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ABSTRACT

A Functionally Graded Material (FGM, or sometimes also called “gradient
material”) is characterized by a gradual change of material properties with position. The
property gradient in the material is caused by a position-dependent variation of
constituents, microstructure and consequently, the mechanical properties. Funct.ionally
graded materials based on composites are a special class distinct from the normal
composites, which have prdpérfies uniform alo'ng.'the dimensions while the FGMs .havé
properties tailored to vary with position depending on the needs of a particular application.
A unique éxamp]e is that of ceramic tiles used as thermal barrier on the outer surface of
space vehicles presently where the temperature reaches up to 2100 K. Because of the
difference of thermal expansion cocfficients of the inner shell of metal and the ceramic at
the surface, there is a steep change in the thermal stresses at the surface of contact. Such
thermal stresses cause the ceramic tiles to peel off or crack with disastrous consequences.
The ceramic materials cannot be used alone bécause of its low toughness and strength and
the metal alone cannot be used as it cannot withstand high temperatures. The best
replacement for these ceramic tiles may be the functionally graded metal-ceramic
composite, with outer layer made of ceramic entirely and the volume fraction of ceramic
decreases continuously till the all metal layer starts. Since there is no sharp interface
between metal and ceramic and there is a gradual change in the coefficient of thermal
expansion, no steep change in thermal stresses will set in to cause delamination. Thus the
FGMs are the new class of composite matcfials being researched and developed for such
critical applications where gradient in properties is a requirement. Gradient in properties is '
important in several other applications also, as in the case of automobile cylinder and
piston, better tribological properties are required at one surface, while better toughness is
required on the other.

In order to make good use of engineering materials, it is required to understand
their behavidur sufficiently well to be able to predict their performance. For composites,
this means developing models which represent reasonably closely the known experimental
response of real composites to applied stresses and environmental conditions. For

structural applications, the prediction of the mechanical behaviour of any given composite
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accurately with the help of modelling is important for designing and developing
composites in order to ensure the material designed is likely to meet the service
requirements of the application concerned. The solidification processing of metal or alloy
based gradient materials results in porosity which affects the mechanical behaviour of the
material adversely and so, the modelling of such gradient material will be unrealistic
unless porosity is taken into account. Although, it is generally accepted that tensile
properties decrease with an increase in porosity content but the effect of other porosity
parameters like shape, size and distribution on the meéhanical properties are yet to be

investigated.
The application of any material is dictated by its suitability for the given

application, cost of production and reliability of knowle‘dge about its behaviour. To
popularize the use of FGMs, cheaper manufacturing processes for the mass production of
FGMs are required. These manufactu'ring processes should be reproducible, reliable and
cost effective. Presently, there are no reliable and inexpensive ways of fabricating FGMs
that also allows for bulk production of large parts. Current methods of fabrication include
solidification processing, chemical vapor deposition, spray atomization and codeposition
and powder metallurgy techniques (Gao and Wang, 2000). Amongst these various
techniques, the most economical and attractive processing route is offered by solidification
processing. The process involves the addition of reinforcing particle phase to molten metal
or alloy and mixing them uniformly, followed by application of suitable differential forces
to cause segregation of particles required for the desired gradient in the particle
concentration for a given application. The preservation of the spatially graded distribution
through solidification is the final step. Chapter-1 of the thesis provides the general context

of the present investigation.

The detailed literature review given in chapter-2, indicates that although the
processing of FGMs in the laboratory scale has reached considerable level of maturity,
there is still a need for developing a reliable, reproducible and cost effective
manufacturing process for the bulk production of the FGMs. The literature available on
modelling the properties of Particle Reinforced Metal Matrix Composites (PMMCs) and
Functionally Graded Materials (FGMS) has instances of application of a number of
mathematical and finite element models for estimating the properties of PMMCs and

FGMs, but there is need to proceed further in view of certain deficiencies.
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The simplest models available for the clastic propertics of composites are rules of
mixture, Halpin-Tsai equations, Hashim Shtrikman bounds etc. These models estimate the
upper and lower bounds for the modulus of elasticity, modulus of rigidity and Poisson’s
ratio. The Finite Element Method (FEM) models available for estimating the elastic
properties are mostly based on the unit cell. In the unit cell models the composite is
modelled as a unit cell or periodic array of identical unit cells, each containing a
reinforcement particle dimensioned to represent the overall reinforcement volume fraction.
In ﬁractice however particulate reinforced metal matrix composites have highly
heterogeneous microstructures. Porosity is one of the most important parameter affecting
the deformation behaviour of composites. The formation of porosity and its effect on the
mechanical properties of PMMCs have been the subject of several experimental studies. It
is generally accepted that tensile properties decrease with increasing porosity content.
However, the effect of parameters such as shape, size and distribution of porgéity on
mechanical properties of a composite is still not well understood. ; .

Although the properties of FGMs are being investigated experimentally as well as
by the modelling techniques, the estimation of local as well as global properties of FGMs
is still a challénge. A reliable estimation of elastic as well as nonlinear properties of FGMs
is important to make these materials acceptable for industrial use. FGMs have alsQé.been
modelled in the past using the unit cell models like those developed for ug}i;form
composites. The current modelling strategies often do not explicitly c‘oupfé the
heterogeneous microstructure with the structural global analysis. FGMs were originally
conceived for super heat resistant applications involving severe thermo-mechanical
loading, such as the outer wall and the engine parts of the future spacecrafts. Conventional
super heat resistant materials, such as those found in the exterior of space shuttles, consist
of heat resistant ceramic tiles bonded to metal structures. In view of this it is felt that a
model which is capable of estimating thermal stress distribution inside the FGM should
also be investigated. In the context of the gaps in literature review, the present study has
been formulated with the following objectives:

I.- To develop a simple and practical modeliing technique capable of describing

the heterogeneous microstructure of PMMCs more faithfully with flexibility to
distribute a given volume fraction of the particles of different shapes and sizes,

randomly in the matrix and estimate the elastic as well as nonlinear
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deformation behaviour on the basis of the behaviour of the constituent

materials.

| 2. To incorporate in the model the effect of volume fraction of porosity and also,
their shapes, sizes and orientations relative to the direction of loading for a
given volume fraction and study their effect on the mechanical properties.

3. To study through the same model the deformation behaviour, both locél and
global, of gradient materials and uniform composites by distributing the
particles with some desired gradation in volume fraction or uniformly so that
the properties as determined through the same model could be comparcd
between different types of particle distribution.

4. To estimate and study the temperature distribution and thermal stresses as
encountered in certain applications under thermo-mechanical loading. |

5. To develop FGM based on Al-Al;O; by centrifugal casting technique and
determine the particle distribution in order to model this composite and
compare the hardness behaviour with the local yield stress in order to judge the
capability of the model to predict deformation behaviour of real life
composites. . ,

Chapter-3 describes the experimental work on fabrication of set-up for centrifugal

casting and synthesis of gradient materials from aluminium based composite containing
alumina particles with the assistance of differential of centrifugal force field operating on
particles and the surrounding molten metal. In the present work, solid cylindrical ingots of
FGMs have been cast in a rotating mold solidifying the.melt-particle slurry. FGM ingots
with different alumina mass percentages have been synthesized and their transverse and
horizontal sections have been preparéd for metallographic studies to study the distribution
of particles under optical and scanning electron microscope. Hardness measurements have
been conducted on the FGM samples using Vickers hardness testing machine to
characterize local mechanical properties. Aluminium alloy is selected for use as the matrix
materials due to its (a) low density, (b) low melting point, (c) reasonably high thermal
conductivity, (d) good processing flexibility, (¢) easy availability, (f) low cost, (g) high
toughness and (h) good malleability. Alumina is selected as reinforcement material due to
high thermal and wear resistance, chemical inertness, high hardness and availability at

reasonable price.



Chapter-4 .des,'c_ribe.s modelling of MMCs by finite element method as followed in
this study. First the metal matrix composite with uniformly distributed particles has been
modclled by two dimensional Finite Element Method (FEM) using FEM tool ANSYS 5.4.
In the present modelling effort, plane stress condition is assumed. For the modelling of
MMCs with uniform random distribution of particles, a square area consisting of 10000
elements (plane42, four-node) having the same size as that of particle (average particle
size) is considered. Out of these 10000 elements, 10000*F, (¥, is the average -particle
volume fraction) elements are randomly selected with the help of a FORTRAN
programme in such a way that these elements are uniformly distributed over the whole
matrix. These elements are assigned the properties correspondmg to the reinforcement.
Remammg elements are assxgned the properues of the matrix material. One of the most
important features of the present modellmg technique is therandom distribution of the
particles in the matrix. Randomness in the distribution of particles produces a near re;{listic
distribution of the particles in the matrix. The effect of randomness on the faterial
properties has also been established in the present study. It has been found that the random
distribution of particles has negligible effect on the mechanical properties on the global
scale, although it may affect the local behaviour of the composites.

The properties of the uniform composites with different particle volume frﬁ'et};'bns
and with different shapes and sizes of particles have been investigated. The presentf”'fﬁddel
is used to estimate the elastic properties of particle reinforced metal matrix composites
with uniformly distributed particles for different average particle contents. The results
from the present model for elastic behaviour are verified with the existing results for
elastic properties of composites for the same average particle volume fractions. The
present model has also been used to estimate the nonlinear behaviour of the pal’ticle
reinforced metal matrix composites with uniform random distribution of particles. The
- results from the present model for the nonlinear behaviour have also been compared with
the results of existing models for uniform composites with different average particle
contents. The present work is concerned with uniaxial stress-strain behaviour of the
composites with elastically deforming particles reinforced in ductile matrix. The stress-
strain behaviour of the matrix is‘ characterized by elastic-perfectly plastic behaviour.

In the present work the same model which has been used to estimate the elastic as

well as non linear behaviour of uniform composites is further modified to make it suitable

vi



for FGMs. In the case of model for uniform composité the element size particles are
uniformly and randomly distributed over the whole matrix. In the case of FGMs the
particle distribution is still random locally but follows a prescribed distribution so as to
mimic the FGM. This has been achieved with the help of a FORTRAN program which
generates the required variation in the particle concentration over the matrix. Elastic as
well as nonlinear behaviour of FGM models with variation of particle volume fraction
from one end to the other for different average particle contents have been investigated in
the present work. FGMs having different average particle contents and tailored variation in
particle concentration in one direction have been investigated. The response of FGM
models with variation in particle concentration in both the directions has also been
investigated. Polynomial and linear distributions are used for modelling the variation in
particle concentration in the FGM models. The local variation in the FGM properties has
also been investigated with the help of the present médel. FGM models with constant
average particle content and with different types of variations in particle concentration
have also been investigated. |

It has been found that during the manufacturing of particle reinforced metal matrix
composites (PMMCs) using the processing route, such as melt-stirring or powder
metallurgy, some defects occur in the resulting material. These defects lower quality and
the performance characteristics of the composites. One of the most important defects is the
porosity which affects the mechanical properties of the composites adversely. The
presence of porosity within a component leads to the reduction in the load bearing area of
the material as well as inhomogeneity is stress distribution and hence is observed to reduce
both Young’s modulus and strength. It is generally accepted that tensile properties
decrease with increasing porosity content. However, the effect of parameters, such as
shape, size, distribution and volume fraction of porosity on the mechanical properties and
fracture behaviour is not yet well understood. In the present work, the present modelling
technique has also been used to create pores with different shapes and sizes, uniformly
distributed with random distribution in the whole matrix. Uniform composite models as
well as FGM models with different average porosity contents and different average
particle contents have been investigated for elastic as well as nonlinear behaviour. The
effects of pore size on the elastic as well as nonlinear behaviour have also been studied.

The results of the present model are compared with the existing models and experimental

results.
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In gradient materials based on composites containing metal and’ ceramics, the
difference in thermal expansion coefficients between the constituents causes steep chénge
in thermal stresses at the contact surface. It is hecessary to e}(amine whether the thermal
stresses generated may cause the ceramic to de-bond and pée_l off or crack from the metal
as it happens in case of ceramic tiles attached on the surface of metal shell. It has been
claimed that FGMs should reduce such thermal stresses and resist super high temperatores
but it is necessary to develop modelling techniques to determine the thermo-mechanical
stresses due to thermal or/and mechanical loads. The objective is to find out a continuous
material distribution which minimizes the thermal stresses under the required conditions.
The present model may also be used to determine the thermal stresses in metal matrix
composites when subjected to temperature gradients. The distribution of thermal stresses
in uniform composite models, layered composites and furictionally graded material models'
as estimated through the model described above, have been compared. )

The results and discussion are given in two chapters, 5 and 6. Chapter-5 describes
the results on fabrication of gradient composites and characterization of their local
mechanical behaviour through measurement of hardness. Al-Al,O3 based FGM ingots
with avérage weight percentage of alumina particles of 10%, 20% and 30% havo -been
successfully synthesized by using centrifugal casting method. Alumina content decfgases
gradually in the radial direction from the centre towards the outer radius of the c1rcular
section of the cast ingots at any height below the shrinkage cavity. Alumina content also
decreases gradually in the axial direction from the top to the bottom of the cast ingots. The
decrease in alumina content from the centre towards the outer wall is not in agreement
with the theory that the higher centrifugal force acting on relatively denser alu;riina
particles during rotation will force them relatively towards the outer wall because of
higher density, leaving behind the relatively lighter aluminium melt. The decreasing
alumina content from the top to the bottom of cast ingots is also surprising in view of
higher density of alumina particles relative to the melt.

The fact that a larger amount of alumina particles is observed at higher heights
from the bottom and towards the inner side along the radius is due to the flotation of the
bubble- -particle combine due to their lower combined density. Clusters of particles are not
commonly observed in the cast FGM ingots synthesized in this study, as evident from

optical micrographs. It is possible that centrifugal force acting on the bubble-particle
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combinations has helped to keep these combined entities separate from each other on the
| basis of their density. However, the centrifugal force at the rotational speed used does not
appear adequate to detach particles from bubbles. Vickers hardness distribution of the cast
ingot follows the particle distribution but there are sometimes some abrupt changes locally
in the hardness distribution, which has been attributed to inhomogeneous cast structure of
the matrix in cast FGM ingots. Annealing of the cast FGM ingots results in the elimination
of inhomogeneous cast structure and the radial hardness distributions become relatively
smooth in FGM ingots.

In Chapter-6, the results of 2-D FEM model on the mechanical properties of
particle reinforced composites are given. The model is based on the random distribution of
particles, which produces a realistic distribution. Uniform composite models with
randomly distributed particles containing particle vol% from 10% to 90% in a step of 10%
are obtained. The effect of random distribution of particles on the modulus of elasticity
for uniform composite has been investigated through this model with a domain size of
5 mm x 5 mm. It has been concluded that though there may be. variation in material
properties at the micro level due to random distribution of particles, the properties at the
global level remain unchanged for a given average particle volume fraction for uniform
distribution of particles. It is also concluded the use of a domain size of 5 mm x 5 mm is
adequate. For composite samples of the size taken in the present study or bigger, random
distribution of particles produces the same macroscopic properties-irrespective of the local
variation in particle positions in different composite models due to the random distribution
of particles.

The results for modulus of elasticity of the present modelling technique for
uniform composite are compaféd with the Well established rule of mixture (ROM) and
inverse rule of mixture (IROM). ROM and IROM may be assumed as the most
conservative upper and lower bounds for the modulus of elasticity of uniform composite.
It was observed that the results of the present modelfing technique are well within the
bounds given by the rule of mixture and the inverse rule of mixture. The results predicted
by the present model for modulus of elasticity are also compared with the well known
Hashim-Shtrikman (1963) bounds. The results from the present modelling technique are
found to be well within the Hashim-Shtrikman bounds. The present model results for
modulus of elasticity are also compared with those given by Halpin-Tsai (1968) equation.

It has been concluded that the present model results are in good agreement with the
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Halpin-Tsai equation with the parameter { = 2. From the results of the present mbdelling

‘ tgchnique a simple equation for estimating modulus of elasticity has been suggested. The
results for modulus of rigidity for the uniform composites with different average particle
contents have also been obtained through the model. It has been concluded that the results
for the modulus of rigidity with the present modelling technique are well within the
bounds of rule of mixture and inverse rule of mixture and also within the bounds given by
Hashim-Shtrikman (1963).

Non linear analysis has been carried out with the present model to predict
nonlinear behavxour of the umform composites with dlfferent average particle contents. It
has been concluded that the strain required for a composxte to undergo transition from
elastlc to plastic behaviour decreases as the level of reinforcement increases. These results
are s1m11ar‘to those obtained by Bao and coworkers (1991) with their unit cell model.
Yield stress is estimated for different average particle contents by the crossover method.
An empirical relation showing the dependenée of yield stress on the particle cdgient has

g

been obtained from the results of the model by curve fitting. The relation between the

particle content and the ratio of flow stress of a composite (&, ) to that of the matrix (00)

has been obtained under the plane strain conditions for different shapes and orientation of
particles by Bao and coworkers (1991) for their unit cell model. It is observed that for
lower particle contents their results compare quite well with those obtained in the ﬁresent
study. For higher particle contents, the result of the present model gives higher valge for
the flow stress ratio. The present model may have resulted into clustering of the particles
at higher particle contents and contributed to the difference in results with unit cell model.
The clustering of the particles causes a rapid increase in flow stress ratio of the composites
at higher particle content. The effect of the shape of the particles on the uniform composite
has also been investigated. It is concluded that the shapé of the particles affect both the
modulus of elasticity and yield stress and the particles elongated in the direction of loading
results in higher modulus of elasticity and yield strength.

Numerical results have been obtained for the variation of modulus of elasticity of
uniform composites with increasing particle vol% from 0 to 100, with three different
porosity contents of 2.5, 5.0 and 7.5 vol%. It is concluded that porosity lowers the
Young’s modulus of the composites. The results of ﬂlG present model for modulus of
elasticity have been compared with Sprigg’s equation. Nonlinear analysis has also been
carried out to predict the effect of porosity on the yield strength using four different types



of pores represented by /*I, 1*4, 2*2 and 4*1. The notation m*n represents the pore
introduced by the removal of m x n elements where m represents the length of m grid
elements along the direction perpendicular to that of loading (x-axis) and » represents the
length of 7 grid elements in the direction of loading (y-axis). These results indicate that for
7.5 vol% of porosity, the yield strength of a composite containing 30 vol% of particle
decreases from 77 MPa to 47.8 MPa when the pore type changes from /*4 to 4*1, which
are the least and most damaging pore types considered in the present work. Thus, there
could be 38% reduction in the yield strength depending on the shape, size and orientation
of pores for the same porosity content. Similarly, for the elastic modulus, there is 33%
reduction when the pore type changes from /*4 to 4*/ for 7.5 vol% of porosity. These
results also show that for the same porosity type (type I *4) the reduction in the modulus
of elasticity is only 5.3% when the porosity content increases from 2.5 to 5 vol%. Also the
results for yield strength show that there is only 9% reduction in the yield stress for the
same porosity type (type /*4) when the porosity content increases from 2.5 to 5 vol%.
These results clearly indicate the dominance of the porosity type on the mechanical
properties of the composites. Thus, the average porosity content is not a reliable parameter
to predict the mechanical properties as the shape and orientation of pores are also
important in determining the damage. The existence of large pores perpendicular to the
loading direction is more damaging than the overall porosity content. It has been observed
that the ratio of yield stresses with and without porosity decreases with the level of
reinforcement. The results of the present model for the effect of porosity on the
mechanical properties have been compared with those given by Tekmen and coworkers
(2003) and Ghosh (1986). The results of the present model are found to be well in
agreement with these experimental results.

FGM models with variation of particle concentration in the direction of x-axis
from 0 vol% at one end and 100 vol% at the other end following a polynomial distribution
have been investigated. It has been observed that the global average values of modulus of
elasticity in the gradation direction (x-axis direction) are lower than that in the uniform
composite for the same average particle content. While in the perpendicular direction
(y-axis) these values are higher than that in the corresponding uniform composite. FGM
models with gradation in both x-axis and y-axis directions have also been studied. It has
been observed that the global average values of modulus of elasticity for the FGM models
with gradation in both directions are almost equal to that obtained for uniform composites

with the same average particle vol%.
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Nonlinear analysis has been performed on FGM models with gradation in
x-direction. In the y-direction FGM models exhibit better yield properties in comparison to
those in uniform composite with the same average particle contents. It is observed that in
the x-direction FGM mo'dels show the same yield stress as that of the matrix up to almost
70 vol% of particle content. [n the x-direction the modulus of clasticity of the FGM
models is also lower than that of the uniform composites for the same average particle
contents. Variation in local values of modulus of elasticity has also been obtained for the
FGM models for different amount of average particle contents. It is found that the
variation in modulus of elasticity within the model follows closely the variation in particle
concentration. FGM models with average particle content of 30 vol% but following
differenf types of polynomial and linear gradation have also been investigated.

Thermal analysis has also been performed in the present study. Three different
types of materials combinations are considered in the present analysis. In the first case a
layered composite plate of alumina and aluminium is considered. In the second. casé a
uniform composite with particle content of 30 vol% has been studied. In the thirdi‘-éase,
FGM model with variation in particle concentration from 0 vol% at one end to 100 vol%
at the other end and with 30 vol% average particle content has been considered. It is
concluded that in the case of uniform composite and FGM, there is smooth change inifhe
temperature and thermal stresses. In the case of layered composite there is steep changéhih
the thermal stresses at the metal ceramic interface. FGM: with 100 vol% ceramic at one
side may, thus, be used for high temperature applications to smoothen the thermal stress
distribution. |

The FGM samples synthesized experimentally in the present study have also been
modeclled in the present study. The results for modulus of elasticity and yield stress have
been obtained at different layers below the shrinkage cavity perpendicular and along the
gradation direction. In the cast composites particles are generally associated with porosity.l
Higher particle concentration is associated with higher porosity. The effect of the
gradation of porosity on the FGM samples has also been investigated. It is observed that
the linear variation in porosity does not affect the properties of FGMs significantly. The
hardness distributions at different height have been compared with the local yield stresses
determined from the model. |

Chapter-7 outlines the conclusions drawn from the present investigation.
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CHAPTER - 1
INTRODUCTION

In many demanding applications such as aviation, spacecraft, automobile,
electronics and cutting tools, there are often contradictory property requirements in
components like very high hardness, heat resistance and high wear resistance along with
fairly good ductility and toughness. Homogenous materials like monolithic alloys may not
be suitable because different properties may be required in different locations in the
components. For example, wear resistance is required in the surface region which may
require high hardness But if the same hardness is there even in the bulk the toughness and
ductility may be seriously impaired. Thus, surface modification or coating evolved for
imparting the required properties at the surface, distinctly different from that of the bulk. .
But this type of combination. of. surface and bulk often has different defbrmaﬁon
characteristics resulfing in development of intense shear stress leading to failure. The
recent catastrophe in the space shuttle Columbia due to detachment of ceramic tiles
reminds us of danger of combining two materials of dissimilar thermal and mechanical
characteristics.

