomposition of non-linear kinematic

hardening rule proposed by Armstrong and Frederick.

To improve the ratcheting prediction in the hysteresis loop, Chaboche et al. [163],
initially proposed three decompositions of the kinematic‘hardening rule. In the same
work, Chaboche [166] analysed three models to describe kinematic hardening
behaviour. The first model that was studied used independent multi-yield surfaces as
proposed by Mroz [165]. This model is useful in generalizing the linear kinematic
hardening rule. It also enables the description of:

e The nonlinearity of stress-strain loops, under cyclically stable conditions,

e The Bauschinger effect, and
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e The cyclic hardening and softening of materials with asymptotic plastic

shakedown.

The shortcoming of this model is its inability to describe ratcheting under asymmetric
loading conditions, but this does not affect the simulations done in this study as
symmetric behaviour for the unit cell is used throughout this study, also it shows the

following differences against the Mroz [167] model:

e It uses two surfaces whereas Mroz uses a large number of surfaces

e In terms of the general transition rule for the yield surface, the Mroz
formulation had an advantage over this model |

e This model gives a function to describe a continuous variation of the plastic

models, thus enabling description of a smooth elastic-plastic transition.

In the Mroz model, the number of variables needed for the description of ratcheting
is very high and for cyclic stabilized conditions no ratcheting 6ccurs. In the two-
surface model, the updating procedure to describe a smooth elastic-plastic transition
and simulate ratcheting effects leads to inconsistencies under complex loading

conditions.

In the case of the Dafalias and Popov [168] model, it was done by conti'nuously
varying the hardening modulus, from which the translation rule of the yield surface is
deduced. It was later found that this model tends to greatly over-predict ratcheting in

the case of normal monotonic and reverse cyclic conditions.
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To overcome these pitfalls, Chaboche [169] introduced a fourth decomposition of the
kinematic hardening rule based on a threshold. This fourth rule simulates a constant
linear hardening within a threshold value and becomes nonlinear beyond this value.
With the use of this fourth decomposition, the over-prediction of ratcheting is reduced
and there is an improvement in the hysterisis curve. This is because, with in the
threshold, the recall term is ignored and linear hardening occurs as it did without the
fourth rule. Beyond the threshold the recall term makes the hardening non-linear

again and reduces the ratcheting at a higher rate to avoid over-prediction.

7.2 Modelling of the Composite

Three dimensional elastic finite element analysis calculations are used to find the
global and local stress and strain status of the MMC to focus on its non-linear

behaviour.

The actual composite is normally replaced by a regularly spaced array of parallel
spherical particles of reinforcement in a homogeneous matrix material of infinite
dimensions. The regular inclusion array is then reduced to the smallest, fully
informative, repeating segment as shown in figure 44. This repeating segment is

called unit cell or representative volume element [170].

O

(@) (b)

Figure 44: Unit cell model, (a) Square array arrangement of particles; (b) unit cell
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For the analysis of MMCs, many researchers have suggested this unit cell concept.
An assemblage of elements subsequently re-places this segment. The periodicity of
the problem is then taken in to account by the boundary conditions prescribed to an
fsometric unit cell as described in section 4.2.1 and shown in figure 7. The unit cell
aspéct ratio is taken equal to one in this analysis and the various volume fractions of
SiC are considered for the analysis. Periodical boundary conditions of the unit cell
are imposed by the necessity that the unit cell has to remain straight during the
deformation. The unit cell method is very much useful to analyse the effects of
volume fraction,.shape, particle distribution, matrix and inclusion stress/strain. status
and damage such as particle cracking or interface de-bonding. This method gives an
accurate estimate of global mechanical properties behaviour with an indication of the

micro mechanical stress/strain distributions around the particle.

7.2.1 Finite Element Modelling

Finite element modelling is used in this study to generate detailed distributions of
stress and strain in the unit cell (matrix, particle and the interface between them),

which are essential for understanding the mechanical behaviour of the composites.

The thrée dimensional model of a unit cell as shown in figure ’44 was created in
ANSYS 14.5 for different volume fraction of SiC. Simulations were done on 5, 10, 15,
20,4 25, 30, 35, 40, 45 and 50% volume fraction of SiC for the analysis. The models
were created with the assumption that the SiC particles deform elastically and the

matrix deforms elasto-plastically depending on the local effective stress level.