Composite materials may alleviate the situation in certain circumstances by
combining dissimilar materials in the bulk and not along a specific interface in order to
synergize them to obtain unique combination of properties while compensating the
deficiencies of one another. This process of material optimization can release a designer
from the constraints associated with the conventional materials. One can make use of
tougher and lighter materials, with properties that can be tailored to suit particular design
requirements. Complex shapes can also be manufactured easily usinrgvcomposite materials.
Hence a compléte rethinking of an established design in terms of composites can often
lead to both cheaper and better solutions.

The basic attributes of metals reinforced with hard ceramic particles (Particle
Reinforced Metal Matrix composites or PMMCs) or fibers (Fiber Reinforced Metal Matrix
Composites or FMMCs) are improved strength and stiffness, improved creep and fatigue

resistance, increased hardness, better wear and abrasion resistance and higher operating



temperatures. The increasing interest for research in the area of aluminium and magnesium
based metal matrix composites (MMCs) is due to the increasing demand of lightweight
components from aerospace, automobile and other industries. In automobile industries, the
potential application of MMCs and its benefits have been demonstrated in cast engine
blocks, cylinder liners, pistons, valves and other. components. Some automobile
components are already being manufactured using MMCs. The aluminium and magnesium
based MMCs lead to lightweight components and there is, consequently, weight savings
and lower consumption of fuel, the price of which has escalated sharply over the past few

years.
Normal composite materials consist of a continuous phase, which forms the matrix,

where one or more phases called dispersoids are uniformly distributed or dispersed over
the entire body of the composite. However, by intentionally distributing the dispersoids
selectively in a component at locations where it is required from application standpoint, it
is possible to save costly dispersoids and at the same time not affecting the properties
elsewhere. Thus, it allows one to create a tailored material having functions usually not
found in the common composites. Functionally Graded Materials (FGMs) are developed
based on the concept of tailored distribution of second phase to achieve the required
properties in different locations in a component as retjuired. In its simplest form, it could
consist of one material on the outer surface side, a second material on the inner surface
side, and an intermediate layer whose structure, composition and morphology vary
smoothly from one material to the other at microscopic level. This variation of
microstructure distinguishes FGMs from conventional composite materials and the
compositional, variation across the cross-section resilts in unique physical properties.
These characteristic microstructures make the thermal stress distribution relati'vely smooth
in contrast to sharp change across the interface joining dissimilar materials, thus
developing the required thermal shock resistance properties in FGM. |

The concept of FGMs was proposed in 1984 by the material scientists in the
Sendai area in Japan as a means of preparing thermal barrier material (Koizumi, 1997).
Although FGMs attracted scientific interest only towards the end of the twentieth century,
these materials are not new. In fact, spatial variations in the microstructure of materials
have been exploited for millions of years by living organisms. In many structures found in

plants, microstructural gradients have so evolved in order to produce optimum structure



required for functional performance with minimum material use. An example is the culm
of bamboo, which consists of high-strength natural fibers embedded in a matrix of
ordinary cells. The fiber content is not homogeneous over the entire cross-section of the
culm but decreases from outside to inside. This gradation in fiber content is § natural
adaptation of the plant to flexural loads; the fiber content is high only in those sections
where the highest stresses occur (Neubrand, 2001).
The usé of FGMs is important in context of application in aerospace industry.
The outer surface temperature of the space vehicles is estimated to reach 2100 K while the
inner surface is to be maintained at normal temperature for personnel, machines and
~storage of fuel inside. The outer surface of these space vehicles is exposed to very high
temperafure due ‘to"friction with air while moving through earth’s atmosphere. To
withstand this high temperature, these vehicles are covered with heat resistant ceramic
tiles. These ceramic tiles are bonded to the metal surface with some adhesives. ThLis the
layered composites are being used in these space vehicles to withstand high temperatures.
Due to the high temperature gradients, very high thermal stresses develop in the outer shell
of these space vehicles. Due to mismatch in the properties of the metal and ceramic, there
is a steep change in the thermal stresses at the metal ceramic contact surface and due to
this steep change in the thermal stresses, the outer ceramic tiles become prone: to
delamination or cfacking. Gradient in properties is important in several other applicatibhs
also, as in the case of automobile cylinder and piston where better tribological properties
are required at one surface, while in the bulk inside better toughness is required. '
Functionally graded metal-::eramic metal matrix composites or functionally g;aded
materials (FGMs), selectively reinforced at one surface by ceramic particles are-a
promising response to these specific application requirements. FGMs provided with heat-
resistance and hard ceramics on the high-temperature side and tough metals with high
thermal conductivity on the low-temperature side and gradual change from ceramic to
metal in between, are capable of withstanding severe thermo-mechanical loadings. Weight
saving is another prime requirement in the aerospace applications. Functionally graded
aluminium-ceramic MMCs may be the appropriate materials for these requirements.
The use of material is dictated by the cost of production and reliability of
knowledge about the behaviour of material under different conditions. To popularize the

-use of FGMs, cheaper manufacturing processes for the mass production of FGMs are



required. These manufacturing processes must be repeatable, reliable and cost effective.
Presently, there is no inexpensive way of fabricating FGMs that allows for bulk
production of large parts. Most of the presently used methods are expensive. Aerospace
industry can probably afford these methods for the required quality but certainly not the
automobile industry. Current methods of fabrication include solidification processing,
chemical vapour deposition, spray atomization, codeposition. and powder metallurgy
techniques. Amongst these various techniques, the most economical and attractive
processing route affordable for many applications is offered by solidification processing.
This process involves the addition of reinforcing particles to a liquid metal matrix and
mixing them uniformly, followed by segregation of particles and liquid under some forces
in order to create the desired gradient in the particle concentration. The preservation of the
spatially graded structure by solidification is the final step: The forces creating gradient in
particle content could be gravitational force, centrifugal force or similar forces, which act
differently on the particles and the mel. ,

An understanding of the common types of failures is important in good design
because it is always necessary to relate the loads and dimensions of a member to some
significant material parameter which limits the load carrying capacity of the member.
Excessive elastic deformation of a machine part can mean failure of the machine, even if
the part is not fractured. Yielding, or excessive plastic deformation, occurs when the
elastic limit of the metal has been exceeded. The permanent change of shape pfevents the
part from functioning properly any longer. In order to make good use of engineering
materials, it is required to understand their behaviour sufficiently well to be able to predict
their performance. For composites, this means developing models which represent
reasonably closely the known experimental response of real composites to applied stresses
and environmental conditions. If we can predict the behaviour of any given composite
accurately with the help of modelling techniques, then we can have the confidence that the
material we have designed will meet the service requirements of the application
concerned.

- Theories of elastic behaviour of composite materials are well developed and
predictions of elastic response for composite materials are often very satisfactory.
Nonlinear behaviour of metal matrix composites (MMCs) has also been extensively

investigated by using the unit cell models. In the unit cell models the composite is



modelled as a unit cell or periodic array of identical unit cells, each containing a
reinforcement particle dimensioned to represent the overall reinforcement volume fraction.
The unit cell model creates an artificial distribution of particles non-representative of
reality, particularly at highér concentration of dispersoids. In practice, however, particulate
reinforced metal matrix composites have highly heterogeneous microstructures. Particles
are distributed more or less randomly in the metal matrix.

The shape, size and orientation of particles are important in determining the
deformation behaviour of particle reinforced MMCs. The elastic behaviou; may be
understood in terms of bounds given by the rule of mixture and the inverse rule of mixture
corresponding to iso-stress and iso-strain conditions respectively. The rule of mixture
which gives the upper bounds for modules of elasticity is originally developed for
determihing the modulus of elasticity for fiber reinforced composites with the fibers
oriented along the loading direction. The inverse rule of mixture which gives the lower
bounds for the rhodulus of elasticity is fof determining the modulus of elastiéity for the
fiber reinforced composites with fibers oriented transverse to the loading direction. Thus it
may be said that the particles elongated in the direction of loading will attribute to higher
values of modulus of elasticity, while the particles elongated transverse to the direction of
loading will attribute to lower values of modulus .of elasticity in comparison to that in
isotropic composites reiriforced by spherical particles with unit aspect ratio. Thus,_v,%:it is
important to establish the effect of shape, orientation and asi)ect ratio of particles on the
deformation behaviourvof composites.

It has been observed in the past that during the manufacturing of particle reinforced
metal matrix composites (PMMCs) using the processing techniques, such as melt-stirring
or powder metallurgy, some defects like pores or voids occur in the microstructure. These
defécts aiter the deformation behaviour and the performance of the composites. The
defects lik¢ pores or voids cause reduction in mechanical properties of the composites.
The presence of porosity or voids within a component leads to the reduction in the load
bearjng area of the material and also, stress concentration around. Therefore, it is expected
to result in_the reduction in both Young’s modulus and strength. It is generally accepted
that tensile properties decrease with an increaée in porosity content. However, the effect of
parameters related to porosity such as size, shape and distribution, on the mechanical

properties and fracture behaviour is yet to be adequately studied.



The properties of FGMs are being investigatéd experimentally as well as by the
modelling techniques in the recent past. The estimation of local as well as global
properties of FGMs with the help of a simple model is still a challenge. A reliable
estimation of deformation behaviour of FGMs is important to make these materials
popular for industrial use. FGMs have also been modelled in the past using the unit cell
models, originally developed for the uniform composites. FGMs also have more or less
random microstructure at the local scale like uniform composites. Particles are distributed

“randomly on the local scale. It has been observed in the past that in the cast composites
particles are generally associated with porosity. Higher particle concentration is associated
with higher porosity content. Thus, in the case of functionally graded cast materials there
is gradation of porosity as well along with the gradation of particles. It is, therefore,
important to study the effect of gradation in porosity on the deformation behaviour of
FGMs. The type of gradation in the particle content is also important in context to FGMs.
The global as well as local behaviour of FGMSs should depend on the type of gradation in
FGM:s. In this context it is important to investigate the deformation behaviour of FGMs
with different types of profiles for variation in particle concentrations. A

As already discussed, FGMs are special clas§ of composite materials which are
being researched and developed mainly for application~s under severe thermo-mechanical
loading, such as the outer wall and the engine parts of the future spacecrafts. Conventional
super heat resistant materials, such as those found in the exterior of space shuttles, consist
of heat resistant ceramic tiles bonded to metallic structures. Because of the difference of
thermal expansion coefficients between ceramic and metal, there is steep change in
thermal stresses at the contact surface of ceramic and metal. These thermal stresses cause
the ceramic tiles to peel off or crack from the metal structure. FGMs have been developed
to reduce such thermal stresses and to resist super high temperatures. To reduce the
thermal stresses, FGMs need to have continuous transition from metal at low temperature
surfaces to ceramic at high temperature surfaces. To determine the optimum variation in
particle concentration in FGMs, it is necessary to develop modelling techniques to
determine the thermo-mechanical stresses due to thermal or/and mechanical loads.

In the present work, MMCs have been modelled with the help of finite element
modelling technique where particles are distributed randomly in a matrix in order to get a

more realistic model compared to those based on unit cell. The effect of different random



distribution of particles on the mechanical properties of the composites at the global as
well as the local scale has also been investigated. The properties of the uniform
composites with different particle volume fractions and with different shapes and
orientations of particles have been investigated within the framework of the present model
in the context of elastic as well as non-linear deformation behaviour in terms of stress-
strain behaviour under uniaxial loading. The composites are assumed to consist of
elastically deforming particles reinforced in elastic-perfectly plastic matrix. In the study on
~ FGMs the particle distribution is still random locally but follows a prescribed distribution
so as to mimic FGM with variation in particle concentration from one end to other end for
different average particle contents. The deformation béhaviour of FGMs with variation in
particle concentration in ‘both the directions has also been investigated. Polynomial as well
as linear variations have been used for modelling the particle distribution in the FGMs.
FGMs with the same average particle content but with different types of gradations in
particle concentration have also been investigated to study the effect of particle gradation
on deformatioh behaviour‘.

In the present work, the models of uniform composite have been extended to
include pores or voids distributed in it along with particles. A given volume fraction of
pores with different shapes, sizes, and orientation with respect to the loading dire;.ption,
have been uniformly distributed randomly in the matrix and the influence 'o;"f:fpore
characteristics on the deformation behaviour has been determined. Uniform composites as
well as FGMs with different average porosity contents and different average particle
contents have been investigated for elastic as well as nonlinear behaviour.

~ The present work also involves development of FGM based on Al-ALO; by
solidification processing. The slurry of alumina particles in molten aluminium has been
cast in a rotating mold to get particle gradient under the action of centrifugal force. The
particle distribution as determined under optical and scanning electron microscope has
been used for modelliﬁg the FGM with and without porosity and its local and global
properties have been studied. The variation of local yield stress has been compared with

the hardness distribution to judge the ability of the model to determine deformation of the
FGM. -



CHAPTER - 2

LITERATURE REVIEW

2.1 COMPOSITES : PARTICLE REINFORCED METAL MATRIX COMPOSITES

A composite is a mixture of two or more different constituents or phases.
Composites are produced when two or more different materials are combined at
macroscopic level to give a combination of properties that cannot be attained in the
original 'mater‘ials. Composites can be broadly classified into three categories-particulate
composites, fiber composites and laminar composites. This classification is based on the
shapes of the reinforcemént materials. Concrete, a mixture of cement and gravel, is a
barticulate compésite; fiber-glass, containing glass fibers embedded in a polymer, is a
fiber-reinforced composite; and plywood, having alternating layers of wood veneer, is a
laminar coinposite. In composites, materials are combined insucha way $o as to enable us
to make better use of their properties while minimizing to some extent the effects of their
deficiencies. This process of material optimization can release a designer from the
~ constraints associated with the conventional materials. One can make use of tougher and

| lighter materials, with properties that can be tailored to suit particular destgn requirements.
Complex shapes can be manufactured easily using composite materials. Hence a complete
rethinking of an established design in terms of composites can often lead to both cheaper
and better solutions.

The concept of composites is not a human invention. Nature is replete with very
fine examples of natural composites. Wood is a natural composite material consisting of
one species of polymer, cellulose fibers with good strength and stiffness, in a resinous
matrix of another polymer, the polysaccharide lignin. Nature makes a much better job of
design and manufacture than we do. Although we have been able to recognize the ways of
overcoming two major disadvantages of natural wood, that of size (a tree has a limited
transverse dimension), and that of anisotropy (properties are markedly different in the
axial and radial directions). The resulting solution is a composite material called plywood.
Bone, teeth and mollusc: shells are other natural composites, combining hard ceramic

reinforcing phases in natural organic polymer matrices.
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* Particle-Reinforced Metal Matrix Composites (PMMCs) aie a special category of
practically isotropic composites, which have either hard or soft particles, or their mixtures
embedded in a ductile metal or alloy matrix. Therefore, PMMCs combine metallic
properties (ductility and toughness) with the characteristics of reinforcement particles,
often leading to greater strength, higher wear resistance and better properties at elevated
temperature depending on the nature of particles. These properties offer potential for
exploitation in a range of pump and engine applications, inéluding compressor bodies,
vanes and rotors, piston sleeves and inserts, connecting rods, and so forth. The PMMCs

are of particular interest due to their ease of fabrication by conventional methods at lower

costs (Ray, 1993).

2.1.1 Synthesis of PMMCs
The synthesis methods of PMMCs can be divided into two categories; the phase-
joining (ex-situ) method and the phase-separating (in-sifu) method. For the composites

obtained by in-situ methods the size of a dispersoid may be of the order of nanometer.

2.1.1.1 Ex-situ method

Traditionally, PMMCs have been produced by several pfocessing routes .such as
powder metallurgy (PM), spray deposition, mechanical alloying (MA) and various casting
techniques, i.e. gravity casting, squeeze casting, rheocasting and compocasting. All these
techniques are based on external addition of reinforcement particles to the matrix
materials, which may be in molten or semi-solid or powder form. For the conventional
PMMCs, the reinforcing phases are prepared separately prior to the composite fabrication.
Thus, conventional PMMCs may be viewed as ex-situ PMMCs. In this case, the scale of -
the reinforcing phase is limited by the starting' powder size, which is typically of the order
of microns to tens of microns and rarely below one micron. Other drawbacks that have to
be overcome are the interfacial reactions between the reinforcement particles and the
matrix, which lead to brittle reaction products and a poor wettability between the

reinforcements and the matrix due to surface contamination of the reinforcement particles.

2.1.1.2 In-situ method
It is widely suggested by fundamental considerations as well as experimental

- studies that the size and volume fractions of reinforcements as well as the nature of the



matrix ’reinforcement inteffécee control: the propenies of tPMMCs. An optimum set of
properties may be achieved When fine and thermally stable reinforcements are dispersed
umfonnly in metal matrix. Dunng the past two decades, con51derable research efforts have
been dlrected towards the productlon of m-sztu PMMCs in which the reinforcements are
formed in-situ in the metalllc matrix by chemlcal reaction between the constltuents durmg
the composite fabrlcanon Usmg this approach PMMCs with a wide range of matrix
materials (inc¢luding aluminium, titanium, copper, nickel and iron), and second phase
particles (including borides, carbides, nitrides, oxides, silicides and their mixtures) have
been synthesized.

Compared to conventional ex—situ PMMCs; the in-situ PMMCs exhibit the
'followmg advantages: (1) the in-situ formed remforcements are thermodynamlcally stable
and do not dissolve at lngher temperature or do not have a reactlon layer, thereby leadmg
to less degradatlon durmg elevated-temperature servxces, (11) the m—sn‘u generated
remforcements are finer in size and their distribution in the matrix is relatively more -
uniform, which may lead to better mechanical propertles and (111) the reinforcement- -

matrix interfaces are clean and uncontaminated which i improve wettability and may result

in excellent interfacial strength, leading to hlgher ductility and toughness.

2.1.2 Porosity in PMMCs - A

During the manufacturing of particle reinforced metal matrif?"compolsi.tésu.*
(PMMCs) using the processing techniques, such as melt-stirring or powder metallurgy,
some defects occur in the cast microstructure. These defects lower the casting quality and
performance characteristics of the composites. One of the most important defects is the
porosity which causes the reduction in the mechanical properties of the composites.
Porosity formation may be attributed to the factors as shrinkage during solidification and
evolution of hydrogen gas bubbles due to a sudden decrease in hydrogen solubility during
solidification. The solubility is a function of temperature, pressure and alloy composition.
After solidification is complete, these bubbles become micro pores. Once porosity forms,
the pores grow until they achieve equilibrium with the forces acting on them. Also, it has
been observed that reinforcement particles have a tendency to associate themselves with
porosity, thereby giving rise to particle porosity clusters. ’

~The presence of porosity within a-component leads to the reduction in the load
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bearing area of the material and hence can be expected to lead the reduction in both
Young’s modulus and strength (Dorey and coworkers, 2002). A number of empirical and
semi-empirical models have been proposed to describe the manner in which the
mechanical properties vary with the level of porosity. One of the most commonly used

forms of equation describes the effect of porosity on mechanical property as

X =X, exp(-bxV,) | @2.1)

In the Eq. 2.1, X is a particular mechanical property, ¥}, is the volume fraction of
porosity, b is an empirical constant and the subscript 0 indicates zero porosity. The above
equation was originally proposed by Duckworth (1953) to describe the effect of porosity
on strength following the experimental work by Rysckewitch (1953). It was later adopted
by Sprigg (1961) for use in describing the effect of porosity on the Young’s modulus and
is better known as the Sprigg’s equation.

It is generally accepted that the tensile properties decrease with an increase in
porosity content., However, the understandings of the effects of parameters, such as
porosity type, porosity volume fraction, porosity size and porosity distribution on the
mechanical properties and fracture behaviour are still incomplete. Tekmen and coworkers
(2003) in their work have studied the effect of porosity on the mechanical properties and
fracture behaviour in composites of Al-Si matrix alloy reinforced with SiC particles in the
as-cast state and after extrusion process. They have concluded that the existence of large
pores controls the fracture behaviour of these components. o

Dorey and coworkers ('2002) in their work have shown that the reduction in
strength and Young’s modulus with increased amounts of discrete pores is frequently -
greater than that predicted by models based on a homogeneous pore distribution. They
examined the effect of pore distribution by producing samples containing a non-
homogeneous distribution of pores and compared the results with data reported for
samples containing homogeneously distributed pores. Young’s modulus and, to a greater
extent, strength were shown to have stronger dependencies on the porosity than predicted
for homogeneous samples. Ghosh and Ray (1986) have studied the effect of porosity on
the mechanical behaviour of Al-Al,O3 metal matrix composites. Their experimental results
show that the rate of reduction in yield stress with increasing porosity is higher in the

particle reinforced MMCs with lower particle contents.
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2.1.3 Properties of Composites

~ Mechanical properties of composites have been investigated extensively in the past
by different researchers. It has been observed by fundamental considerations as well as
experimental studies that the size and volume fractions of reinforcements as well as the
nature of the matrix reinforcement interfaces control the properties of PMMCs. Agarwal
and Narang (1977) studied the behaviour of specimens of glass fibre-reinforced epoXy
with various fibre orientations under tensile and impact loads. Pillai and coworkers (1987)
investigated the effect of volume fraction and size of graphite particulates on fracture
behaviour 'of Al-graphite composites. Majumdar and coworkers (1984) investigated the

strength and fracture behaviour of metal matrix particulate composites prepared by a

liquid metallurgy technique.

2.1.3.1 Propertles of ex-situ PMMCs

The mechanical properties of the particulate cornpos1tes depend upon the type, the
size, the volume fraction and the distribution of particles inside the corr_l_posnes. The
characteristics of particle-matrix interface also play an important role in_’ controlling
mechanical properties of the composites. Aéihana (1998) studied the dynamic wetting
effects (effects arise when an imposed velocity distorts the contact angle) during
infiltration of metals of porous bodies to fabricate multi-phase materials. The partlcle )
matrix interface is governed by the wettability of reinforced particles in the melt. The
addition of hard ceramic particles to the matrix alloy resulfs in an increase in the hardness
and wear resistance of the composite. However, an addition of soft particles like graphite
may work as a solid lubricant supplied by the compositte itself.

In particle reinforced metal matrix composites (PMMCs), the matrix and the
dispersed particles both share the load. The strength of a particle reinforced composite is
governed by (i) the deformation characteristics of the matrix, particle and their interface,
(ii) shape, size, amount and distribution of particles in the matrix and (iii) the interaction
between the particles and the flaws like porosity and voids in the matrix. The tensile
properties of a composite depend on the mechanical behaviour of its components under a
given condition of loading. In the initial stage of loading of a two phase composite both
the phases deform elastically. Law of mixture has been used to estimate the theoretical _

tensile strength of composite materials, when tensile strength values and volume fractions
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of composite’s constituent phases are known. However, this. approach gives limited
success because in the calculations only volume fraction of the constituent phases are
taken into account and not their shape or size or other microstructural scale. The strength
of a composite depends on the plastic behaviour of its phases also. The strength of a
particulate composite should be considered from two different angles such as the
cbmposite having deformable or nondeformable particles in the matrix (Ghosh and Ray,
1986). In the presence of deformable particles the composite may under go an extensive

plastic deformation.

2.1.3.2 Propertics of in-situ PMMCs

The homogeneity of composite materials is of prime importance for high
performance engineering applications such as in the autpmotive and aircraft industries. A
uniform distribution of reinforcement particles in MMC‘S is essential to achieve effective
load-bearing capacity of the reinforcement. Non-uniform distribution of the reinforcement
could lead to lower ductility, strength and toughness of the MMCs. Conventional
fabrication of ex-situ MMCs involves the incorporation of the reinforcing phase into the
matrices via casting or powder metallurgy routes. The homogeneity of the reinforcing
particles in ex-situ MMCs is relatively pdor. On the other hand, fine in-situ formed
reinforcing particles are dispersed more uniformly in the matrices of in-situ composites,
leading to significant improvements in the strength, stiffness, creep and wear resistance of
the composites.

The mechanical properties of in-situ particulate composites have been evaluated by
several workers. The superior mechanical properties of in-situ composites were first
reported by Westwood and Winzer (1987). Kuruvilla and coworkers (1990) compéred the
tensile properties of in-situ TiBy/Al composites with those of the ex-situ composites
containing the same amount of reinforcing phase. They found that the elastic modulus,

tensile strength and hardness of the in-situ composite are comparatively higher than those

of ex-situ composite.

2.1.4 Models Available for Properties of Composites
In particle reinforced metal matrix composites, both the matrix and the dispersoid
particles are load bearing constituents. Many factors contribute to the strength of a

particulate composite - (a) the deformation characteristics of the matrix, the particle and
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their interface (b) amount, distribution, shape and size of particles in the matrix and (¢) the
interaction between the particles and the flaws like porosity and voids in the matrix. The
tensile properties of a composite depend on the mechanical behaviour of its constituents.
At the initial stage of loading of a composite containing two constituents, the matrix and
the dispersoid, both the constituents deform elastically. The limits of elastic properties of
such a composite could be estimated following two simple.models resulting in two rules of
mixtures (Broutman and Krock, 1967). The first one represents the iso-strain condition of
the two constituent phases and predicts the upper limit estimate of the Young's modulus of

the composite, E,,,, which is written as
E,=E/V;+E,V, - (2.2)

where, E; and E,, are respectively the Young's moduli of the reinforcement and the matrix.
V; and V,, are respectively the volume fractions of the reinforcement and the matrix. The
other limiting model represents the iso-stress condition of the two constituent phases and

predicts the lower limit estimate of the Young's modulus of the composite, E,om, Which is

written as

LYV 23)
E, E

E

irom m

The rule of mixture expressions have been found most appropriate for the composites with
continuous reinforcement. The models discussed above are simple models, although, if
treated with care, they can still give useful approximations to the behaviour of many
composites.

There are many more formal treatnents based on more realistic models of
distribution of reinforcement, which yield results with varying degrees of complexity.
These more rigorous approaches may give predictions of elastic properties that are closer
to experimentally observed values than the simple models, but they are seldom easy to use
in practice. For design purposes it is more useful to have simple and rapid computational
procédures for estimating properties rather than more exact but intractable solutions.
Convenient interpolation procedures have been developed by Halpin and Tsai (1969) who
showed that many of the more rigorous mathematical models could be reduced to a group

of approximate relationships of the form
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E,=E¥V;+E,(1-V) (24
and

g1V ) g 28
(1-7v7 ) | .

The Eq. 2.4 is the same rule of mixture that has already been discussed. In the
second equation, { is a factor, specific to a given material, is determined by the shape and
distribution of the reinforcement (i.e. whether they are ﬁbers, particles, etc.), the packing
geometry and by the nature of loading. The parameter # is a function of the ratio of the

fiber and matrix moduli (£;/E,,) and of the reinforcement factor ¢ and is‘ given as

&)
_\En ) o (2.6)

The parameter  is the only unknoWh, and its value is obtained empirically for a
givén compo'site material. A number of analyses have been carried out to compare the
predictions of above equations with the the(;ry of elasticity calculations, often with a great
degree of success, and it is frequently quoted from the early work of Halpin and Tsai that
for practical materials the reasonable value of { is 2. _

~ The research to find the effective elastic modulus of particulate composites is
continuing. A number of mathematical and ﬁrﬁté element models have been presented by
different researchers in the‘ recent past. On the basis of all these models it may be said that
the elastic properties of the composites may be predicted E;uite accuratély with thé help of |
all these existing models. To predict the nonlinear properties of the composites accurately
with the help of simple models is still a challenge. Bao and cowofk_ers (1991) carried out a
theoretical investigation to determine the role of non-deformiﬁg particles in re_i;ifofcing
ductile matrix materiéls against plastic flow and creep. The study was carﬁed out within
the framework of continuum plasticity theory using cell models to implement most of the
calculations. Systematic results were given for the influence of particle vélume fraction
and shape on the overall behaviour of composites with uniformly distributed, aligned

“reinforcement particles. The stress-strain behaviour of the matrix material is characterized
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by elastic—perfectly plastic behaviour or by power-law hardening behaviour of the
Ramberg-Osgood type. Pettermann and Suresh (2000) used a finite element unit cell
model for investigation of arbitrary loading conditions for composites with periodic
arrangements of continuous aligned fibers. Johannesson and coworkers (2001) studied the
effect of reinforcement geometry on matrix stresses in three different aluminium metal
matrix composite systems. They have shown that the reinforcement aspect ratio strongly
affects the relaxation mechanism in the composites.

Marur (2004) proposed a simple approach to compare the effective elastic moduli
of two phase particulate composites. He computed the bulk modulus of composites using
the three phase spherical model. The Poisson’s ratio was obtained using the rule of
}mixtu're. His results for modulus of elasticity were found to be in good agreement with the
available computational models and experimental data. Pal (2005) developed four models
for relative Young’s modulus of concentrated particulate composites using a differential
scheme along with the solution of an infinitely dilute dispersion of particles in a solid
matrix. He evaluated his proposed models using seven sets of experimental data on
Young’s modulus of concentrated particulate composites. One of his models was foiind to
be capable of predicting the effect of particle size distribution on Young’s modulu\s%_.wpf
concentrated particulate composites. L

In the past, investigators have also proposed numerical analysis approaches "f"(}r the
prediction of behaviour of particulate composites, utilizing finite element models. Aéérwal
and coworkers (1974) studied the elastic-plastic response of aligned short fibre composites
using finite element method. Agaxrwal and Broutman (1974) used a three dimensional
finite element analysis to determine the internal stresses in an ordered spherical particle
composite. They determined the stresses for various volume fractions of particles and
calculated the Young's modulus from the knowledge of stresses and the applied
deformation. Agarwal and Bansal (1977) investigated the influence of fibre interactions on
the load transfer mechaniéfn, failure at the fibre matrix interface and stress-strain
behaviour of a composite using an elastic-plastic finite element analysis for disc¢ontinuous
fibre composites.

Dong and Schmauder (1996) investigated the limit flow stress for fransverse
loading of metal matrix composites reinforced with continuous fibers and for uniaxial

loading of spherical particle reinforced metal matrix composites by embedded cell models
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in conjunction with the finite element method. Leggoe and coworkers (1998) modelled the
deformation in particulate reinforced metal matrix composites with locally varying
reinforcement volume fraction using a two scale finite element approach. The responses of
axisymmetric unit cell models were used to define the constitutive response of mesoscale
regions possessing varying volume fractions. Macroscale response was investigated using
two and three dimensional random arrays of finite elements in which element properties
were randomly assigned in line with a Gaussian distribution. Chakraborti and coworkers
(2001) modelled the mold region of the continuous caster; the most widely used casting
device used by the steel industry has been through a corhbination of a steady-state heat
transfer approach and a recently developed Pareto-Converging Genetic Algorithm
(PCGA). | |

Yang and coworkers (2003) evaluated the effective material préperties of
composites using a two dimensional (2D) finite element method (FEM) and the conceﬁt of
equivalent homogencous- materials. They -demonstrated as well as validated their model
with the help of numerical results. Kenesei and coworkers (2004) have given the elastic-
plastic response of metal matrix composites (MMCS) consisting of AA6061-T6 aluminium
matrix reinforced with 20 vol% AL, O; particles using the finite element method. Aradhya
and Surappa (1991) investigated the mechanical properties of 6061 Al-SiCy composites -
using finite element method. They compared their results for modulus of" elasticity - with
experimentally determined and theoretically predicted values. They found their
experimental values in good agreement with the values calculated using the Halpin—TSai
equation. Although the values estimated by the FEM model were shghtly Iower than the

experlmentally measured values

22 F UNCTIONALLY GRADED MATERIALS

The future advancement in science and technology w111 rely heav1ly upon the
'development of new material systems that safely _w1thstand the ever-increasing
performance demands imposed upon them. Functionally Graded Materials (F'GM‘S) hold
promise for applications requiring ultrahigh material performance such as thermal barrier
coatings, bone and dental implants, piezoelectric and thermoelectric devices, optical
materials with graded reflective indices and high-performance space flight structures

(including engines). New applications are continuously being envisaged.
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22.1 History and Definitions of FGMs |

FGMs are characterized by spatially varied microstructures created by non uniform
distributions of the reinforcement phases with different properties, sizes and shapes. This
‘new concept of engineering the microstructurei of the material marks the beginning of a
paradigm shift in the Way we think about materials and structures. The concept of
functionally graded materials (FGMs) was proposed in 1984 by materials scientists in the
Sendai area in Japan as a means of preparing thermal barrier material. Continuous change
in compositioh microstructure, porosity, etc. of these materials results in gradients in
propertiés such as mechanical strength and thermal conductivity. A functionally graded
material (FGM, or sometimes also called “gradient material”) is characterized by a gradual
change of material properties with position. The property gradient in the material is .caused‘
by a position-dependent chemical composition, microstructure, or atomic order. The
spatial extension of the gradient may differ: in a bulk FGM the property variation extends
over a large part of the material, whereas in a graded coating or joint it is restrictqg;toéthe
surface of the material or a small interfacial region.

Although FGMs attracted scientific interest only towards the end of the twéntieth
century, these materials are not new. In fact, spatial variations in the microstructure: of
materials have been exploited for millions of years by living organisms (‘Neubra.ndal,?()l_(l;).l).
In many structures found in plants, micro structural gradient$ are formed in priier to
produce optimum structural and functional performance with minimum material iise. An
example is the culm of bamboo, which consists of high-strength natural ﬁberé embedded
in a matrix .of ordinary cells (Fig. 2.1(a)). The fiber content is not homogeneous over the
entire cross-section of the culm but decreases from outside to inside (Fig. 2.1(b)). This
gradation in fiber content is a natural adaptation of the plant to flexural loads—the fiber
content 1s high only in those sections where highest stresses occur. There are also some
examples of materials taking advantage of pr0perfy gradients such as case-hardened steels
in which a hard surface is combined with a tough interior. | |

The vast majority of FGMs are composite materials with a macroscopic
microstructural gradient. For example, the composite may contain a spatially varying
volume fraction of one of the phases (Fig. 2.2(a)). However, a composition gradient is not

inherent to all FGMs. Microstructural gradients may also be obtained in composites by

changing the shape (Fig. 2.2(b)), orientation (Fig. 2.2(c)), or size (Fig. 2.2(d)) of the
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dispersed phase (Neubrand, 2001). FGMs may be characterized by a continuously

changing property from one surface, X of the material to the other surface, Y as shown in

Fig. 2.3. |
According to Gasik (2003) there is still no clear, internationally accepted definition
of FGM (there are still different opinions about what does the "FGM" stands for). The
concept of the FGM seems to be self-explanatory. One of the possible deﬁnitions of an
FGM might be expressed as follows "A functionally graded material, an FGM, is a
material with engineered gradients of composition, structure and/or specific properties
aiming to become superior over the homogenous materials composed of the same or
similar constituents”. It is a must for a FGM to be a competitive material as compared to

other alternatives to become economically and technically feasible.

2.2.2 Processing Techniques of FGMs and their Characteristics

The manufacturing process of FGMs can usually be divided in building the
spatially inhomogeneous structure (“gradation”) and transformation of this structure into a
bulk material (“consolidation”). Gradation processes can be classified into constitutive,
homogenizing and segregating processes. Constitutive processes are based on a stepwise
build-up of the graded structure from precursor materials or powders. Advances in
automation technology during the last few decades have rendered constitutive gradation
processes technologically and economically viable. In homogenizing processes, a sharp
interface between two materials is converted into a gradient by material transport.
Segregating processes start with av macroscopically homogeneous material, which is
converted into a graded material, by material transport caused by an external field (for
example a gravitational, centrifugal or electric field). Homogenizing and segregating
processes produce continuous gradients, but have limitations concerning the types of
gradients, which can be produced. Usually drying and sintering or solidification follows
the gradation step. These consolidation processes dre chosen in such a way that the
gradient is not destroyed or altered in an uncontrolled fashion. Presently there are no
inexpensive ways of fabricating FGMs that allows for bulk production of large parts.

Current methods of fabrication include solidification processing, chemical vapor

deposition, plasma spraying and powder metallurgy techniques.
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(Schematic) (Schematic)

Fig. 2.1 Cross-section of a bamboo culm: (a) cross-section; (b) distribution of fibers
across the culm.
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Fig. 2.3 An example of FGM showing the variation in properties along dimensions.
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Details of processing technologies are available in the review papers published by
Hirari (1996) and Suresh and Mortensen (1998). Some of the processing techniques of

'FGMs are discussed as follows:

2.2.2.1 Powder metallurgy

The powder metallurgy (PM) for processing of materials and engineering parts
includes powder production, powder processing, forming operations and sintering or
pressure assisted hot consolidation. Powders of many metals, alloys, compounds and
ceramic materials with particle sizes ranging from nanometers to several hundred
micrometers are available from industrial sources or may be produced by the methods
developed over decades in the field of powder metallurgy or ceramics.

By the powder metallurgy route, the following types of gradients can be processed:

() Porosity and pore-size gradients.

(i)  Gradients in chemical composition of single-phase materials.

(iii) Gradients of the volume content of phases and grain size gradients in two .

or multiphase materials.

2.2.2.2 Melt processing
Gradient formation may be achieved by transport processes in the molten state and

subsequent consolidation. Melt processing may be used for the production of FGMs

containing a metal as one constituent. The following melt processing techniques may be

used for the FGM production.

) Centrifugal casting .

In centrifugal casting, particles of a refractory phase are dispersed in a metal melt.
These particles may be formed in-situ or may be introduced externally in the metal melt.
The density difference between particles and the melt leads to the formation of a particle
concentration gradient if the melt is cast in a centrifuge (Fig. 2.4). Particles with a lower
density or a higher density than the melt are used to prepare functionally graded tubes,
which are selectively reinforced at the inner or outer surface of the tube. If platelets are
used as particles a gradient in particle orientation may also be produced during the casting

process.

(i)  Sedimentation casting

One-dimensional FGM can be produced by sedimentation of particles.
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Sedimentation casting technique results in a high concentration of particulates at a flat

surface of the final product.

(iii) Controlled mold filling

The functionally graded material may also be produced by successive casting of
two melts (Kieback and coworkers, 2003). In a gravity casting process, the mold is
partially filled with the first melt, and in a further step, the second melt is cast on the
partially solidified first material (Fig. 2.5). Gradient formation occurs by forced and
thermal convection and the width of the graded interface is predominantly controlled by
the degree of solidification of the first melt at the time when the second melt is cast. In a
modification of this process casting may be carried out in a rotating mold, and components

with a cylindrical shape ray be obtained.

fiv)  Directional Solidification

In this process, the difference between the solidus and liquidus composition during
directional solidification of an alloy is used to prepare a FGM (Kieback and coworkers,
2003). In order to avoid solidification under steady state with constant solid concentration,
the melt in front of the solidification front must be stirred as effectively as possible. This
can be achieved by natural convection in a vertical resistance furnace (Fig. 2.6). A
temperéture gradient is generated i)y inserting cooling coils in the top end of the furnace.
Samples are melted inside the furnace and then moved toward the chilled zone with a
constant velocity. The solidification direction is thus upwards, and for alloying elements
with higher dénsity than the matrix element, a solutally and thermally unstable density

gradient in the melt is generated. _
Rohatgi and coworkers (1991) studied the effects of remelting and isothermal

holding, unidirectional solidification, multidirectional solidification and rapid
solidification on particle segregation and the dendritic structure of an A1357-15 &ol% SiC
particle composite. They observed that the segregation of silicon carbide particles
occurred owing to settling of the silicon carbide during isothermal hbld; countergravity
unidirectional solidification led to the SiC particles being pushed by the growing dendrites
against gravity. Owing to the pushing of the silicon carbide particles by the growing
dendrites, the final distribution of silicon carbide was influenced by the rate of
solidification; the best distribution was obtained under fast cooling rates during

multidirectional cooling.
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Fig. 2.5 Schematic for multi-alloy gravity casting process.
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Fig. 2.6 Schematic for directional solidification expefiment with natural convection.

Characteristics of different FGM processing techniques

The following table describes the characteristics of different FGM processing

methods (Neubrand, 2001):

Table 2.1 Characteristics of different FGM processing techniques

' Proctess;ing' Powder - Thermal Coating Melt
Method Metallurgy Spraying Processes Processing
Type of FGM V
_processed
Processing of bulk Good Fair Poor Good
FGMs (very suitable) (suitable) (unsuitable) (very suitable)
Processing of graded Fair Poor Poor Fair
joints (suitable) (unsuitable) (unsuitable) (suitable)
Processing'of graded Poor Good Good Poor
coatlngs ’ (unsuitable) (very suitable) (very suitable) (unsuitable)
Variability of transition Good Good " Good Fair
function ‘ (very suitable) (very_ suitable) (very suitable) (suitable)
Achievable density Fair Poor | Fair Good
- (suitable) (unsuitable) (suitable) (very suitable)
Processing of complex Fair Poor Poor Good
shapes : (suitable) (unsuitable) (unsuitable) (very suitable)
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For the bulk processing, and for the processing of complex shapes, melt processing
is the most suitable technique. Of the various melt processing methods available, perhaps
the most economical and attractive processing routes are gravity and centrifugal casting.
These processes involve the addition of a reinforcing particle phase to a liquid metal
matrix and mixing them uniformly, followed by segregation of particles and liquid under
gravity or in a centrifugal field to create a desired gradient in the particle concentration
a1_1d finally preservation of the spatially graded structure by solidification.-

Zhang and coworkers (1999) fabricated Al-Mg,Si in-situ composite tubes by
centrifugal casting process. They also examined the microstructure and tensile strength of
the composite tubes revealing an inhomogeneous distribution of Mg,Si particles along the
radial direction. Gupta and Loke (2000) successfully synthesized aluminium-silicon
carbide based functionally graded material using a new technique termed as gradient
slurry disintegration and deposition prdcess to develop gradients of SiC, with particle
distribution ranging between 15-20%. The results were confirmed using microstructural
characterization techniques and microhardness measurements.

Nai and Gupta (2002) in their work studied the effects of different stirrer
geometries on the synthesis of Al/SiC functionally gradient materials (FGMs) by the
gradient slurry disintegration and deposition process. Kieback and coworkers (2003) after
an overview of the different processing techniques concluded that the processing of FGMs
in the laboratory scales has reached a considerable level of maturity and a range of
processing methods is available today for almost any material combination. The choice of
the most appropriate processing methods depends not only on the materials involved but
also on the type of extension of the gradient and geometry of the required component.
Despite all ihese achievements they believe that there will be new challenges in the future
when applications for FGMs will evolve. These include,

a) Adaptation of the manufacturing processes to the mass prdduction and

upscaling. - |

b) Repeatability of production processes and reliability of the produced FGMs.

¢) Cost effectiveness of production processes.

d) Quality control.

Although the centrifugal method has the advantage of possible application to mass

production, accurately controlling and understanding the distribution of particles remains
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difficult. Various processing parameters such as crucible furnace temperature, mold
heating furnace temperature and velocity of mold rotation significantly influence the
composition gradient in FGM. With a similar principle of centrifugal casting technique,
Sivakumar and coworkers (2003) developed a new technique named as centrifugal
molding technique. In their work they processed and characterized continuous
microstructural graded hollow cylinders using centrifugal molding technique.

Mukherjee and Bandyopadhyay (1995), using mechanical smearing and hot
isostatic pressing routes, made FesAl-4 vol% Al,O; composite, with very fine size Al;O3
particles. They produced compacts with density close to the theoretical density. Vickers'
microhardness values of 390 and 500 HV have been achieved for the Fe;Al and Fe;Al-
Al O3 materials respectively, indicating a strengthening of thé matrix in the composite.
Scanning electron microscopy and energy-dispersive X-ray analysis studies confirmed the
presence of Al,O3 as a smeared coating on the Fe3Al in the composite, and from ultra-
microindentation studies the cdating thickness was ascertained to be between 0.6 and
1 um. They observed that the materials exhibited very high mechanical properties, and in
particular, the composite compact appeared to possess 50% more strength than, and the
same modulus of elasticity as, ultra high strength steels. They observed a functionally
graded zone, 0.6-1.0 pm in thickness with hardness varying from 9 GPa at the boundaries
to 6 GPa in the interior (Mukherjee and Bandyopadhyay, 1997).