Typical damage in a unidirectional metal matrix composite includes interface de-

bonding. The method used for modelling the matrix-reinforcement interface is the
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spring stiffness layer method. In -the spring layer model, the predefined layer is
replaced by negligible thickness interface. So, interface in this case represents the
border separating distinct phases such as particle and matrix. The interface between
particle and matrix is assumed to be very étrong and frictionless so that any stress

and strain level can be transferred.

The pairs of nodes on matrix-reinforcement interface area are coupled. Under the
tensile loading the node pairs will be released when the combination of normal and

shear stresses at the nodes reaches a predefined criterion.

7.2.2 Boundary Conditions

The boundary conditions applied to the model must accurately enforce the periovdicity
of the geométry and the stress/strain distributions. The model illus}rated in the figure
5 is bounded by six surfaces. The nodes on the top and bottom surfaces of
symmetry were constrained such that they could not move, hence, the surface
remained flat and on its original plane. The nodes on the boundary surfaces were
constrained only such that each node on the surface had an identical diéplacement
in the direction normal to the surface. Therefore, no surface rotation or warping could
occur [171]. These constraints force the corners of the unit cell to remain at right

angles throughout the analyses.

The SiC inclusion was treated as an isotropic perfectly elastic material following the
generalised Hooke's law. The material properties were based on commonly
accepted values, as shown in chapter 4, section 4.2.1, Table 1. Convergence is
performed during the solution processor in ANSYS, using the Newton-Raphson (N-R)

method, which involves an iterative procedure, the local time scale factor was set to
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4 as recommended by ANSYS for non-linear structural problems and the numbers of

subsets defined are 400.

7.3 Methodology

In a particulate metal matrix composite the crack can propagate in two ways as
desbribed in chapter 3, section 3.1. This propagation of the crack in turn depends
- upon the ductility of the interface. Simulations were done using finite element
analysis and a 3d multiple particle unit cell Was used in ANSYS, to look closer at the
non-linearity at the interface, a code in ANSYS APDL was written incorporating the

Chaboche kinematic hardening (Appendix C).

7.3.1 3D Unit Cell

A 3D unit cell was designed in ANSYS, representing a small part of the composite
which has aluminium as the base material with a hard reinforcement of Silicon
Carbide (SiC) in the centre. The percentage of SiC was adjustable and simulations
were made on 10%, 20% and 31% of SiC in Al matrix. The aspect ratio was kept 1.
Loads of 50N to 1000N equivalent to 40% of the UTS of the composite wére applied
on the positive and negative X-axis, whereas at the perpendicular Y-axis positive

and negative were acting as fixed supports.

‘The interface between the matrix and the reinforcement was bonded frictionless and
the meshing done in a way that the meshed blocks on the interface met each other
to simulate the actual bonding in an actual composite. This gives a much realistic

impact in simulation of the actual composite. The two grid patterns in ﬁgure 45 and
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46 show a cross section cut from a unit cell to visually see the silicon carbide

particles used in the simulation.

Al Matrix

Reinforcement

Figure 45: A cross section cut from a unit cell to visually see the silicon carbide
particles
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Figure 46: Silicon carbide particles in 20% volume fraction instance without the
matrix block.

The problem with multiple particles was that the results were not conclusive because
of the overlapping interfaces and the proximity of the particles, hence a single
particle in 3D out of all the multiple particles was considered as shown in figure 47,
the grid of the single particle can be seen. The simulations on the ceramic-metal

interface considering Chaboche kinetic hardening model.
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Figure 47: Grid of the single 3D unit cell showing the reinforcement and the matrix

7.3.2 Chaboche Kinematic Hardening Model

The hardening rule describes how the yield surface changes the size, centre and
shape of the material as a result of plastic deformation; it determines when the
material will yield again if the loading is continued or reversed. In this study kinématic
hardening is fo.cused as illustrated in figure 48. In kinematic hardening subsequent
yield in compression is decreased by the amount that the yield stress in tension

increased, so that a 20, difference between the yields is always maintained. (This is

known as Baushinger effect)
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Figure 48: Stress-strain behaviour for linear kinematic hardening illustrated

An- initially isotropic material is no longer isotropic after it yields and experiences
kinematic hardening. For very large strain simulations, the linear kinematic hardening
model can become inapproppriate because of the Bauschinger effect. Hence

kinematic hardening is generally used for small strain, cyclic loading applications.