2.2.3 Applications of FGMs
The concept of FGM was developed in the 1990s. The practical use of FGMs is

still very limited. There are, however, a few examples of early applications of materials
that are FGMs by definition. In the 1960s itself, glass/metal joints with a gradient in
thermal expansion coefficient were used to reduce thermal stresses at the interface of the
two materials, thus preventing failure of the joint. Glasses with graded refractive index
were developed in the early 1970s and were probably the first materials in which a very
specific and precise gradation profile was essential for application. A circular plate with a
gradient in refractive index can act as a miniature focusing lens with no spherical
aberration. Glass rods with a radial index gradient drawn to a fiber are used in wideband
optical fiber cables. Another well-established application of FGMs is in polymer skin

foams with a dense surface layer and an increasing porosity towards the interior. These
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foams can provide high impact strength at low weight in applications such as instrument
panels.

All the materials mentioned above are graded glasses or polymers, which are
comparatively easy to manufacture. Gradient composite materials consisting of
components with widely different properties, i.e., graded ceramic/metal composites, have
been manufactured only since the 1990s and tests of graded components from such
materials in a real environment are still a rarity. Therefore, they are not being used widely

in commercial products. A few promising examples of FGMs for structural applications

are given below.

~ 2.2.3.1 Wear protection
The wear resistance of tools can be substantially increased by a hard surface layer

in a compressive stress state (Lin and coworkers, 1998). However, if the coating is under
compressiVe -stress the risk of delamination is considerable for many mat;:rial '
combinations. However in a WC/Co FGM with a gradual variation in cobalt binder
contents from the surface to the interior this risk of delamination can be overcome

(Neubrand, 2001).

2.2.3.2 Thermal protection systems

One of the earliest applications of the FGM concept was the thermal protection of
space vehicles (Neubrand, 2001). A SiC/C FGM nose cone for a space plane was
developed at the Japanese National Aerospace Laboratory. A nose cone with a SiC
protection layer on a SiC/C composite exposed to 'a supersonic gas flow at 1900°C
deteriorated after the first thermal cycle. In contrast, a nose cone with an additional graded

SiC/C interlayer did not show any deterioration even after 10 cycles (Sbhda and

coworkers, 1993).

2.2.3.3 Medical implants |
It is generally acknowledged that a porous surface of a bioactive material such as

hydroxyapatite is ideal for rapid bone ingrowths and good mechanical bonding in
prosthetic devices. However, for the sake of mechanical stability it is often necessary to
use metals as load-carrying materials in implants. As a result, titanium coated with

hydroxyapatite is used as an implant material. The adhesion of hydroxyapatite on titanium
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is only moderate and failure of the interface may occur after implaniation. However, it has
been demonstrated that the bqnding of certain glasses to titanium is very strong. Therefore,
a coating of glass on a Ti-6Al-4V substrate possessing an increasing volume ffai::tion of
hydroxyapatite and pores close to its outer surface is an excellent material for cementless

artificial joints and dental implants (Neubrand, 2001).

2.2.4 Properties of FGMs

For an FGM component to be commercially viable, the prerequisite is an absence
of suitable homogenous materials or composite to be able to provide necessary level of
properties for demanding applications (aviation, spacecraft, electronics, tools, etc.). Such
an issue eventually has given an impetus to the FGM development, looking for a superior
stress relaxation, oxidation resistance, wear and thermal shock resistance as well as
fracture toughness properties for spacecraft, gas turbines and otherv applications.
Functionally graded materials are developed for specific requirements. Properly designed
property gradients in these materials lead to a performance that cannot be achieved with a
homogeneous material or by the joining of two different materials. The gradient can thus
be regarded as an additional material design parameter which may be adapted and
optimized to meet the requirements of a* particular application.

Most of the theoretical researches on FGMs have been devoted to their
macroscopic mechanical and thermal behaviour and there has been considerable progress
in understanding the effects of gradients on the stress distribution within such materials. A
gradation of the elastic modulus and/or of the thefmal expansiori coefficient changes the
stress distribution in a component when it is loaded mechanically or thermally. FGMs are
a new generation of engineered materials wherein the microstructural details are spatially
varied through non-uniform distribution of the reinforcement phase(s). It is accomplished
by using reinforcement with different properties, sizes and shapes, as well as by
interchanging the roles of reinforcement and matrix phases in a continuous manner. The
result is a microstructure that produces continuously ot discretely changing thermal and
mechanical properties at the macroscopic or continuum scale. This new concept of
engineering the material’s microstructure marks the beginning of a revolution both in the
materials science and mechanics of materials areas as it allows one, for the first time, to
fully integrate the material and structural considerations into the final design of structural

components.
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Castro and coworkers (2002) in their work investigated the microstructure and
mechanical behaviour including tensile and fracture properties of a functionally gradient
Al(A359)/8iC, composite processed by centrifugal casting. The particle volume fraction
and, therefore, elasticity modulus was gradually changed in a continuous manner along a
certain direction by using centrifugal casting method. The effect of SiC particulafe
reinforcement on strengthening of A359, Al alloy was experimentally studied by tensile
testing with specimens having different SiC contents. There was a continuous increase in
tensile and yield strength with increasing SiC volume fractions in the range of 0.20-0.30.

Butcher and coworkers (1999) in their work prepared a functionally graded
particulate composite material and measured the spatial gradation of the Young’s modulus
in the functionally graded material. The optical measurements were used to extract
fracture parameters based on the prevailing understanding of the crack tip behaviour in
FGMs. The results were also compared with finite element computations, which
incorporated measured - elastic properties of the FGM. Rooney and Ferrari (2001)
examined the tension, bending and flexure of cylinders with functionally graded cross
section. They demonstrated that, as the elastic moduli were convex functions of the
volume fractions, the effective Young’s modulus in simple tension reached its minimum
for the homogeneous distribution of the phase. Sankar (2001) in his work obtained an
elasticity solution for a functionally graded beam subjected to transverse loads. The
Young’s modulus of the beam was assumed to vary expdnentially through the thickness,
and the Poisson’s ratio was held constant. |

FGMs were originally devéloped for super heat resistant applications, such as the
outer wall and the engine parts of the future space-planes. Conventional super heat
resistant materials, such as those found in the exterior of space shuttles, consist of heat
resistant ceramic tiles bonded to metal structures. Because_of the difference of thermal
eXpansion c0efﬁcients, thermal stresses are induced at the contact surface between the
ceramic and the metal, when there are temperature gradients. Such thermal stresses cause
the ceramic tiles to peel off or crack. Many composite materials also have the same
problem at the molecular level.

Functionally graded materials are ideal candidates for applications invoiving
severe thermal gradients, ranging from thermal structures in advanced aircraft and

aerospace engines to computer circuit boards. In one such application, a ceramic-rich
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region of a functionally graded composite is exposed to hot temperature while a metal-rich
region is exposed to cold temperature, with a gradual microstructural transition in the
direction of the temperature gradient. By adjusting the microstructural transition
appropriately, optimum temperature, deformation and stress distributions can be realized.
Thus the thermally induced interlaminar stresses which result from a large property
mismatch between the adjacent plies can be reduced by using functionally graded
materials. Along the similar lines, joining of dissimilar materials can be made more
efficient through the use of functionally graded joints.

Fuchiyama and Noda (1995) developed computer programs for thermal stress
analysis of FGMs by Finite Element Method (FEM). These programs can automatically
calculate material properties of FGM by using rules of mixture. They have shown that the
temperature dependence of material properties has great influence on thermal stress. They
have “found that the optimization of the material distribution of FGM can reduce the
maximum thermal stress. Under the conditions of their study, the maximum stress is
lowest when the volumetric ratio is distributed linearly. Ravichandran (1995) presented a
one-dimensional calculation of thermal residual stresses, arising from the fabrication of a
functionally graded material (FGM) system. His FGM system consists of ceramic (Al,O3)
and metal (Ni) phases varying with distance in one direction. Sevéral functional forms of
gradation of constituents were examined to arrive at the optimum profile ‘giving ‘the -
minimum residual stress level. A linear variation in composition from fully ceramic to
fully metal showed the least residual stress. Residual stresses were found to increase when
fully ceramic and/or fully metal regions are included in the s'tructure, adjoining the graded
zone. Nemat-Alla (2003) iﬁtroduced a two-dimensional functionally graded material,
2D-FGM, to withstand super high temperatures and to give reduction in thermal stresses.
He compared 2D-FGM and conventional FGM and showed that 2D-FGM has high

capability to reduce thermal stresses than the conventional FGM.

2.2.5 Modelling Techniques for FGMs

Various mechanics models are available in the literature to predict the material
properties of FGM. From the continuum mechanics point of view FGMs might be viewed
as nonhomogeneous materials whose properties like Young’s modulus, Poisson’s ratio,

mass density, yield stress and tangent modulus are functions of spatial position. The
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material properties of an FGM, such as Young’s modulus and Poisson’s ratio, most often
are evaluated from properties of the constituent materials using micromechanics models
. (Paulino and coworkers, 2003). Conventional composite models generally apply when the
volume fraction of one constituerrt in the FGM remains much smaller than that of the other
(Nemat and Hori, '1 993). However, the validity of such models cannot be assured over the
entire range of material volume fractions; they rely on the spatial uniformity of constituent
distributions and microstructure of the composite. The main feature of FGMs lies in the
nonuniform microstructure with continuous change in volume fractions. In fact widely
accepted micromechanics models of FGMs remain largely unavailable.

Dvorak and Zuiker (1994) and Reiter and Dvorak (1998) have indicated that,
among various micromechanics models for conventional composite materials, Mori-
Tanaka and self-consistent models may be used to estimate the effective properties of
graded matenals with reasonable accuracy. However, a theoretical basis for such
applications remains unclear because the concept of a representative volume element
cannot be unique for FGMs in the presence of continuously graded propertles To
overcome this limitation of standard micromechanics models in FGM applications,
Aboudi and coworkers (1999) develeped a higher-order micromechanical theory. The
fundamental framework of the higher-order theory relies upon volumetric averaging 95 the
various quantities, satisfaction of the field equations in a volumetric sense and impoéition
in an average sense of boundary and interfacial conditions between the sub volumes to
characterize the graded microstructures. Yin and coworkers (2004) developed a
micromechanics based elastic model for two-phase functionally graded- materials with
locally pair-wise interactions between particles. Somel of the mathematical models

developed for composite materials which may be used for FGMs are discussed in the

following sections.

2.2.5.1 Micromechanics models

2.2.5.1.1 Self-consistent model
~ The self-consistent model was first proposed to estimate the elastic properties of

polycrystalline materials which are, in fact, just one phase media (Paulino and coworkers,

12003). When applying the self-consistent method to a two-phase composite, the shear and
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‘bulk'moduli  and K of the composite have the following forms (Hill, 1965)
0 z v,

_ N @2.7)
K+@/3)p K +@/3)p  K,+@/3)u

( Nk, VoK, }5( ity | Vol )+2=o 2.8)
Ki+(4/3)u  K,+(4/3)u K=l H—H

where, V; and V; are the volume fractions of phase 1 and phase 2, respectively, 4 and
4, are the shear moduli of phase 1 and phase 2, respectively, and X; and K; are the bulk

moduli of phase 1 and phase 2, respectively. Once the above nonlinear equations are

solved for 4 and K, Young’s modulus F and Poisson’s ratio v of the composite are then

determined from the following elasticity relations

gk |, _3K-2n (2.92, b)
1+3K 2(u+3K)

2.2.5.1.2 Mori-Tanaka model

Like the self-consistent method, the Mori—-Tanaka method also uses the average
local stress and strain fields in the constituents of a composite to estimate the effective
material properties of the composite. The Mori-Tanaka method (Mori and Tanaka, 1973),
however, involves rather complicated manipulations of the field variables along with the
concepts of Eigen strain, back stress, etc. Later, Benveniste (1987) provided a more direct
and simplified derivation of the Mori-Tanaka method. The Mori-Tanaka estimates of the
effective shear and bulk moduli # and K of a two-phase composite with spherical inclusion

were derived by Benveniste (1987) as follows

-1
. H OK +8u) '
=1 +Vs (1o — 14V, (u, — 2.10
H=H, 2(/{2 ,Ul)’f 1 (4, #1)[/‘1"‘ 6(K, +2_ﬂ1) | ( )
K-k
K=K, +V, (K, ~K){1+V, | —2_21 2.11
1 2( 2 1){ I[Kl+(4/3),UIJ} ( l )

Once the above equations are evaluated for 4 and K, Young’s modulus E and

Poissori’s ratio v are obtained by Eq. 2.9(a, b).
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2.2.5.1.3 Tamura-Tomota~0Ozawa model

| Based on a rule of mixtures, Tamura and coworkers (1973) proposed a simple
model (Tamura—Tomota-Ozawa (TTO) model) to describe the stress—strain curves of
composite materials. Their model has been employed to study FGMs by Williamson and
coworkers (1993), Giannakopoulos and coworkers (1995), and Carpenter and coworkers
(1999). The TTO model couples the uniaxial stress (o) and strain (¢) of the composite to

the corresponding average uniaxial stresses and strains of the two constituent materials by
G=I/|C"I+V20'2, ‘8=Vlﬁ‘l+V282 (2]23, b)

‘where, o, and g, (i =1, 2) are the average stresses and strains of the constituent phases,

respectively, and ¥; (i = 1, 2) are the volume fractions. The TTO model introduces an
additional parameter, g, to represent the ratio of stress -to- strain transfer

g=2"22 g<q<o | (2.13)

€1—8&

q = 0 and q — o correspond to property averaging with equal stress and equal strain,

respectively. Young’s modulus of the composite may be obtained from the above

equations as

i

i

-1
~ E
E =[V2E2 a+£ +(1—V2)E,Jx[V2 chd +(1—V2)} 2.14)
q+E q '

2 “2

where, E, (i = 1, 2) are Young’s moduli of the basic constituent phases. For applications

of the TTO model to ceramic/metal (brittle/ductile) composites, the yield stress of the

composite, oy, is given by

E,)E ‘
oy (Vy)=0y, [Vz +g—j§%§(l —Vz)] (2.15)

where, oy, is the yield stress of the metal (phase 2). Idealization of the metal as a bilinear
~material with a tangent modulus H, leads to a bilinear composite with the following

tangent modulus A

34



g+E

H=[V2H2 9+£,
qg+H

+(1-V,)E V.
( 2) I}X[Zq_’_H

-1
+(1-V, )] (2.16)

2 2

When the metal follows a power-law relation with an exponent »;, the following

nonlinear equations determine the stress—strain curve for the composite

n2
& _VE 02+(q+V2E1)EUy2[‘72] 2.17)
gy q+E oy (g+E)E, oy \oy,
n2
o _Ve+E o VqE axz(az)_ (2.18)
Oy q+E1 Oy2 (q+El)E2 Oy \Or2

o o : . :
where, £, =—2 and &y =?Y denote the yield strains of the metal and the composite,
2

respéZtively. The constant q in the TTO model governs the interaction of the constituents
in an FGM. In applications, ¢ may be approximately determined by experimental

calibration.

2.2.5.1.4 Hashim-Shtrikman bounds

‘Effective properties of a composite material are estimated from micromechanics
models such as the self-consistent and Mori— Tanaka models discussed -above. It is
important to provide bounds for these material properties. For a two-phase composite
material, Hashim and Shtrikman (1963) derived the following bounds for the effective

shear and bulk moduli

. -1
. 1 6(K, +21 V,
/4 =,U1+V2{ 2 M)‘} (2.19)
Ha—py S (K, +4u) '
-1
. 1 6(K,+2u,)V:
I =#2+V.{ + 2K T 200) 2} (2.20)
=y (K, +4u,) '
| 1 wo ™
K,"=K, +V. + L ‘ 2.21
kil <3K1+4y,>} -
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K,"=K,+V, + 2 222
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where, * and K;* are the lower bounds, and py* and K,* are the upper bounds of the

shear and bulk moduli, respectively, when K, > K|, u, > y4,.

2.2.5.2 Aboudi’s higher order theory for FGMs

Presently, most computational strategies for the response of FGMs do not
explicitly couple the material’s heterogeneous microstructure with the structural global
analysis. Rather, local effective or mécroscop_ic properties at a given point within the FGM
are first obtained through homogenizatior_i based on a chosen microniechanics scheme, and
subsequently used in a global thermomechanical analysis. In this approach, the local
micromechanical analysis is carried out in an independent fashion from the global
.macro'mechanical analysis, essentially decoupling the influence of the surrounél’ing
spatially inhomogeneous. microstructure on the local response of the equiveilent
(homogenized) continuum ;;oint. The exclusion of the possibility of coupling between
local and global effects often leads to potentially erroneous results. Perhaps the most
important objection o using the standard micromechanics approach based on the concept
of a representative volume element (RVE\) in the analysis of FGMs is the lack'-ffdf a
theoretical basis for the definition of an RVE, which clearly cannot be unique in the
presence of continuously changing properties due to non-uniform inclusion spacing.

As a result of the limitation of the standard micromechanics approéches in FGM
applications, a new higher-order micromechanical theory (HOTFGM), which explicitly
| couples the local (microstructural) and global (macrostructural) effects, has beer
developed and applied to functionally graded composites by Aboudi and coworkers
(1999). The theoretical fralneWOrk is based on volumetric averaging of the various fielc
quantities, satisfaction of the field equations in a volumetric sense, and imposition in ar
| average sense of the boundary and interfacial conditions between the sub volumes used tc
characterize the composite’s functionally graded microstructure. The need fo
development of such a theory has been demonstrated by comparison with results obtainec

using a standard micromechanics approach that neglects the micro-macrostructura

coupling effects.
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2.2.5.3 Finite element models for FGMs

In the recent past, few investigators have proposed numerical analysis approaches
for behaviour prediction of FGMs, utilizing finite element dicretized models. Reiter and
coworkers (1997) presented a discréte micromechanics model in which each inclusion is
replaced with a planer hexagonal cell and carried out the comparative numerical
experiments. Grujicic and Zhang (1998) proposed a numerical analysis technique for
determining the accurate effective microstructure dependent elastic properties, by utilizing
the Voroni cell finite element method. Cho and Ha (2001) numerically compared the
elastic and thermoelastic predictions by three representative averaging approaches, the
linear and modified rule of mixture and the Wakashima—TsukamQto estimate (Wakashima

and Tsukamoto, 1991), with those predicted by finite—element discretized models

employing rectangular cells.

2.3 *SCOPE OF THE PRESENT WORK
After going through the literature available on the Particle Reinforced Metal

Matrix Composites (PMMCs) and Functionally Graded Materials (FGMSs) in detail, it was
found that although a number of mathematical and finite element models are available for
estimating the properties of PMMCs and FGMS, there is further need to concentrate on the
following points:

1. The simplest models available for the elastic properties of composites are Rules
of Mixture, Halpin-Tsai equations, Hashim Shtrikman bounds etc. These
models estimate the upper and lower bounds for the modulus of elasticity,
modulus of rigidity and Poisson’s ratio. The Finiie Element Method (FEM)
Models available for estimating the elastics properties are mostly based on the
unit cell. In the unit cell models the composite is modelled as a unit cell or
periodic array of identical unit cells, each containing a reinforcement particle,
dimensioned to represent the overall reinforcement volume fraction. In practice
however particulate reinforced metal matrix cefnposites have highly
heterogeneous microstructures and there is a need to evolve models with better
particle distribution.

2. Porosity or voids are inevitable features of composites processed through either

solidification or powder metallurgy routes. There are attempts to understand
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the effect of porosity on the deformation behaviour of composite
experimentally in terms of the broad parameter of volume fraction but there is
no effort to incorporate porosity in the model of composite. Further, there is no
understanding of the effect of size, shape and orientation of pores on the
mechanical properties apart from the broad understanding of shape of voids
and stress concentration through models of infinite solids.

. Although the properties of FGMs are being investigated experimentally as well
as by the modelling techniques, the estimation of local as well as global
properties of FGMs is still a challenge. A reliable estimation of elastic as well
as nonlinear properties of FGMs is irﬁportant to make these materials
acceptable for industrial use. FGMs have also been modelled in the past using
the unit cell models like the uniform compo_site models. The modelling
strategies followed so far, often do not explicitly couple the heterogeneous
,m‘icrostructure with the structural global analysis. The exclusion of coupling
between local and global effects often leads to potentially erroneous results.

. FGMs were originally conceived for super heat resistant applications, such as
the outer wall and the engine parts of the future spacecrafts. Conventional
super heat resistant materials, such as those found in the exterior of ;pace
shuttles, consist of heat resistant ceramic tiles bonded to metal structures. In
view of this it is felt that a model which is capable of estimating thermal stress

distribution inside the FGM should be investigated.

In view of the gaps identified, the scope of the present work was framed in terms of

two distinct steps.
In the first step a simple and practical modelling technique has been developed. It

was decided to go for a model which is capable of describing the heterogeneous
microstructure of PMMCs. The model has the flexibility to distribute a given volume

fraction of particles of different shapes and sizes, randomly in the matrix. The model is

also capable of determining the elastic as well as nonlinear deformation behaviour of

composites under uniaxial loading based on the mechanical behaviour of the constituent

materials. The model has the facility to incorporate porosities of different shapes, sizes and

volume fraction along with particles and distribute them in the matrix randomly and study

their effect on the mechanical properties.
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~ With the help of present modelling method, particles may be distributed uniformly
or following some gradation in volume fraction. The modelling technique remains the
same for both the uniform composites and FGMs and is capable of estimating the elastic
as well as the nonlinear deformation behaviour of FGMs with tailored variation of particle
concentration in one or both the directions for a given average particle content. The
modelling technique has the flexibility to design the grédation of particles inside the
model. The model is capable of estimating the local as well as the global properties of
functionally graded materials with or without porosity. The functionally graded materials
find applications in space vehicles as a heat resistant material. In view of this, the model
has been so developed as to be able to determine the temperature distribution and thermal
stresses within the same framework. '

In the present work Al/AL,O; based functionally graded solid cylindrical ingots
have-been synthesized and its particle distribution has been determined under scanning
electroh and optical microscope. The particle distributions at different heights of cast FGM
ingot have been used as input to the model to determine its elastic and nonlinear
deformation behaviour. The hardness distributions at different height have been compared -

with the local yield stresses determined from the model.
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CHAPTER -3

EXPERIMENTAL PROCEDURE

This chapter describes the experimental procedures used in the present work with

respect to synthesis and characterization of FGM ingots obtained in the present study.

3.1  COMPOSITION AND CHARACTERISTICS OF STARTING MATERIALS

3.1.1 Aluminium

In the present work, commercially pure aluminium (> 99.6 wt. % Al) has been
used as the primary constituent of the matrix of the gradient material to be developed due
to its (a) low density, (b) low melting point, (c) reasonably high thermal conductivit};,;
(d) good processing flexibility, () easy availability, (f) low cost, (g) high toughness andi:—
(h) good malleabi!ity. It is silver white in colour. The melting Soint of this is 660 °C and
specific gravity is 2.7 gem™. Table 3.1 shows the chemical composition of aluminium

ingots used for present work.

Table 3.1 Chemical composition of aluminium and magnesium ingots used for present

work

Chemical composition, wt%
Si Fe Zn Cr Ni Mn Cu Mg Al
Allngot | 0.091 | 0.202 | 0.102 | 0.002 | 0.006 | 0.000 | 0.001 | 0.001 | Bal.
Mg Ingot | 0.007 | 0.021 | 0.003 | 0.000 | 0.002 { 0.001 | 0.018 | Bal. | 0.025

Material

3.12 Alumina

In aluminium base composites, alumina has been found to be suitable as
reinforcement material since both these materials are physically and chemically
compatible at projected service temperature of the resultant composite. High wear

resistance, chemical inertness, high strength and availability at reasonable price were the
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additional properties, leading to its choice as reinforcement material. LR grade alumina
particles of an average size of 50 pm, having melting point 2100°C and density. 3.9 gem”
are used for this work. These particles are approximately round in shape as shown in

Fig. 3.1.

3.1.3 Magnesium |

Magnesium is used as a surface active agent to promote wetting of alumina by
molten aluminium during processing (Pai and coworkers, 1976). The molten aluminium is
alloyed by addition of required amount of magnesium (Mg), which is chosen as an
alloying element for its significant role in promoting wetting between the molten alloy and
the alumina particles in order to retain the particles inside the melt. The presence of
magnesium is well known to enhance the wettability of alumina particles in molten
aluxﬁ%ium due to a limited chemical reaction at the particle-alloy interface. Magnesium
use(i:‘iin this work is cut into small pieces from the cast ingot of silvery white colour.

Table 3.1 shows the chemical composition of magnesium ingots used for present work.

3.2 COMPOSITION OF SYNTHESIZED FGM INGOTS

.. Al-AlbOs based functionally graded cylindrical ingots were synthesized for three
different compositions. These- were designated as 10AI/ALOs 15A1/A1203 and
20Al/AL;Os3. The first two digits in the designation indicate the nominal AlO; weight
percentage added during melt processing of the FGM ingots. The amount of magnesium
lump used for FGM ingot preparation was about 5 weight percentage of aluminium used.

Table 3.2 gives the nominal weight of the constituents used.

Table 3.2 Nominal composition of cast ingots

' Constituents (in gm)
Designation
Aluminium Alumina Magnesium
10AVALLO; 1000 100 50
15A1/ALO; 1000 150 50
20A1/ALO; 1000 200 50
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Fig. 3.1 Photomicrograph showing the alumina particles used in this invest‘igatioﬁ,

magnification 100X.
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33 CONSTRUCTION OF MECHANISM FOR ROTATING MOLD

In order to apply the centrifugal force to the hot melt-particle slurry, a set-up for
rotating mold was constructed. As the intention was to construct a robuét, safe and
economical set-up for the fabrication of FGM, the construction of the set-up was made
with the help of easily available components. Fig. 3.2 shows the schematic of the set-up
which consists of a table on which the mold was mounted with the help of a holding
mechanism. An induction motor was connécted with the reduction gear unit using a
flexible coupling. This motor and gear unit was firmly clamped on a wooden platform at
the base of the steel frame structure. A pulley of diameter 24 cm was attached to the
output shaft of the reduction gear unit, which was connected to the second pulley. of
diameter 6 cm, attached to one end of the horizontal shaft mounted at the top of the table.
The horizontal shaft was 40 cm long and of 3 cm diameter. This shaft was used to transmit
power from the second pulley to the vertical shaft attached to the mold holder. The
horizontal shaft was well supported by two bearings mounted on mild steel stands. A bevel
gear unit was used to transmit rotational motion from horizontal shaft to the vertical shaft
driving the rotating platform. Vertical shaft was well supported by taper roller bearings. A
circular platform having diameter 14 cm, attached to the upper part of the shaft was having

a holding mechanism for mounting cylindrical molds of different diameters.

3.4 SET-UP FOR PREPARING METAL CERAMIC SLURRY

The furnace set up for preparing melt-particle slurry consists of a melting unit and
a stirring arrangement. The melting unit is a resistance heating vertical muffle furnace
constructed by winding 18 SWG kanthal Wire over a muffle of 125x125x260 mm” size,
with a total resistance of 30 ohms. The electrical connection to the furnace has been given
from an auto-transformer to control power input to the furnace. A chromel/alumel
therinocouple connected to a temperature controller having a range of 0-1200°C and a
control accuracy of +5°C has been placed close to the muffle wall to control the
temperature of the furnace at the desired level. A stirrer driven by 1 HP motor having a
maximum rated speed of 4000 rpm has been used for stirring the melt. The motor is held
rigidly over the furnace with the help of a gripping arrangement fixed with the steel frame
structure of the set-up. The stirrer is having an impeller with four blades machined out

from a 3 mm thick mild steel sheet, fastened at one end of the stirrer shaft. This impeller is
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used for stirring the melt. Fig. 3.3 shows the schematic of furnace for preparing melt

particle slurry.

3.5 PROCEDURE FOR SYNTHESIS OF FGM INGOTS

The ingots of commercially pure aluminium alloy (>99.6 wt % Al) were cut into
small pieces (weighing nearly 100 gm) and cleaned by pure water to remove any surface
impurities prior to usage. About 1000 gm of cleaned pieces of aluminium were melted in a
cylindrical graphite crucible machined from a graphite block. The inner diameter of the
crucible was 8 cm and height was 15 cm. This crucible was placed in the furnace of the
set-up shown schematically in Fig. 3.3. The temperature of the melt was continuously
measured with the help of a chromel/alumel thermocouple having a protective covering,
placed inside the melt at a depth of 15-20 mm from the top surface. The temperature of the
melt was observed contihuouslyf The temperature was read out directly in centigrade scale
ona potentiometér calibrated fof measuring temperature.

When the temperature of the melt reached 850°C, 50 gm of magnesium lump
covered in an aluminium foil was added to the melt. The stirrer was then introduced into
the melt. The stirrer was always kept at the centre of the melt surface. The speed of the
stirrer was maintained approximately at 400 rpm. A strobometer was used to measure the
stirring speed. The alumina particles preheated to 200°C, were added to the melt. The
particles were added at the rate of 2.0-2.5 gm/s with the help of a long narrow steel pipe to
form slurry. The melt was continuously stirred during the addition of the particles. The
stirring was continued for 5 minutes after the addition of the particles to the melt. The
stirring speed was maintained at 400 rpm by regulating the power input to the motor of the
stirrer through an auto transformer. Table 3.3 shows the processing conditions used during
preparation of melt-particle slurry. _

- During the mixing of metal melt and particles, the temperature of the melt was
maintained approximately at 850°C. After vmixing propeﬂy, the cylindrical graphite
crucible was removed from the furnace and was immediately mounted on the rotating
platform shown in Fig. 3.2, with the axis of the cylindrical crucible coinciding witﬁ the
axis of rotation. The time taken for taking the crucible from the furnace to mounting it on

the rotating platform was approximately 10 seconds.
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After mounting the crucible properly at the middle of the rotating platform, the
- motor driving the rotating platform was switched on. It was taking approximately
5 seconds to achieve maximum angular acceleration. The mold was rotated at the speed of
300 rpm. This rotation was continued till the solidification is completed. The different
centrifugal forces acting on the particles and the melt due to their different densities

resulted in a gradient in the distribution of alumina particles.

Table 3.3 Processing conditions during preparation of melt-particle slurry

Stirring speed | 400 rpm

Stirring temperature 850°C

Stirring time (prior to ALO; addition) 2 minutes
Stirring time (during and after Al,O5 addition) 15 minutes
Alumina preheat temperature (prior to mixing in melt) 200°C

Wt.% of Al,O3 in melt - 10 %, 15%, 20%
Wt. % of Mg in melt ‘ : 5 % of aluminium

3.6 METALLOGRAPHIC EXAMINATION

3.6.1 Metallographic preparation

The transverse and horizontal sections of cast ingots of FGM were prepared for
metallographic studies by following standard metallographic procedures. The specimens
were initially polished with various grades of emery papers ‘from coarse to fine grades,
mounted on rotating polishing wheels. The specimens were then polished using polishing

grade alumina powder on a blazer cloth mounted on a polishing wheel.

3.6.2 Optical Micrography
Microstructural characterization was carried out using an AXIOVERT 200 MAT

(ZEISS) optical microscope, on metallographically polished samples to investigate the

distribution of Al,O5 particles.
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3.6.3 Scanning Electron Micrography

Microstructural characterization of the metallographically polished specimens of
three FGM ingots was carried out using a LEO 435-25-20 scanning electron microscope
(SEM). The objective of SEM is aimed to investigate the distribution of alumina particles
at different positions across the section of cast cylindrical FGM ‘ingots and the interfacial

continuity between the aluminium matrix and alumina particles.

3.7 HARDNESS MEASUREMENT

Hardness measurements were conducted on the FGM samples using Vickers
Hardness Testing Machine. A diamond indenter with a face angle of 136° was used to
make indentation. To measure the hardness at a particular location a 5 kg load was
employed on the indenter for 10 seconds at a chosen location in the sample. The hardness
is prqgortional to the dimension of the impression made by the indenter at that particular
location. The surface of sample was carefuily polished before the hardness test to allow for
the correct measurements of the impression size. For each sample the indentations were
made at different radial locations between thé inner and the outer radius. At each location
three to five readings were taken in the close vicinity and the average of these values was
taken as the hardness at that particular loclz-:ation. The distance between the subsequent
indentations was kept at least two times the diameter of the indenter to facilitate free

development of the deformation zone under the indenter during indentation.
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CHAPTER - 4

‘MODELLING AND FORMULATION

4.1 INTRODUCTION

In order to make good use of materials in engineering structures, an understanding
of their deformation behaviour is required so as to predict their performance. For
composites, this means developing models which represent reasonably closely the known
‘experimental response of real composites to applied stresses and environmental
conditions. Theories for elastic behaviour of composites are well developed and
predictions of elastic response are often very satisfactory. Nonlinear behaviour of
c'omposites has also been extensively investigated by using unit cell models. In the unit
cell models, the composite is modelled as a unit cell or periddic array of identical unit
cells, each containing a reinforcement particle dimensioned to represent the overall
reinforcement volume fraction. However, particulate reinforced metal matrix composites
have highly heterogeneous microstructures. Particles are randomly distributed in the metal
matrix. Therefore, the periodic arrangement of particles in unit cell model does not
represent the arrangement of particles in composites. Few models are also available for
Functionally Graded Materials in the literature. These models are also either based on the
unit cell method or on periodic array of particles. Mathematical models available are
mostly very difficult to use. There is a need of a simple modelling scheme for uniform
composites as well as for Functionally Graded Materials (FGMs) which can predict their
mechanical and thermal behaviour quite accurately taking into account the random

distribution of particles.

42 FEM FORMULATION
Composites are two or more phase materials. In the present work, two phase

composites are considered. Finite Element Method (FEM) has been used for modelling the
composites. In FEM the whole continuum is divided into an assemblage of a large number
of finite elements. In the present work, Rayleigh-Ritz method based on the theory of

‘minimum potential energy.is used. Four-node isoparametric quadrilateral element is used
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in the present analysis as shown in Fig. 4.1. The local nodes are numbered as 1, 2,3

and 4 in a counterclockwise fashion as shown, and (x; y;) are the coordinates of

node i. The vector q=[g;,q5,.....0s qg]T denotes the element displacement- vector
[ul,v,,uz,vz,u3,v3,u4,v4]r. The displacement of an interior point P located at (x, y) is

represented as u = [u(x, y), v(x, »F.

A particular element in global Cartesian coordinate system is mapped in to a
master element (Fig. 4.2) in natural coordinate system (¢ 7). This master element is square
in shape and has vertices (-1, -1), (1, -1), (1, 1), (-1, 1) in natural coordinate system. The
shape functions N; (¢ n) where i =1, 2, 3, 4 are defined such that N; is equal to unity at

node i and is zero at other nodes. The shape functions can be written as

~

N = 3 0-9(-n)

Ny = 71+ =)
t (4.1)

o
Il

-}(1+¢) 1+17)

Ny = %(1—5)(”77)

J

Now, the displacement field within the element in terms of the nodal values ‘is
expressed. Thus, if u = [, v]" represents the displacement components of a point located

at (€, n), and q, dimension (8 x 1), is the element displacement vector, then

u=Nq +Nyg; + N3gs + Nyq, } : (4 2a,b)
v=Ng; + Nygy + N3gs + Nygq ' ;

This can be written in matrix form as

u=Ngq o | (4.3)

NN 0 N, 0 Ny 0 N, 0
1 2 3 4 ] (44)

where, N =
[ON,0N20N3ON4

In the isoparametric formulation, the same shape functions N is used to express the

coordinates of a point within the element in terms of natural coordinates.
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Fig. 4.2 The quadrilateral element in  n space.
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Thus
Yy=Niy+Nayyy + Nayy + Ny,

Using the chain rule of differentiation, one can have

a_u= 8u6x+au6y
o0& ox of oy of
Ou _Oudx Oudy

—

+
on ox 0n Oy on

Ou ou
O _ ¢ )ox
on oy

where, J is Jacobian matrix given as

@
o
Y
on

T
2R

Jacobian matrix J may be written as

J

(I 12]
_‘]ZI J22

Equation 4.7 can be inverted as

f@‘ @

ox | _ g1 JOE

*a_uL e

3 on

(u) ou
or lox | 1 Jn  =Ju o0&

oul  detd |-J, Iy ou

) on
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(4.5a, b)

(4.6, b)

4.7)

(4.8)

_ 1 [-(-mx + (= mxy +(1+ m)xy —(1+ 1), (1- )y +(1= My, +(1+ n)ya-(l+n)y4J
16 = (1+ Hxy +(1+ Oxy+(1= Oxg (- =1+ Oy, +(1+ Oy +(1= )y

(4.9a, b)

(4.10)

(4.11a)



Similarfy,

o »
B 1 Jo —Jn| |o£ _

T e 4.11b
Qx detJ ["Jn "Jn} ﬁ ( )
%y on

These expressions are used in the derivation of the element stiffness matrix. An additional

result used for area integration is
dx dy = detd d¢ dn 4.12)

The stiffness matrix for the quadrilateral element can be derived from the strain

energy stored in an element, given by

= %cTst' (4.13)

6 £dA (4.14)

N | —

or UF =t, I

where, ¢, is the thickness of the element. The strain-displacement relations are

(

} 4.15)

SAREC I

£z ou Ov

\a')} ava

Equations 4.11 (a, b) and 4.15 yield

(0]
7
o
e=A {97 | 4.16)
> | .

o¢
Py

(67
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where, A is given as

Jn -Jn2 0 0
0 0 —-Ja Ju 4.17)
=Ja =Jn Jaz -=-Jn

A= —]
detJ

From Egs. 4.2(a, b)

(o)
o
Ou

197 = Gq | (4.18)

&
0
o

67}

where,

~(-7) 0 -y 0 (4 0 —(+p) 0
LI-0-9) 0 -a+&) 0 @+ 0 (-9 0 | g
oo -a-m 0 (a-m) 0 (+p 0  -(-p)

0 -(1-8€ 0 -+&s 0 d+&H 0 (-9

G:

Equations 4.16 and 4.18 now yield
€=Bq | | ] (4.20)
where, B=AG ‘ (4.21)

The strain in the element is expressed in terms of its nodal displacement. The stress
is given by
¢ =DBq - (4.22)

where, D is a (3 x 3) material matrix. For plane stress conditions D is given as

(4.23)

o

Il
S T
S = T
o ©

1-v
2

where, E is the Young’s modulus of elasticity and v is the Poisson’s ratio for the material.
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The strain energy as given in Eq. 4.14 may be expressed as

- % a" [ [ B'DBdetddidnq
= % Q'K gq

where, K=r, [ [ BDBdetJdzdy

is the element stiffness matrix of dimension (8 x 8).

The expression for the potential energy of an element may be written as

n°=U‘-'~f u' Tt dl

Le

where, L. is the boundary of the element, and

is the traction vector. Equation 4.26 may be expressed as

He:_;_ queq_q.T Fe

(4.24a)

(4.24b)

(4.25)

(4.26)

(4.27)

(4.28)

where, F¢ is the load matrix of the element. Using the Rayleigh-Ritz method, the potential

energy may be minimized and the resulting equation may be written as

keq:—'Fe

(4.29)

Using usual method of assembly, the element equation may be assembled into a global

matrix as

k] {a} = {F}
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43  APPLICATION OF FEM IN THE PRESENT PROBLEM USING ANSYS 5.4

) The FEM formulation discussed in the previous section has been applied in the
present problem using FEM tool ANSYS 5.4. The present analysis consists of two
materials with different properties; hence two different D matrices have been ‘used. In the
case of linear analysis, elements having different material properties deform linearly. The
stresses and strains of the elements are calculated according to the FEM formulation
discussed above with the help of ANSYS 5.4. In the case of nonlinear analysis matrix
material is elastic-perfectly plastic while the particles are linear elastic. As unloading is
not being considered in the present work, the similar methodology as used for linear
analysis is also used for the nonlinear analysis. In the case of nonlinear analysis the load is
applied in steps.AAfter each step the stresses and strains for all the elements are calculated.
If after a load step the stress in any element is observed to be beyond the elastic limit it
stops taking any further load.

Von Mises stress criterion is used for determining yielding in ductile matrix

material in the present.analysis. This yield criterion states that the von Mises stress o,

should be less than or equal to the uniaxial yield stress ¢, of the material. The criterion

may be put as
TS O, (4.31)
where, oo =12 -30)" (4.32)
I, and 7, are the first two invariants of the stress tensor.
For the state of plane stress
fj=0,+0,, (4.33)
L=0,0,-1,° (4.34)

For the modelling of particle reinforced composites a square domain of size

S mm x 5 mm under plane stress conditions has been considered. Particle size elements are
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generated in the whole model area with the help of ANSYS 5.4. In the present modelling
method, particles are randomly distributed inside the matrix material. It produces a
realistic distribution of particles in the composite. The objective of the present work is to
model functionally graded materials. However, in the first step, the present work is
concentrated on the modelling of uniform compbsites without and with porosity. The idea
behind this is to validate this model for the uniform composites by comparing the results
with the available results from existing models and experiments, and also to examine the
impact of porosity on uniform corhposites. From the literature review it is realized that
models of uniform composites based on realistic distribution of particles are rare. With the
help of random distribution of particles, a more realistic composite model can be achieved.

For distributing elements having properties gf the particle with random
distribution; all the elements in the model are assigned random numbers between zero and
one. ngr modelling a uniform cofnposite with given particle volume fraction, a random
number is generated for every element and if this number is lower than or equal to the
volume fraction desired, the element is assigned the particle material property. Remaining
elements are assigned the matrix material property. Ink this manner, the resulting model
mimics a uniform random distribution of particulate reinforcement corresponding to the
requirgd volume fraction of the composite. This assignment of material property to each.
element has been accomplished with the help of a FORTRAN program. In ANSYS,
different material numbers can be assigned to different elements. The particle distribution
can be observed in the matrix by assigning different colors to different ‘materials.
Randomly distributed pores may also be created with the help of the present modelling
scheme to establish the effect of porosity on the mechanical properties of the composites.
In the case of Functionally Graded Materials (FGMs) the randomness in particle
distribution as well as the variation in particle concentration is achieved with the help of a
FORTRAN program.

In the present work, particles are assigned the property of alumina and matrix
material is assigned the property of commercial aluminium. For linear analysis particles
and matrix are considered linear elastic with modulus of elasticity of 375 GPa and 75 GPa

respectively and Poisson’s ratios of 0.3 for both. For the nonlineair analysis the particles
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are still linear elastic but the matrix is considered elastic-perfectly plastic with yield stress
of 90 MPa. In the present work, plane42 elements are used for the structural analysis. For
the thermal analysis plane55 elements are used. It is assumed in the present work that the

particles are perfectly bonded to the matrix i.e. there is no debonding of the particles from

the matrix.

4.3.1 Modelling for Uniform Composites '

For modelling the uniform composite, a square area with an edge length 5 mm has
been considered. This area is meshed with four-node plane42 elements, with an edge
length of 50 um. Thus the whole model consists of 10000 elements with 50 um edge
length. Out of these elements, 10000* V; elements (¥ is the particle volume fraction in the
composite) are randomly selected from the list of elements. These selected elements are
assigned particle material properties and remaining elements are agsigned matrix material
properties. The particle property elements are randomly distributed over the whole matrix,
thus producing a realistic distribution of particles in particle reinforced metal matrix
composites. Uniform composite models with average particle contents varying from
0 vol% to 100 vol% with an interval of 10 vol% have been investigated. Eleven models of -
composites have been obtained in this way containing different amount of alumina
particles with average particle contents ranging from 0 to 100 vol%. Figure 4.3 shows a
uniform composite model with 10 vol% average particle content with particlé‘s randomly
distributed in the matrix.