In this study Chaboche non-linear kinematic hardening rule is applied to improve the
ratcheting prediction in the hysteresis loop. This model is also useful in generalizing
the linear kinematic hardening rule, enabling the nonlinearity of stress-strain loops,

under cyclically stable conditions and the Bauschinger effect

The nonlinear kinematic hardening rule is an intermediate approach of the models
that uses differential equations that govern the kinematic variables. Beyond the
threshold the recall term makes the hardening non-linear again and reduces the

ratcheting at a higher rate to avoid over-prediction.

Chaboche theorem [172] was incorporated which is based on a decomposition of
non-linear kinematic hardening rule. This decomposition is mainly significant in better

describing the three critical segments of a stable hysterisis curve which includes the
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initial modulus when yielding starts, the nonlinear transition of the hysterisis curve
after yielding starts until the curve becomes linear again and the linear segment of

the curve in the range of higher strain.

7.4 Results and Discussion

The effect of stress and strain history on the .micro-mechanisms is likely to be of
greatest importance~ to the segregation and precipitation phenomena and in turn on
interfacial strengthening behaviour of particulate reinforced metallic alloy system.
The methods of incorporating stress into the description of the segregation process
are based on Rauh-Bullough theory. The tensile behaviour of the metal matrix
composite is simulated in ANSYS 14.5. The Micro-mechanics model, based on
thermodynamics principles developed by Myriounis and Hasan [133], is used to
simulate the fracture strength K; at the interface at segregated state in MMC which
is explained in chapter 3, section 3.2.2 equation 11. The interfacial characteristics of
MMCs gave stress/strains close to the experimental results when loaded at 0 in the

radial interface and interface along particle direction for tensile loading condition.

Simulationé using finite element analyses were conducted using the unit cell concept
as explained in detail in chapter 4, section 4.2.1. To look closer at the non-linearity at
the interface, a code in ANSYS APDL was written' in collaboration with Dr.Hue's
team at Purdue University, USA, incorporating the Chaboche kinematic hardening

(Appendix C).

An ANSYS APDL code was written to incorporate all the above mentioned scenarios

and to include Chaboche kinematic hardening model to get hysteresis loops for
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different volume fractions of silicon carbide in Aluminium matrix. The results for

volume fraction from 5% to 50% with 5% increments are shown in figure 49.
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Part of Figure 49 continued on the next page
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Figure 49: Hysteresis loop for 5-50% Volume fraction SiC in Al matrix (400 sub steps)

The simulations on the ceramic-metal interface considering Chaboche kinetic
hardening model, for T6 heat condition at 20% and 31% volume fraction of SiC in Al
produced hysteresis loops as shown in figures 50 and 51 respectively. Figure 52 is a
comparison of the two different volume fraction with the same heat treatment i.e. T6.
It is evident that as the volume fraction of the SiC increases the ductility of the

composite decrease.
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Hysterisys loop for Al-SiC 20% Vol Fraction

_ c
daaal r £max
S -?m
e
|
a 4*®" m N
S A" 100 / /
/ < A
.
X . _
, 4
-0.006 -0.004 . -0.002 ) ?§.0042 > 0.004 0.006
[ L v ou Y
.
1nn
180
1
* 13 A G
. _IA*] jin v
onn
Strain (e)
Figure 50: Hysteresis loop for Al-SiC 20% Vol Fraction
Hysterisys loop for Al-SiC 31% Vol Fraction
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Figure 51: Hysteresis loop for Al-SiC 31% Vol Fraction
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Hysterisys loop for AI-SiC 20% & 31% Vol Fraction
cnn

/inn
b /
e - 1y I ?
/ / . /
n > ' g f ' u AL-SiC 20% Vol I-rac
-0.006 -0.004# -0.002 0 A<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>