The elastic modulus in the loading direction of y-axis is estimated for composites
with different average particle contents. To find the modulus of elasticity in the y-axis
direction, one end of the model is kept fixed. On the other end, a uniform displacement is
imposed. Figure 4.4 shows a model with uniform displacement loading in y-axis direction.
To find the global value of modulus of elasticity in y-axis direction for the model, the
average of the normal stresses and the normal strains in y-axis direction of all the elements

are obtained. The average normal stress o, in y-axis direction for the model may be

obtained as
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o, = ZU—” | | , (4.35)

»
= N
where, o, is the normal stress in y-axis direction for the i" element and  is the number

of elements in the model.
The average strain &,, in y-axis direction for the model is obtained as

nog
e =S im ' (4.36)

w -
i<t N

£, is the normal strain in y-axis direction for the i" element and # is the number

of elements in the model. The modulus of elasticity in y-axis direction for the model is

where,

obtained as the ratio of average stress and average strain for the model in y-axis direction

as

=22 o (4.37)

To estimate the nonlinear behaviour of the composite, one end of the model is kept
fixed as shown in Fig. 4.4 and on the other end of the model a uniform displacement load
is applied. This uniform displacement is applied in 20 equal steps. The average elemental
stresses and strains for each step for a given model of composite are plotted in graphical
fom{. This graph, thus, represents the nonlinear deformation behaviour of that particular ’v
model of composite. To find the yield stress of the metal matrix composite the crossover
method is used. In the crossover method, the stress at the point where the tangent of the
elastic line crosses the tangent of the plastic line is taken as the yield stress. The crossover
method provides a conservative value for the yield stress. |

Modulus of rigidity has also been estimated for the uniform composites. To
estimate the modulus of rigidity of a uniform composite, the model is subjected to a shear
load as shown in Fig. 4.5. The average of shear stresses and shear strains of all the
elements are obtained. The modulus of rigidity of the composite is calculated using the

following simple relation.

o, ‘
G =2 o (4.38)

£,
where, G is the modulus of rigidity for the composite, o, is the average of shear stresses

of all the elements and £,y 18 the average of shear strains of all the elements.
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Fig. 4.3 A schematic showing the model of a uniform composite with average particle
content of 10 vol%. Particles are randomly distributed over the area. Turquoise
colour shows aluminium matrix and dark lavender colour shows alumina
particles.
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Fig. 44 A schematic showing the loading of uniform composite model to find
mechanical properties in y-axis direction. Turquoise colour shows aluminium
matrix and dark lavender colour shows alumina particles.
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Fig. 4.5 A schematic showing the loading for estimation of modulus of rigidity of the
model of a uniform composite. Turquoise colour shows aluminium matrix and
dark lavender colour shows alumina particles.

61



For the application of the shear load as shown by arrows in Fig. 4.5, all the nodes
on the particular face are selected and are subjected to uniform shear load.

Uniform composites with different shapes and sizes of particles have also been
modelled. The effect of particle shape on the elastic modulus and yield stress of the
uniform composites is investigated. For this uniform composite model with 20 vol%
average particle content has been modelled. Four different shapes of particles havé been
investigated for linear and non linear analysis. These particles with different shapes are
designated as /*/, 1*4, 2*2 and 4*]. Particle type I *4 represents the particle made of four
neighbouring elements in y-axis direction. Particle type 4*/ represents the particle made
of four neighbouring elements in x-axis direction. Particle type 2*2 represents the four
neighbouring elements, two in x-axis direction and two in y-axis direction. For the
modelling of particles of shapes 7*4, 2*2 and 4*], first a uniform composite model has
been obtained with 5 vol% average particle content with particles of shape 7*/, distributed
randomly over the whole model. After this the neighbouring three other elements of a
particle property element are also assigned as particle property according to the final shape

of the particle required.

43.2 Modelling for Porosities

For the modelling of porosities in composites, the square area with an edge length
of 5 mm as previously considered is taken. This area is meshed with plane42, four node
elements with an edge length of SQ pum. Thus the whole model consists of 10000 elements.
Out of these elements 10000*V, (pr is the volume fraction of the porosity) are randomly
selected with the help of a FORTRAN program and are removed from the element list.
Again 10000(1-¥p)*V; elements are randomly selected from the list of the remaining
elements with the help of a FORTRAN program (Vyis the particle' volume fraction in the
composite) and are assigned particle property. The remaining elements are assigned the
matrix material property. The particle property elements are randomly distributed in the
matrix for the different models of compositeé with porosity.

A composite model with 10 vol% average particle content and 2.5 vol% average
porosity content is shown in Fig. 4.6. To find the modulus of elasticity in a patticular

direction the model is kept fixed at one end in that direction. The other end is subjected to
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uniform normal displacement. The modulus of elasticify in that diréction is obtained from
the relation of average elemental stress and strains in that direction as already discussed
for uniform composités. Models with 2.5, 5.0 and 7.5 vol% porosity contents are ebtained
containing different average particle contents. The nonlinear behaviour of the composite
models with porosity is found in a manner similar to the one adopted for uniform
composites without porosity. The yield stresses of the composites with three different
porosity contents, containing different average particle contents have been obtained.

Porosities of different shape and sizes have also been modelled in the present work
to find the effect of porosity type on the properties of composites as well as on the FGMs.
Four different types of pores (represented by 1*/, 1*4, 2*2 and 4*] in the present work)
have been investigated. Porosity type I */ represents the pore introduced by the removal of
1 element, [ *4 represents the pofe represented by removal of four adjacent elements in the
y-axis direction, 2*2 represents the pore introduced by the removal of four adjacent
elements in the area of two in y-axis direction and two in x-axis direction and 4*]
‘represents pore introduced by removal of four adjacent elements in x- axis direction.

To create the porosity of type /*/ for any given porosity volume fraction Vp,
10000* ¥V, elements are removed randomly from the model with the help of a FORTRAN
program. To create the porosity of type /*4 for any given porosity volume fraction ¥, in
the first step (10000*V3,)/4 element are removed from the element list randomly with even
distribution over the entire model with the help of FORTRAN program. In the second step
three other adjacent ‘elements are also removed from the element list to create pbrosity'
type of 7*4. Similarly the porosities of type 2*2 and 4*/ are created. Porosities are created
before creating particles in a composite model. Composite models with four different
types of porosities (/ *1, 1*4, 2*2, 4*1) with porosity contents of 2.5, 5.0 and 7.5 vol% for
each type of porosity and average particle content of 30 vol% have been taken to establish
the effect of the type of porosity on the mechanical properties of the uniform composites
with porosity. The elastic as well as nonlinear properties in y-axis direction of the uniform

composites with different types of porosities have been obtained.
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Fig. 4.6 A schematic of the model of uniform composite with randomly distributed
particles and pores of 10 and 2.5 vol% respectively. Turquoise colour shows
aluminium matrix, dark lavendér colour shows alumina particles and black

colour shows porosity.
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4.3.3 Modelling for Functionally Graded Materials (FGMs)

| For modelling the functionally graded materials, again a square area with an edge
length 5 mm is considered. This area is meshed with four node plane42 square elements,
with an edge length of 50 um. Thus the whole model consists of 10000 square elements
with 50 pm edge length. Out of these elements 10000* ¥ elements are randomly selected
in a way that the concentration of these elements in the model is as per the gradation of the
particles desired. Here, V7 is the average particle volume fraction in the FGM. These
selected elements are assigned particle material property and the rest of the elements are

assigned the matrix material property.
In the present work a polynomial distribution has been used for modelling the
variation in particle concentration in the model. The following equation governs the

variation of particle volume fraction in x-axis direction.

Co(x)=a,+ (@, —a,) G‘-J - (4.39)

where
[ is the length of the specimen in x-axis direction.
c(x) = local particle content in vol% at a distance x from one end.

a; and g, are concentration of particles in percentage at x=0 and x=1

respectively.

If the average particle content in the FGM model is p vol% the constant » is given

by the equation

(a —al) 4 .
= \% -1 (4.40)
(p-a)

Polynomial variation in particle concentration along both the directions of x-axis and

y-axis has been obtained with the help of the following equation

c(xp)=a(xy)" (4.41)

with no particles at the corner (0, 0) and similar variation in both x-axis and y-axis

directions. With 100% particle concentration at the other corner (/, /) of the square FGM
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model with edge length /, the equation for particle content at location (x, y) may be

simplified as

c(m=100 2" @42)

For an average particle vol% p, the constant # is given by
p p g

n= 100 _, | '  (443)
p

For modelling a FGM with polynomial distribution of particles, 10000 square
elements of size 50 um x 50 um are generated as discussed. Corresponding to the location
of the element, local volume fraction is obtained using either Eq. 4.39 or Eq. 4.42.
Simultaneously a random number between 0 and 1 is éenerated for each element. If the
random number is less than or equal to the local volume fraction at the centroid of the
clement, then the element is assigned the properties of the reinforcement. Figure 4.7 shows
the variation of local vol%, c(x), of particles in x-axis direction from 0% particles at x =0
to 100 % particles at x =/ for different average particle contents. Figure 4.8 shows a FGM
model with variation in particle confent in x-axis direction from 0 vol% of particles at one
end to 100 vol% of particles at the other end with an average particle content of 30 vol%.
Figure 4.9 shows a FGM model with variation in particle content in both x-axis and y-axis
directions but containing an average particle content of 30 vol%.

Models with average particle contents varying between 10 vol% to 90 vol% in
steps of 10 vol% have been obtained with the variation of particle content in x-axis
direction from 0 vol% at one end to 100 vol% at the other end. Similarly, models for
variation of particle content in both the directions have also been obtained with different
average particle contents. The global values of the modulus of elasticity in y-axis direction
are obtained for the FGMs adopting the similar methodology as explained for uniform
composites. To find the global values of modulus of elasticity in x-axis direction the
- model is kept fixed at one end and the other end is éubjected to uniform load by applying
uniform displacement. Figure 4.10 shows a FGM model with load arrangement to find the
~global value of modulus of elasticity in x-axis direction. To find the global value of
modulus of elasticity in x-axis direction for the model, the averages of the normal stresses

and normal strains in x-axis direction of all the elements are obtained.
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Fig. 4.7 Polynomial variations of local particle content, ¢(x) in vol %, in x-axis direction
from 0 vol% at x = 0 t0 100 vol% at x =/ for different average particle contents
of p vol %,
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Fig. 48 A schematic of FGM model with polynomial variation in particle content in
x-axis direction from 0 vol% at one end to 100 vol% at the other end with an
average particle content of 30 vol%. Particles are randomly distributed.

Turquoise colour shows aluminium matrix and dark lavender colour shows
alumina particles.
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Fig. 49 A schematic of FGM model with polynomial variation in particle content in
both x-axis and y-axis directions from 0 vol% at one comer (0, 0) to 100 vol%
at the other corner (J, /) with average particle content of 30 vol%. Particles are
randomly distributed over the whole matrix. Turquoise colour shows aluminium
matrix and dark lavender colour shows alumina particles.
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Fig. 4.10 Schematic of loading of FGM model to find mechanical properties in x-axis
direction. Turquoise colour shows aluminium matrix and dark lavender colour
shows alumina particles.
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The average normal stress o, in x-axis direction for the model may be obtained as

< o-xxi . ‘
Op = —2 , (4.44)

XX
=1 N

where, o, is the normal stress in x-axis direction for the i element and » is the total
number of elements in the model. The average strain ¢,, in x-axis direction for the model

is obtained as

>
™

2 | (4.45)

where, ¢ . is the normal strain in x-axis direction for the i element and # is the number

of elements in the model. The modulus of elasticity in x-axis direction for the model is

obtained as the ratio of average stress and average strain for the model in x-axis direction.

E=Z= ~ “ (4.46)
8“

A similar methodology is adopted to estimate the modulus of elasticity in x-axis and
y-axis directions for the FGM models with variation in particle contents in both x-axis and
y-axis directions.

FGM models with different linear and polynomial variations in particle
concentration for constant average particle content have also been obtained. Figure 4.11
shows different polynomial particle concentration variation profiles for FGM models with
30 vol% average particle content. Figure 4.12 shows linear particle concentration
variations for FGM models with 30 vol% of average particle content.

Functionally graded materials have continuous variation in the microstructure
along a particular direction. This gives a unique feature of continuous variation of the
mechanical properties on a local scale. FGMs having different average particle contents
with gradation of particles in x-axis direction from 0 vol% of particle concentration at one
end to 100 vol% of particle concentration at the other end and having polynomial
distribution for variation in particle concentration have been investigated for local

variation in the modulus of elasticity. To find the local variation in the modulus of
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elasticity inside the FGM model along the gradation direction, the modulus of elasticity is
calculated at eleven different locations along the x-axis direction (gradation direction). For
this purpose, FGM model is divided in 10 equal parts along the x-axis. To find fhe values
of modulus of elasticity in y-axis direction, the FGM model is kept fixed at y‘r= 0. A
uniform normal displacement is applied on the edge y = 5 mm. To determine the modulus
of elasticity at a particular location along x-axis, the stresses and strains (y direction
component) of all the nodes at a specified x location have been obtained. The average of
all the nodal stresses at a particular x location has been taken as the average stress at that
location. The average of all the nodal strains at that particular x location is assumed to be
the average strain at that location. On the basis of the average stress and average strain at
that particular locatidn, the Young’s modulus at that particular location has been
estimated. The same procedure is repeated for all the eleven locations along the x-axis.

To estimate the global nonlinear behaviour of the FGMs in a particular direction a
procedure similar to the one acfopted for uniform composites has been used. One end of
the model is kept fixed in that direction and on the other end of the model a uniform load
is applied by applying a uniform displacement. This load is applied in 20 equal steps. The
average elemental stresses and strains for a particular FGM model for each step afc plotted
in the graphical form. This graph representé the nonlinear deformation behaviour of that

particular FGM model. To estimate the yield stress of the FGMs, the crossover method has

been used.

4.3.4 Modelling for Thermal’ Stresses
It is well known that the changes in temperature cause bodies to expand or
contract. The change in the length of a uniform bar of length L, when its temperature is

raised from 7} to 7, is given by:
ALl=a L(T-Ty) . (4.47)

where, a is the coefficient of thermal expansion. If the bar is prevented from expanding in

axial direction completely then the average compressive stress induced is given by

AL | o
U—E(TJ | (4.48)

where, E is the Young’s modulus.

72



100 - | —m—a(10% to 100%) . a
—o— b (10% to 90%) '

i —A— ¢ (10% to 80%)
—v—d (10% to 70%)

80 —o— ¢ (10% to 60%) ‘
] —4—f(10% to 50%) d
—>— g (10% to 40%) ¢ /f
% 60 — x=0 cm x=0,5 cm v * €
> " gradation direction /
:.dé i y FGM model | / /4 f
5 | | |
(=W 40 -1 X ’/k/_’ g

—
20 - /.;‘%://

Fig. 4.11 Polynomial variations of particle content in x-axis direction of FGM models
from 0 vol% at x= 0 to-different vol% of particles at the boundary x=/ but with a
fixed average particle content of 30 vol%. Particle gradation is in X-axis

direction.
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Fig. 4.12 Different types of linear particle variations of FGM models containing an
average particle content of 30 vol%. Particle gradation is in x-axis direction.
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For complete restraint, the thermal stress is given by
o=—-a E(T-T,) (4.49)

where, the negative sign indicates the compressive nature of the stress. If the expansion i$

prevented only partially, then the stress induced is given by
o=-ka E(T-Ty) (4.50)

where, k represents a restraint coefficient,

Thermal analysis has been performed on three different combinations of materials
for comparison. In the first case, a uniform composite mbdel with 30 vol% average
particle content is considered. In the second case, a FGM model with variation in particle
content in x-axis direction from 0 vol% of particle concentration at one end to 100 vol% of
particle concentration at the other end and having 30 vol% average particle content is
considered. In the third case a layered composite model, as shown in Fig. 4.13 is
considered. All the ﬁodels are subjected to tﬁennal boundary conditions as shown for the
layered composite model in Fig. 4.13. In the case of FGM model, the alumina face is

subjected to hot fluid conditions with convection heat transfer coefficient 4, and fluid

temperature 7. ,
As already discussed, the most demanding application of FGMs in the future is as a

replacement for the ceramic tiles'being used as thermal barrier outer layers in the space
vehicles. These ceramic tiles are bonded to the metal surfaces with some adhesive. There
are chances of delamination of these ceramic tiles at the metal ceramic interface due to
mismatch in the metal ceramic properties at the metal ceramic interface. This is the

motivation behind selecting the three different configurations mentioned above.

The material properties considered for the thermal analysis are as follows :

Aluminium |
Young’s modulus of elasticity . 75GPa
Thermal expansion coefficient B 23.4x10° K .
Thermal conductivity : 237 Wm' K
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Alumina

Young’s modulus of elasticity : 375 GPa

Thermal expansion coefficient : 8.4x10° K
Thermal conductivity : 35Wm' K!

One face of the models is subjected to constant wall temperature 7,, and the other
face is subjected to the hot fluid conditions at temperature 77 The convection heat transfer
coefficient between the model and the hot fluid is 4. The wall temperature and the fluid

conditions taken in the present work are as follows.

Fluid temperature 7y = 1000 K
Wall temperature 7,, = 300 K
Convection coefficient /;; = 600 W m™ K’

For applying the uniform thermal load at a given face all the nodes lying on that
face are subjectéd to that thermal load. For the thermal stress analysis, coupled field
analysis is used. The sequential method for the coupled field analysis has been used for
thermal analysis. The sequential method involves two 6r more sequential analyses. The
thermal analysis and the stress analysis are coupled by applying results from the thermal -
analysis as loads for the stress analysis. The nodal temperatures from the thermal analysis
are applied as “body force” loads in the stress analysis.

Variation in thermal stresses along the x-axis direction is measured for three
different material combinations as discussed. To determine the thermal stress at any
particular x-axis location, the thermal stress of all the nodes at that paniculaf X-axis
location is measured. The average of all the nodal stresses at that particular location is
considered as the average thermal stress at that location. It has been assumed that there is
no change in the material properties along y-axis and hence the stresses are assumed to be

constant along the y-axis direction.
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Fig. 4.13 A schematic showing model of a layered composite with thermal boundary
shows alumina.
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CHAPTER -5

RESULTS AND DISCUSSION: EXPERIMENTAL WORK

The chapter outlines the results on the development of Functionally Graded
Materials (FGM) synthesized by solidification processing and their characterization with
respect to microstructure by optical and scanning electron microscopes and hardness by

Vickers hardness test. In the last section, the results have been discussed.

5.1 MICROSTRUCTURE CHARACTERIZATION

The optical micrographs at different positions in the cast cylindrical FGM ingots
and the graphical plots of variation of alumina content corresponding to optical
micrographs across the section of the ingots at a given height have been shown in Figs: 5.1
to 5.36. Samples taken for the present investigation have radius of approximately 3.8 cm
and height of 2.5 cm. The volume fraction of alumina particles has been estimated with the
help of Dewinter software for determining the volume fraction of a phase.

Figures 5.1 (a) to (h) sh'ow. the optical micrographs at magnification of 65X taken on
the horizontal surface of the ingot along the radial distance from the centre to the outer
radius just below the shrinkage cavity of 10Al/ALO; F GM with overall alumina content
10 wt% of aluminium. The micrographs clearly reveal the presence of more alumina
particles along with porosity at the clentre and it decreases gradua]ly from centre to the
outer radius. Optical micrographs clearly show dark spherical particles of alumina of
similar size as thosé added (see Fig.3.1), distributed in the aluminium matrix. The porosity
also appears black and so, cannot be distinguished‘»§eparately from the dark particles. The
micrographs close to the outer radius, as shown in Fig. 5.1(h), reveals the absence of large
alumina particles and there are fine dark spots which could either be fine alumina particles
or pinhole porosities. Figure 5.2 shows the graphical plot of the variation of combined

alumina and porosity content as revealed by the dark areas in the micrographs, with
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increasing distance from the centre towards the outer radius of 'cast 10AV/ALO; FGM
ingot, just below the shrinkage cavity. Figuré shows that the average volume fraction of
combined alumina particles and porosity gradually decreases from the centre towards the
outer radius.

Similarly, Figs. 5.3 to 5.11 show the optical micrographs at a magnification of
65X, depicting the radial variation of alumina content and porosity in the cast 10A1/AL,0;
FGM ingot, followed by the graphical plots of the variation of alumina content with
increasing distance from the centre towards the outer radius for each horizontal section,
respectively at heights of 0.5 cm, 1.0 cm, 1.5 ¢cm, 2.0 cm and 2.5 cm below the bottom of
shrinkage cavity. The figures show that the combined alumina and porosity content
decreases gradually as one moves from the centre towards the outer radius of the ingot at
all the sections at different heights. investigated. It may be noted that at a given radial
distance, relatively higher volume fractions of alumina particles are observedAat higher-
heights from the bottom of the ingot as shownvin Fig. 5.12. The figure also reveals that a
larger zone free of particle and porosity at the outer radiixs results when one moves from
the top to the bottom of the cast ingot.

Figures 5.13 to 5.24 show the optical micrographs depicﬁng the radial variation of
alumina content in the cast 15A1/A1,03 FGM ingot, followed by the graphical plots of the
variation of alumina content with increasing distance from the centre towards the outer
radius for each section of micrographs, at different heights of 0 ¢cm, 0.5 cm, 1.0 cm,
1.5 cm, 2.0 cm and 2.5 ¢cm below the shrinkage cavity respectively, at a magnification of
50X. The micrographs clearly show decreasing amount of combined alumina particles and
porosity as one moves from the centre to the outer radius at all the sections ét different
heights investigated here. The highest concentration of alumina and porosity is observed at
the centre. It has been observed that the bottom layer of the ingot has a large zone free of
| particle or porosity. Figure 5.25 shows the combined result of variation of alumina and
porosity content at different radial distances as one move from the centre towards the outer

- radius at different heights of 0 cm, 0.5 cm, 1.0 cm, 1.5 cm, 2.0 cm and 2.5 cm below the
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shrinkage cavity. Higher alumina and porosity concentration has been observed at
relatively higher heights and the concentration of alumina and porosity decreases from the
top to the bottom.

Figures 5.26 to 5.35 reveal the optical micrographs showing the radial variation of
alumina and porosity content in cast 20Al/Al,03 FGM ingot, followed by the graphical
plot of the variation of alumina and porosity content with increasing distance from the
centre towards the outer radius for sections at different heights of 0 ¢cm, 0.5 cm, 1.0 cm,
| 1.5 cm and 2.0 cm below the bottom of shrinkage cavity, respectively, at a magnification
of 50X. Figure 5.36 shows the graphical plot of the combined result of variation of -
alumina and porosity content at different radial distances as one moves from centre to the
outer radius at different heights of 0 cm, 0.5 cm, 1.0 cm, 1.5 cm and 2.0 cm below the
shrinkage cavity. Higher alumina and porosity concentration has been observed at
relatively higher heights and the concentration of alumina and porosity decreases frogg‘;hqf
top to the bottom as obtained in previous ingots. |

Comparisons of the variation of alumiﬁa and porosity content at different r:aial
distances from the centre to the outer radius at a given distance below the shrinkage cavnty
of the three cast FGM ingots are shown in Figs. 5.37 to 5.41 respectively. Figure 5 42
shows the variation of the size of the zone free of particle and porosity in the cast mgot
with increasing helght As the helght decreases towards the bottom of the cast mgot the
size of the region free of particle and porosity increases as shown in Fig. 5.42. The ingot
with higher alumina content has relatively smaller size of zone free of particle and
porosity at a given height in the cast ingot. |

Figures 5.43 to 5.48 show the scanning electron micrographs (SEM) depicting the
radial variation of alumina content in the cast 10Al/AL O3, 15A/AL,05, 20A1/A1 03 FGM
ingots at heights of 0 cm and 2.5 cm below the shrinkage cavity, respectively. The SEM
micrographs for all the three FGMs reveal good interfacial integrity, with no observable
microvoids at the particle matrix interface. Figure 5.49 shows the nature of Al-ALO;

interface at higher magnification indicating a reaction zone around the particles.
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(h) 3.5 cm

Optical micrographs of 10Al/Al,03 FGM ingot showing the variation of particle
content and porosity along the radial direction from the centre to the outer
radius, just below the bottom of shrinkage cavity. The radial distance from the
centre is indicated below each micrograph. Magnification: 65X.
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F ig. 5.2 The variation of alumina content and porosity with distance from the centre
towards the outer radius of the cast 10Al/A,O3 FGM ingot just below the
shrinkage cavity.
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Fig. 5.3

(h) 3.1 em

Optical micrographs of 10Al/Al,O3 FGM ingot showing the variation of particle
content and porosity along the radial direction from the centre towards the outer

" radius, 0.5 cm below the shrinkage cavity. The radial distance from the centre is

indicated below each micrograph. Magnification: 65X.
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Fig. 5.4 The variation of alumina content and porosity with distance from centre towards
the outer radius of the cast 10AI/AL,O3 FGM ingot at 0.5 ¢cm below the bottom
of shrinkage cavity.
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Fig. 5.5 Optical micrographs of 10Al/Al,03 FGM ingot showing the variation of particle
content and porosity along the radial direction from'the centre towards the outer
“radius, 1.0 cm below the bottom of shrinkage cavity. The radial distance from

the centre is indicated below each micrograph. Magnification: 65X.
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Fig. 5.6 The variation of alumina content and porosity with distance from the centre
towards outer radius of the cast 10Al/Al;,03 FGM ingot at 1.0 cm below the
bottom of shrinkage cavity.
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Fig. 5.7 - Optical micrographs of 10Al/Al;0; FGM ingot showing the variation of particle
content and porosity along the radial direction from the centre towards the outer
radius, 1.5 cm below the bottom of shrinkage cavity. The radial distance from
the centre is indicated below each micrograph. Magnification: 65X.
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.5.8 The variation of alumina content and porosity with distance from the centre
towards the outer radius of the cast 10Al/Al,O; FGM ingot at 1.5 cm below the
bottom of shrinkage cavity.
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Fig. 5.9 Optical micrographs of 10Al/Al,03 FGM ingot showing the variation of particle
content and porosity along the radial direction from the centre towards the outer
radius, 2.0 cm below the bottom of shrinkage cavity. The radial distance from
the centre is indicated below each micrograph. Magnification: 65X.
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Fig. 5.10 The variation of alumina content and porosity with distance from the centre
towards the outer radius of the cast 10Al/Al,0; FGM ingot at 2.0 cm below the
bottom of shrinkage cavity.
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Fig. 5.11 Optical micrographs of 10Al/A1;03 FGM ingot showing the variation of particle
content and porosity along the radial direction from the centre towards the outer
radius, 2.5 cm below the bottom of shrinkage cavity. The radial distance from
the center is indicated below each micrograph. Magnification: 65X. '
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Figs 5.12 The variation of alumina content and porosity at different radial distances from
the centre towards the outer radius at different heights below the shrinkage
cavity of cast 10Al/AL,O; FGM ingot.
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Fig. 5.13 Optical micrographs of 15AI/Al;03 FGM ingot showing the variation of particle
content and porosity along the radial direction from the centre towards the outer

radius, 0 cm below the bottom of shrinkage cavity. The radial distance from the
centre is indicated below each micrograph. Magnification: 50X.
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Fig. 5.14 The variation of alumina content and porosity with distance from the centre
towards the outer radius of the cast 15AI/A1,0; FGM ingot at 0 ¢cm below the
bottom of shrinkage cavity. '
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Fig. 5.15 Optical micrographs of 15Al/Al,03; FGM ingot showing the variation of particle
content and porosity along the radial direction from the centre towards the outer
radius, 0.5 cm below the bottom of shrinkage cavity. The radial distance from
the center is indicated below each micrograph. Magnification: 50X.
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Fig. 5.16 The variation of alumina content and porosity with distance from the centre
towards the outer radius of the cast 15A1/Al,0; FGM ingot at 0.5 cm below the
bottom of shrinkage cavity.
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Fig. 5.17 Optical micrographs of 15AI/AL,0; FGM ingot showing the variation of particle
content and porosity along the radial direction from the centre towards the outer
radius, 1.0 cm below the bottom of shrinkage cavity. The radial distance from
the center is indicated below each micrograph. Magnification: 50X.
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Fig. 5.18 The variation of alumina content and porosity with distance from the centre
towards the outer radius of the cast 15A1/Al,03 FGM ingot at 1.0 cm below the
bottom of shrinkage cavity.
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Fig. 5.19 Optical micrographs of 15Al/Al,03; FGM ingot showing the variation of particle
~content and porosity along the radial direction from the centre towards the outer
radius, 1.5 cm below the bottom of shrinkage cavity. The radial distance-from

the centre is indicated below each micrograph. Magnification: S0X.
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Fig. 5.20 The variation of alumina content and porosity with distance from the centre
towards the outer radius of the cast 15Al/ALO3; FGM ingot at 1.5 cm below the

bottom of shrinkage cavity.
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Fig. 5.21 Optical micrographs of 15A1/Al;03; FGM ingot showing the variation of particle
content and porosity along the radial direction from the centre towards the outer
radius, 2.0 cm below the bottom of shrinkage cavity. The radial distance from
the centre is indicated below each micrograph. Magnification: 50X.
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Fig. 5.22 The variation of alumina content and porosity with distance from the centre
towards the outer radius of the cast 15 Al/Al,O3 FGM ingot at 2.0 cm bclow the
bottom of shrinkage cavity.
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Fig. 5.23 Optical micrographs of 15Al/A1,03 FGM ingot showing the variation of particle
content and porosity along the radial direction from the centre towards the outer
radius, 2.5 cm below the bottom of shrinkage cavity. The radial distance from
the centre is indicated below each micrograph. Magnification: 50X.
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Fig. 5.24 The variation of alumina content and porosity with distance from the centre
towards the outer radius of the cast 15A1/Al,0; FGM ingot at 2.5 ¢cm below the
bottom of shrinkage cavity.
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Fig. 5.25 The variation of alumina content and porosity at different radial distances from
the centre towards the outer radius at different heights below the shrinkage
cavity of cast 15A1/A1,03 FGM ingot.
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(h)3.5cm

an 5.26 Optical micrographs of 20A1/Al,0; FGM ingot showing the variation of particle
content and porosity along the radial direction from the centre towards the outer
radius, 0 cm below the bottom of shrinkage cavity. The radial distance from the

centre is indicated below each micrograph. Magnification: 50X.
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Fig. §.27 The variation of alumina content and porosity. with distance from the centre
towards the outer radius of the cast 20Al/ALO; FGM ingot at 0 cm below the
bottom of shrinkage cavity.
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Fig. 5.28" Optical micrographs of 20AI/AL,0; FGM ingot showing the variation of particle
content and porosity along the radial direction from the centre towards the outer
radius, 0.5 cm below the bottom of shrinkage cavity. The radial distance from
the centre is indicated below each micrograph. Magnification: 50X.
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Fig. 5.29 The variation of alumina content and porosity with distance from the centre
towards the outer radius of the cast 20A1/A1,0; FGM ingot at 0.5 cm below the
bottom of shrinkage cavity.
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Fig..5.30 Optical micrographs of 20Al/Al,03 FGM ingot showing the varjation of particle
“content and porosity along the radial direction from the centre towards the outer
radius, 1.0 cm below the bottom of shrinkage cavity. The radial distance from

the centre is indicated below each micrograph. Magnification: 50X.
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Fig. 5.31 The variation of alumina content and porosity with distance from the centre
towards the outer radius of the cast 20A1/Al,0;3 FGM ingot at 1.0 cm below the
bottom of shrinkage cavity.
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Fig. 5.32 Optical micrographs of 20Al/A1,0; FGM ingot showing the variation of particle
" content and porosity along the radial direction from the centre towards the outer
radius, 1.5 cm below the bottom of shrinkage cavity. The radial distance from

the centre is indicated below each micrograph. Magnification: 50X.
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Fig. 5.33 The variation of alumina content and porosity with distance from the centre
' towards the outer radius of the cast 20A1/Al,0; FGM ingot at 1.5 cm below the
bottom of shrinkage cavity.
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Fig. 5.34 Optical micrographs of 20Al/Al,03 FGM ingot showing the variation of particle
content and porosity along the radial direction from the centre towards the outer
radius, 2.0 cm below the bottom of shrinkage cavity. The radial distance from
the centre is indicated below each micrograph. Magnification: 50X.

113



16
14 4 \
12 -

10 -

| —m—2.0 cm below shrinkage cavity |

4- ‘ \
24

1 centre \ outer radius
0 T v Y

\ T A T T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0 35

Distance from centre towards outer radius of the specimen (cm)

Combined average vol% of alumina particles and porosity
o™
]

Fig. 5.35 The variation of alumina content and porosity with distance from the centre
towards the outer radius of the cast 20Al/Al,0; FGM ingot at 2.0 cm below the
bottom of shrinkage cavity.
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Fig. 5.36 The variation of alumina content and porosity at different radial distances from
the centre towards the outer radius at different heights below the shrinkage
cavity of cast 20Al/A1,0; FGM ingot.
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Fig. 5.38 The variation of alumina content and porosity at different radial distances from
the centre towards the outer radius at a height of 0.5 cm below the shrinkage
cavity of cast 10Al/ALOs, 15A1/Al;03, and 20A1/Al,03 FGM ingots.
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SEM micrographs of 10Al/Al;0; FGM ingot showing the variation of particle
content along the radial direction from the centre towards the outer radius, just
below the bottom of shrinkage cavity.

13 o
Photo ho..59 .  botoctors SEY

(b)

SEM miérographs of 10Al/ALO; FGM ingot showing the variation of particle

content along the radial direction from the centre towards the outer radius, at the
base of the ingot. |

118



-t s ’ v $ POy :
ENTAVE Y RV W henn K Hegw iR
S0 TN o -9 S8 30 PRARD W4T C- T DORRELDE QRY LT

s
Ty

EHE=1% .08 L

2800 7§ peumd

! A3,

(e)

Fig. 5.45 SEM micrographs of 15Al/Al,03 FGM ingot showing the variation of particle
content along the radial direction from the centre towards the outer radius, just
below the bottom of shrinkage cavity.
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Fig. 5.46 SEM micrographs of 15Al1/A1,0; FGM ingot showing the variation of particle
content along the radial direction from the centre towards the outer radius, at the
base of the ingot.
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Fig. 5.47 SEM micrographs of 20Al/Al,O; FGM ingot showing the variation of particle
content along the radial direction from the centre towards the outer radius, just
below the bottom of shrinkage cavity. '
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Fig. 5.48 SEM micrographs of 20Al/ALO; FGM ingot showing the variation of particle
content along the radial direction from the centre towards the outer radius, at the
base of the ingot.
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Fig. 5.49 SEM micrograph showing the nature of Al-Al,O; interface of cast FGM ingot.

122



5.2  VARIATION OF VICKERS HARDNESS IN Al-ALO; FGM INGOTS

The variation of Vickers hardness with the distribution of alumina particles along
the radial distance has been studied at different positions across the section of cast
cylindrical FGM ingots. The Vickers Hardness distribution in the samples from as cast
FGM ingots have been compared with those observed after annealing of samples.
Figure 5.50 shows the results of variation of Vickers hardness along radial distances from
the centre towards the outer radius at the top layer, middle layer and bottom layer of
10A1/AL O3 cast cylindrical FGM ingot, situated at 0 cm, 1.2 cm and 2.5 cm below the
shrinkage cavity respectively. At a given height, higher hardness has been found near the
centre and the hardness decreases gradually from the centre to the outer radius in both the
as cast and annealed FGM. In general, higher hardness distribution has been observed at
higher heights. It is also interesting to note that the particle free regions at higher heights
have relatively higher hardness. The same trend of hardness variation as observed in cast
FGM ingot are also observed along the radial distance in annealed ingot as shown in
Figs. 5.51 to 5.53 for 10Al/AL,O; cast FGM ingot. However, at higher heights, there is
lafger difference between the hardness at the outer radius and that at the centre.

The variation of Vickers hardness along radial distances from the centre towards
the outer radius of the top layer and the bottom layer of 15Al1/Al,O; cast cylindrical FGM
ingot, situated at 0 cm and 2.5 cm below the shrinkage cavity respectively, is shown in
Fig. 5.54. Figures 5.55 and 5.56 show the separate results of Vickers hardness distribution
along radial distances respectively at the top and the bottom of 15A1/A1,0; FGM ingot in
both as cast and annealed condition. It is observed that relatively higher hardness value is
observed at relatively higher heights of the cast ingot and after annealing the hardness is
reduced. In annealed condition, FGM ingots show, in general, a relatively more smooth
distribution of hardness along radial distances.

Figure 5.57 shows the results of variation of Vickers hardness along radial
distances from the centre towards the outer radius for the top layer and bottom layer of
20Al/ALO;5 cast cylindrical FGM ingot, situated at 0 cm and 2.5 cm below the shrinkage
cavity respectively.' Figurés 5.58 and 5.59 show the separate results of Vickers hardness
distribution along radial distances at different heights of 20AV/AL,O3 FGM ingot in as cast
as well as annealed conditions. Hardness decreases similarly as observed earlier when one
moves from centre towards the outer radius of the ingot and there is a decrease in hardness

under annealed condition although radial distribution of hardness remains similar to that in

as cast condition.
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Fig. 5.50 The variation of hardness with increasing radial distance from the centre towards
the outer radius at the top, middle and bottom layer, situated at 0 cm, 1.2 cm and
2.5 cm below the shrinkage cavity of 10Al/Al,03 FGM ingot.
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Fig. 5.51 The variation of hardness with increasing radial distance from the centre towards
the outer radius at the top layer, situated below the shrinkage cavity of

10Al/Al,O3 FGM ingot.
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Fig. 5.52 The variation of hardness with increasing radial distance from the centre towards
the outer radius at the middle layer, situated at 1.2 cm below the shrinkage
cavity of 10Al/AL,O3 FGM ingot.
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Fig. 5.53 The variation of hardness with increasing radial distance from the centre towards
the outer radius at the bottom layer, situated at 2.5 cm below the shrinkage
cavity of 10Al/Al;03 FGM ingot.
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Fig. 5.54 The variation of hardness with increasing radial distance from the centre towards
the outer radius at the top and bottom layer, situated at 0 cm and 2.5 cm below
the shrinkage cavity of 15A1/Al,03 FGM ingot.
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Fig. 5.55 The variation of hardness with increasing radial distance from the centre towards
the outer radius at the top layer, situated below the shrinkage cavity of
15A1/A1,03 FGM ingot.
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Fig. 5.56 The variation of hardness with increasing radial distance from the centre towards
the outer radius at the bottom layer, situated at 2.5 cm below the shrinkage
cavity of 15A1/Al,03 FGM ingot.
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Fig. 5.57 The variation of hardness with increasing radial distance from the centre towards
the outer radius at the top and bottom layer, situated at 0 cm and 2.5 cm below
the shrinkage cavity of 20Al/Al,03 FGM ingot.
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Fig. 5.58 The variation of hardness with increasing radial distance from the centre towards
the outer radius at the top layer, situated below the shrinkage cavity of

20Al/ALL,O3 FGM ingot,
110 ~
i —M— Bottom layer , as cast FGM
J ~-A-- Bottom layer after annealing
100
—~
é A \
a % o h.‘\‘\\\ .\.
2 AL \
A SO-J \\\\\\\ »
O
A
g \l
<
) 70 A
v
2
> A
60—
A
STy A
centre outer radius
50 I ¥ ' L l Al ﬁ Al F v I Ll I
05 10 15 20 25 3.0 35

Radial distance from centre towards outer radius (cm)

Fig. 5.59 The variation of hardness with increasing radial distance from the centre towards
the outer radius at the bottom layer, situated at 2.5 c¢cm below the shrinkage
cavity of 20A1/ALO; FGM ingot.
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53  DISCUSSION .

The results of this study indicates that centrifugal casting techniques has been
successfully used to synthesize Al and Al,O3 based Functionally Graded Materials (FGM)
with the starting nominal weight percentage of alumina particles ranging from 10 to 20 %.
From the micrographs and the graphical representation of alumina content, it has been
observed that alumina content decreases gradually as one move from the centre towards
the outer ;'adius of the ingot lat all the heights investigated. Th'e. progressive decrease in
alumina content from the centre towards the outer wall is not in agreement with the theory
that the higher centrifugal force acting on relatively denser alumina particles during
rotation will force them relatively towards the outer wall leaving behind the lighter
aluminium melt. It is also observed, as one moves down from the top to the bottom of cast
ingot the alumina content decreases. This is also surprising in view of higher density of
alumina particles relative to the melt.

It has been observed in the past that the particles are often associated with bubbles
inside the melt. The bubbles generally originate from simultaneous suction of bubbles and
particles at the bottom of vortex during particle transfer into the melt by stirring. It is also
possible that the bubbles may have arisen due to expansion of gases in the crevices of
irregular particles when relatively cold particles are incorporated in the melt. For this
reason, one often observes cluster of particles inside pores in cast ingots of uniform
composite (Ghosh and Ray, 1986). |

It is apparent that the particles, in spite of addition of magnesium, have poor
wettability and it makes bubble-particle detachment difficult. But clusters of particles
inside pores have not been commonly observed in the cast FGM ingots synthesized in this
study, as evident from optical micrographs. It is possible that centrifugal force acting on
the bubble-particle combihations has helped detachment of the bubble-particle
combinations from other bubble particle combinations, but the centrifugal force was not
enough to detach particles from bubbles. The fact that at higher heights from the bottom, a
larger amount of alumina is observed could be attributed to flotation of the bubble-particle
combine due to its low density. It has been observed that at low rotational speeds during
centrifugal casting the centrifugal force is not enough to detach bubble-particle
combination and-the effective particle density is lower than its actual density. The low

effective density of bubble-particle combination results in particle distribution and
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hardness decreasing radially from the centre to outer wall and éxially from top to the
bottom of the ingot.

From Figs. 5.50 to 5.59, it has been observed that at a given height, higher
hardness has been found near the centre and the hardness decreases gradually from the
centre towards the outer radius, following the general trend of variation of particle
distribution as described above. The variation of hardness along radial distance at different
heights follows the particle distribution, in general. However, there are local irregular
changes in hardness which could be attributed to inhomogeneous matrix of cast ingots.
The FGM ingots have been annealed to eliminate the effect of inhomogeneous cast
structure of the matrix and it is observed that the hardness distribution has become much

smooth in general although the hardness values have decreased.
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’ CHAPTER - 6

RESULTS AND DISCUSSION: MODELLING

6.1 RESULTS AND DISCUSSION: UNIFORM COMPOSITES

The results for the modulus of elasticity have been obtained for uniform
composites containing different amount of alumina particles. Results for modulus of
elasticity for uniform composites with average particle contents varying from 10 vol% tg)
90 vol% in a step of 10 vol% have been obtained. The uniformly distributed particulate
composite is isotropic at the macroscopic level. Hence, the modulus of elasticity obtained
in any direction should be the same. In the present work y-axis direction has been chosen
for uniaxial loading and for the determination of modulus of clasticity. At the outset, the
effect of random distribution of particles on the modulus of | elasticity for uniform
composite models has been investigated. For this purpose, three different random
distributions of particles have been realized for the same uniform composite by generating
the random numbers independently for each distribution. Numerical results for models of
uniform composite with randomly distributed particles containing particle contents from
710 vol% to 90 vol% in a step of 10 vol% have been obtained with each set of random
numbers. .

Figure 6.1 shows the variation of modulus of elasticity with particle content in
uniform composites for three different distributions realized by generating three different
sets of random numbers. From Fig. 6.1 it is evident that there is no significant difference
in the observed values of modulus of elasticity for the three ditferent sets of random
numbers generated for each given particle content over the entire range of particle content
in the model of uniform composites. The results for the modulus of elasticity indicate that
though there may be variation in particle distribution locally for different sets of random
numbers generated leading to difference in material properties locally at the micro level
but the properties at the global level remain the same for a given average volume fraction
of particles, so long as the particles of the same size are distributed randomly in the

uniform composite. It also validates the use of a domain size of 5§ mm x 5 mm for getting
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gettirig the global properties of the composite. For composite samples of the size taken in
the present study or bigger, random distribution of particles produces same macroscopic
properties irrespective of the local variation in particle positions in different composite
models due to the random distribution of particles. It is also quite natural for the real
composite samples. The location of particles will be different in the different samples but
at the global scale, they show almost the same mechanical properties.

The results for modulus of elasticity of the present m"odelling technique have been
compared with the well established rule of mixture (ROM) and inverse rule of mixture
(IROM). ROM and IROM may be assumed as the most conservative upper and lower
bounds for the modulus of elasticity for uniform composites. Figure 6.2 shows the
modulus of elasticity variation with particle vol% obtained from the present model and its
comparison with ROM énd IROM and it clearly indicates that the results of the present
modelling technique are well ‘wi.thin the bounds of rule of mixture (ROM) and inverse rule
of mixture (IROM) results. v

The results predicted by the present model for modulus of elasticity have also been
compared with the well known Hashim-Shtrikman (1963) bounds. Hashim-Shtrikman
- (1963) has given bounds for shear and- bulk modulus. of a two phase composite material. -
With the results for shear modulus and bulk modulus the results for modulus of elasticity
may be obtained for uniform composites. Figure 6.3 shows that the results for modulus of
elasticity obtained from the Hashim-Shtrikman (1963) bounds over the entire range of
particle content. The results from the present modelling technique are also presented in the
same figure. The results from the present modelling technique are well within the Hashim-
Shtrikman bounds as shown in Fig. 6.3.

The present model results for niodulus of elasticity have also been compared with
those given by Halpin-Tsai (1969) equation. It has been established in the past that
Halpin-Tsai equation with { equal to 2 may be used to predict modulus of elasticity for
most of the practical composite materials with good accuracy. Figure 6.4 shows the results
for the modulus of elasticity obtained from Halpin-Tsai equation along with the results of

the present work and it may be concluded that the present model results are in good

agreement with the Halpin-Tsai equation results with { = 2.
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Fig. 6.1  Variation of modulus of elasticity with increasing particle contents in models
of uniform composites as obtained with three different particle distributions

generated by three different sets of random numbers (R1, R2 and R3).
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Fig. 6.3 Results for modulus of elasticity from the present model and their comparison
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1963) for different average particle contents.
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present model, rule of mixture (ROM) and inverse rule of mixture (IROM) for
composites with different particle contents.
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The present model results for modulus of elasticity are also compared with those
given by Aradhya and Surappa (1991) with their model and experimental work for
aluminium matrix composite reinforced with SiC particles. Figure 6.5 shows the results
given by Aradhya and Surappa (1991) for modulus of elasticity of aluminium matrix
composite reinforced with SiC particles obtained from their experimental work and model.
The results obtained from Halpin-Tsai (1968) equation are also presented in the same
figure. The present model results with similar material properties are also presented in the
same figure. It has been observed that the present model results are in better agreement
with the experimental results given by Aradhya and Surappa (1991) as well as Halpin-Tsai
l (1968) equation but slightly higher than the results of FEM model of Aradhya and
Surappa (1991).

The results of the present modelling technique have been represented by the

following simple equation for particle volume fraction upto 40% with reasonable

accuracy.
Ec=VjXErom+(1—Vf)XEirom (61)
where, E. = modulus of elasticity for composite
V; = Particle volume fraction
E.on = modulus of elasticity from rule of mixture
"Eiom = modulus of etasticity from inverse rule of mixture

Equation 6.1 may be used for quick estimation of modulus of elasticity for particle
reinforcedacorriposites up to 40 vol% of particles with good accuracy. Figure 6.6 shows the
modulus of eiasticity results from the Eq. 6.1 for different average particle' contents and
their comparison with the present model results.

Results for modulus of rigidity for the uniform compbs_ite models with different
average particle contents have also been obtained. For this purpose, a shear load is applied
on the model and on the basis of shear stress and shear strain averaged over all the
elements, the modulus of rigidity results have been obtained. Figure 6.7 shows the results
for variation of modulus of rigidity with increasing average particle content as estimated
from the present model. Figure 6.7 also shows the modulus of rigidity variatiop estimated
by rule of mixture (ROM) and inverse rule of mixture (IROM).The modulus of rigidity
results obtained with Hashim’s upper and lower bounds have also been presented in the
same graph. Figure 6.7 indicates that the results for the modulus of rigidity with the
present modelling technique are well within the bounds of rule of mixture and inverse rule

of mixture and also within the bounds given by Hashim-Shtrikman (1963).
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Non linear analysis has been performed on the present model to predict nonlinear
deformation behaviour of the uniform composites. All the nodes at y = 0 are kept fixed
and all the nodes at y = 5 mm were subjected to uniform displacement uy= 0.01 mm so as
to give the specimen a maximum strain of 0.002. This displacement is applied in 20 steps
and the results for each step are noted. After each step loading, stress in each element is
found out. If an element having matrix material properties is found to have yielded, the
stress in that particular element is not increased any further and the element does not take
any further load. To decide yielding of an element von Mises criterion of failure is used.

The stress distribution within the composite has considerable variation depending
upon local particle distribution. The maximum stress in y-axis direction inside the uniform
composite with a given partiéle content increases with increasing applied strain and also,
for a given strain the maximum stress increases with increasing particle content as shown
in Fig. 6.8(a). It is interesting that the maximum stress behaves nonlinearly which
indicates plastic deformation in the local region. The range between maximum and
minimum stresses at a given strain in a uniform composite with a given particle content
also increases with increasing strain and attains fairly high .values as given in Fig. 6.8(b).
The stress distribution in even uniform composites is highly non-uniform and the range
increases with particle content in the composite. The mean stress has also been included in
Fig. 6.8(b) for comparison and to show that the range is often considerably larger than the
" mean, particularly at higher strain and higher particle content..

The average of elemental stresses and strains of all the elements in y-axis direction
for each step are plotted to show the global nonlinear behaviour of uniform composites.
Figure 6.9 shows the non linear global deformation behaviour of the model of uniform
composites over the entire range of particle content and it clearly shows the transition
from elastic to plastic region at a critical strain, which decreases with increasing particle
content in the composite. The strain required for transition from elastic to plastic region
for uniform composites with different particle contents is shown in Fig. 6.10. Similar
results have been obtained by Bao and coworkers (1991) with their unit cell model.

The yield stress is one of the most important design parameter for any éngineering
component. In the present work yield stresses for the nonlinear model of composites with
different average particle contents are obtained by the crossover method. In this method

the stress at the point where the tangent of the plastic region intersects the tangent of

elastic region is taken as the yield stress.
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Fig. 6.5  Modulus of elasticity results for aluminium matrix composites reinforced with
SiC particles given by Aradhya and Surappa (1991) from their experiments
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With the help of curve fitting an empirical relation, Eq. 6.2, between the particle
volume fractions and the yield stress have been found to obey the results of the present
modelling technique fairly well and so, could be used to find out the yield stress for a
uniform composite with a given particle volume fraction following the present modelling
technique.

;Y;— =l+a (V) (6.2)
~ where, Y, = yield stress of the composite at particle volume fraction Vi,

Y,»= yield stress at no particles i.e. the yield stress of the matrix.

a = aconstant, its value is 2.1 for the present model results.

Vr = average particle volume fraction.

Figure 6.11 shows the variation of the yield stress with particle vol% for uniform
composites as obtained from the present model and compares them with the results from
the Eq. 6.2, It is obvious that the Eq. 6.2 may be used for a quick estimation of the yield
stress of the particle reinforced composite with randomly distributed particles for the
whole range of the average particle content following the present modelling method. This
equation predicts the results of the present model with reasonable accuracy.

Bao and coworkers (1991) in their work have made a theoretical investigation of
the role of non-deforming particles in reinforcing ductile matrix materials against plastic
flow. They have used a unit cell model to find the elastic-plastic response of metal matrix

composites. They have studied the variation of the ratio of flow stress of composite (o, )
to that of the same matrix (o,) with particle content under plane strain conditions. To

compare the predictions of the present work with Bao and coworkers (1991), results are
obtained for the present model under plain strain conditions. Figure 6.12 shows the
comparison of the results of Bao and coworkers (1991) with the results of the present
model. It is observed that for lower volume fraction both the models give quite similar
results. But for the higher volume fractions of particle in composite, the results of the
present model give relatively higher estimates for the flow stress ratio. The results of the
present model may be closer to reality in view of the clustering of the particles, which
takes place at higher volume fractions. The clustering of the particles causes a rapid
increase in the limit flow stress of the composites at higher particle volume fractions and

the unit cell model of Bao and coworkers (1991) does not accommodate such clustering.
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6.2 RESULTS AND DISCUSSION : UNIFORM COMPOSITES WITH

DIFFERENT PARTICLE SHAPES

The effect of particle shape on the elastic modulus and yield stress of the uniform
composites have been investigated with the help of present modelling technique. For this
uniform composite model with 20 vol% average particle content has been considered.
Four different shapes of particles are investigated. These particles are designated as-:
1*1, 1*4, 2*2 and 4*1. Particle of shape /*/ represents the particle made of one element,
1*4 represents the particle made of four neighbouring elements in y-axis direction, 4*J
répresents the particle made of four neighbouring elements in x-axis direction and
2*2 represénts the four neighbouring elements in the area of two grid elements in x-axis
direction and two grid elements in y-axis direction. |

The models are subjected to load in the y-axis direction for step by step uniform
displacement of the perpendicular boundary. The stress-strain behaviour is obtained in the
y-axis direction for unifofm composite models. Figure 6.13 presents the stress-strain
behaviour of the uniform composites in the y-axis direcfion for different particle shapes.
The modulus of elasticity and yield stress of the uniform composites have been obtained.
Figure 6.14 presents the results for the modulus of elasticity for uniform composites with
the four different types of particle shapes. It is observed that the value for the modulus of
elasticity for the composite with particles 4*/, elongated in x-axis direction is the lowest.
The modulus of elasticity for the composite with 2*2 types of particles is 3-4% higher than
the composite with 4*/ types of particles. The modulus of elasticity values for the
composite with /*4 types of particles is the highest. It is 13% higher than the composite
with 4*] types of partiéles. The modulus of elasticity values for the composite with 7*/
types of particles is in between the modulus of elasticity values for composites with 7*4
and 2*2 types of particles. It is 9% lower than the composite with 1*4 types of particles
and 3% higher than the composite with 2*2 types of particles. Thus, the orientation of
particles is important in deciding the effectiveness of the reinforcement. Figure 6.15 shows
the yield stress for the uniform composites investigated. It has been observed that the yield
stress for the uniform composites with particles of type /*4, elongated in y-axis direction
is higher by about 3-4% in comparison to those in the composites with two other types of
 particles, 4*/ and 2*2. The particles, 2*2,-in the uniform composite results in slightly

higher yield stress compared to that in composite having the same average patticle content
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of 4*! particles. The yield stress for the composite with /*] types of particles is in
between the yield stress for composites with /*4 and 2*2 types of particles.

The investigations for modulus of elasticity are according to the rule of mixture
(ROM) and inverse rule of mixture (IROM), which gives higher and lower bounds for the
modulus of elasticity respectively. These rules are basically applicable for fiber reinforced
composites. According to these rules when the fibers are along the loading directions the
effective modulus is determined by the rule of mixture (ROM). When the fibers are
transverse to the loading direction, the effective modulus is determined by the inverse rule
of mixture (IROM). The 4*/ type of particles which may be considered small fibers
transverse to the loading direction, results in lower values of modulus of clasticity. The
[*4 type of particles may be considered small fibers along to the loading direction and

results in highest value of the modulus of elasticity among the particles investigated.
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63  RESULTS AND DISCUSSION : UNIFORM COMPOSITES WITH POROSITY

Numerical results have been obtained for the variation of modulus of elasticity of
the particle reinforced uniform composites with increasing particle contents from 0 vol%
to 100 vol%, with porosities. Three different porosity contents of 2.5 vol%, 5.0 vol% and
7.5 vol% in uniform composites have been investigated. The porosities are of the same
size as that of particle and randomly distributed over the entire composite model. Load is
applied to cause uniform displacement at the edge y = 5 mm of the 2D square specimen of
the composite and the other edge at y = 0 is kept fixed. The effective modulus of elasticity
in y-axis direction is obtained from the average elemental stress-strain relationship of the
composite, obtained in the y-axis direction of the specimen. Plane stress condition is
assumed in the present work. Figure 6.16 shows the variation of the modulus of elasticity
with increasing particle contents in different composites containing 2.5, 5.0 and 7.5 vol%
of porosity. The results for the variation of the modulus of elasticity with particle content
in composite models without porosity have also been plotted in Fig. 6.16 for comparison.
It is observed that the Young’s modulus of the composites decreases with increasing
porosity content and the extent of decrease is more at higher particle contents.

The results of the present model for modulus of elasticity have been compared with

Sprigg’s equation.
- X=X exp(-bxV) ' 2.1)

In the Eq. 2.1, X is a particular mechanical prc)pert'yv(which is modulus of elasticity
here), Vpp is the volume fraction of porosity, b is an empirical constant and the subscript 0
indicates zero porosity. Figure 6.17 shows the relation between In(X/Xy) and porosity
content for different particle vol%. On the basis of Fig 6.17, the values of constant b are
obtained for different particle contents in the composites and Fig 6.18 shows the variation
of constant b with particle content. In the present work b varies from 2.15 to 2.58 for
different particle contents. It indicates that the results of the present model for modulus of
elasticity with porosity (particle size pores with uniform random distribution) for
composites with particle content varying from 0 vol% to 100 vol% may be given by
Sprigg’s equation with ¢onstant b varying within a range of 2.15 to 2.58. An empirical
relation for the variation of constant b with particle volume fraction may be given by the
following eqﬁation.

b=2.58-175(V, ~0.5) (63)
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Nonlinear analysis has also been performed to predict the effect of porosity on the
yield strength. Nonlinear analysis is performed with four different types of pores
represented by /*], 1*4, 2*2 and 4*] in the present study. The notation m*n represents
the pore introduced by the removal of m x n elements where m represents the length of m
grid elements in x-axis direction and » similarly represents the length of n grid elements in
y-axis direction. Thus, /*4 and 4*/ represent pores elongated respectively in y-axis and
x-axis directions with aspect ratios of 1:4 and 4:1 but having the same area as the square
pore represented By 2*2 which has aspect ratio of unity. For each size and shape of the
pore, the pores are randomly distributed in a composite containing 30 vol% of particles.
The porosity contents in the composites are 2.5 vol%, 5.0 vol% and 7.5 vol%.

For the nonlinear analysis, the edge of the composite at y = 0 is kept fixed but the
edge at y = 5 mm is subjected to a uniform total displacement u, = 0.01 mm to give a
maximum strain of 0.002 in 20 equal steps and the results for each step are noted. The
average elemental stresses and strains in y-axis direction for each step are plotted to show
the stress-strain behaviour of the composites containing 2.5, 5.0 and 7.5 vol% porosity as
shown respectively in Fig. 6.19, Fig. 6.20 and Fig. 6.21 for different pore types. It is
observed that smaller size of porosity as in 1*/ causes relatively less damage to load
bearing capacity of the uniform composite compared to 2*2, larger pores of similar shape
as evid‘ent from the relatively lower stress—strain curve for the latter type of pore in a
uniform composite having the same average particle content of 30 vol%. The most
damaging feature appears to be the elongation of pores transverse to the loading direction
as evident from the lowest stress-strain curve for 4*/ pores which is even lower than 2*2
types of pores having the same individual area. It is interesting to note that the stress-strain
curve for a material with /*4 pores is higher than that containing 2*2 pores which have a
higher length in the transverse direction to loading. So the size of the pores, its aspect ratio
and orientation with respect to loading direction, together detérmine the yield strength of

the composite material containing porosity.

On the basis of the stress-strain curves, the modulus of elasticity and the yield
stress in y-axis direction (loading direction) are obtained for materials containing different
pore types as shown in Figs. 6.22 and 6.23 respectively. It is clear from these figures .that
the modulus of clasticity as well as yicld strength is affected by the pore type to a great

extent.
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elasticity of uniform composites.
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These results show that for 7.5 vol% of porosity, the yield strength of a composite
with 30 vol% of particles is reduced from 77 MPa to 47.8 MPa when the pore type
changes from /*¢ to 4*I, which are the least and the most damaging pore types
considered in the present work. Thus, there could be 38% reduction in the yield strength
depending on the shape, size and orientation of pores for the same porosity content.

Similarly, for the elastic modulus, there could be 33% reduction when the porosity
type changes from /*4 to 4*] for 7.5 vol% of porosity. These results also show that for the
same porosity type (type I *4) the reduction in the modulus of elasticity is only 5.3% when
the porosity content increases from 2.5 to 5 vol%. Also, the results for yield strength show
that there is only 9% reduction in the ‘yield stress for the same porosity type (type *4)
when the porosity content increases from 2.5 to 5 vol%. These results clearly indicate the
dominance of the porosity type on the mechanical properties of the composites.:

‘Tekmen and coworkers (2003) have discussed the effect of porosity on the
mechanical behaviour of Al-Si-Mg/SiC, composite. In their experimental work, they have
concluded that increased porosity content decreases both the elastic modulus as well as the
yield strength of the composites. They have also concluded that the average porosity
content is not a reliable parameter to. predict the mechanical properties of the composites.
The existence of large pores extending in the direction perpendicular to that of loading is
more effective in damaging mechanical properties than the overall porosity content. The
results of the present model are also in agreement with the experimental results of Tekmen
and coworkers (2003), as evident from Fig. 6.22 and Fig. 6.23. These results show that
there is a big variation in modulus of elasticity as well as yield strength due to different
porosity types with the same porosity content.

The relative effect of porosity on composites with different particle contents has
also been investigated in the present work. Three different particle contents of 10, 20 and
30 vol% are investigated fdr three different levels of porosity - 2.5, 5.0 and 7.5 vol%. The
ratio of yield stress with porosity and without porosity (¥,/Yy) has been plotted with vol%
of porosity in Fig. 6.24. It shows that the rate of reduction in yield stress with increasing
porosity is higher for lower particle contents in the MMCs. Ghosh (1986) has studied the
effect of porosity on the mechanical behaviour of Al-Al,O3; metal matrix composites. His
experimental results also show the same trend. The comparison of his linearized
experimental results with the results of the present model for porosity types /*4 and 4*/ is
pres‘ented. in Fig. 6.25. His results are in between these two extreme types of porosities.

Although his results are closer to the 4*/ type of porosity.
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Fig. 6.24 Effect of porosity on the yield strength ratio for the composites with randomly
distributed particles and pores (type [*I), containing different amount of
particles. |
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Fig. 6.25 Comparison of present model results with the experimental results of
Ghosh (1986) for 10 vol% particle content. (¥), is yield stress with porosity, Y, is
yield stress without porosity)
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64 RESULTS AND DISCUSSION: FUNCTIONALLY GRADED MATERIALS

(FGMs)

The results obtained for the uniform composites with and without porosity and
their comparison with those in the literature give the necessary confidence in the present
modelling te'chnique in the domain of uniform composites. The same modelling technique
has, therefore, been employed to model functionally graded materials and it is expected
that this model will predict the properties of Functionally Graded Materials (FGMs) quite
reasonably.

First, the results for FGM models for modulus of elasticity are obtained. FGM
models with gradation of particles in x-axis direction are considered. Global values for
modulus of elasticity for both gradation and non gradation directions are obtained. FGM
models with polynomial variation in particle concentration in x-axis direction with 0%
particle concentration at one end and 100% particle concentration at the other end are
considered. The plane stress condition is assumed in the present numerical analysis. Figure
6.26 shows the results for the modulus of elasticity in gradation direction (x-axis) as well
as non gradation direction (y-axis). The results for the uniform composites are also
presented for comparison. The ROM and TROM results for the uniform composites are
also shown in the same figure. The results show that the global average values of modulus
of elasticity in the gradation direction (x-axis direction) are lower than those of the
uniform composite models for the same average particle content. But in the non gradation
direction (y-axis direction) these values are higher than those in the uniform composite
models, which is interestingly almost the average of the moduli observed in x-axis and y-
axis direction. Both the results in gradation and non gradation direction fall well within the
rule of mixture and the inverse rule of mixture. The above results may be justified with
the help of an example of two springs. One is harder while another is softer. When these
springs are kept in parallel, similar in configuration for the particle rich and the particle
poor regions for loading in y-direction, the harder spring dominates in the modulus of
elasticity. When these springs are kept in series, similar in éonﬁguration for loading in x-
direction, the softer spring dominates the modulus of elasticity, as reflected in the results
of the present model. o

The linear analysis on the FGM models has been extended to gradation in particle

~ concentration in both the directions of x-axis and y-axis. The nature of gradation is the
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same in both the directions. The gradation of the particles is taken from 0% at the corner
(0,0) to 100% at the other corner (0.5 cm, 0.5 cm) and follows the same polynomial
distribution in both the directions. Figure 6.27 presents the global values of modulus of
elasticity for the FGM models with different ailerage particle contents with particle
concentration gradation in both the directions. The results of modulus of elasticity for the
uniform composite models are also presented in the same graph for comparison. It is
observed that the modulus of elasticity results for the FGM models with gradation in both
directions are almost equal to those obtained for uniform composites with the same
average particle content.

Nonlinear analysis has been performed for the FGM models with gradation in
particle concentration in one direction (x-axis direction). Global non linear behaviour of
FGM models in non gradation direction (y-axis direction) is estimated. For this purpose,
all the nodes at y = 0 are kept fixed and all the nodes at y = 5 mm are subjected to total
uniform displacement u, = 0.0l mm to give a maximum. strain of 0.002. This total
displacement is applied in 20 steps and the results for each step are noted. The average
elemental stresses and strains in y-axis direction for each step are plotted to obtain the
nonlinear behaviour of FGM models. The particles are considered linear elastic with the
modulus of elasticity of 375 GPA. The matrix is elastic-perfectly plastic with modulus of
elasticity of 75 GPa and yield stress of 90 MPa. | |

Figure 6.28 presents the non' linear behaviour of the FGM models in the non
gradation direction. On the basis of the nonlinear behaviour of the FGM models the yield
strength has been found by the crossover method. Figure 6.29 shows the yield stress
variation of FGM models for different average particle contents. The results for yield
strength shown in Fig. 6.29 may be fitted by the following linear empirical relation till
particle content of about 60 vol%:

. v, _
-);—=1+a(Vf) (6.4)

m

where, ¥y = yield stress of the FGM for average particle volume fraction V.
Y,,= yield stress at no particles i.e. yield stress of the matrix.
o = an empirical constant, its numerical value is 1.2 in this equation for the FGM
investigaicd in the present work.

Vs = average particle volume fraction.
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Fig. 6.27 Variation of global modulus of elasticity with different average particle contents
in the FGMs having particle concentration gradation in both x-axis and y-axis
directions following polynomial equation ¢(xy) = 100(xy)" /*", with no particles
at corner (0, 0) and 100% particle concentration at corner (/, /).Here [ is the edge
length of the square model.
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Fig. 6.28 The global non linear stress-strain behaviour in the non gradation (y-axis)
direction for FGMs containing different average particle contents. Particle
distributed in x-direction following polynomial equation c(x) = 100(x/})" for
different average particle contents, where c(x) is the concentration of particles in
vol% at any location, x, in FGM of length [ in x-direction.
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Fig. 6.29 The variation of global values of the yield stress for FGMs with different
average particle volume fractions in the non gradation direction (y-axis
direction). Particle distributed in x-direction following polynomial equation
c(x) = 100(x/))" for different average particle contents, where c(x) is the
concentration of particles in vol% at any location, x, in FGM of length / in
x-direction. The results from Eq. 6.4 are also presented. (Y7 is yield stress for
FGM, Y, is yield stress for matrix)
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The yield stress results obtained from the empirical equation are also presented in
Fig. 6.29, which indicates that the above empirical relation in Eq. 6.4 may be used as a
quick tool to present the results of the present modelling technique in non gradation
direction up to average particle content of 60 vol%, distributed following the polynomial
equation with 0 vol% particle content at one end to 100 vol% particle content at the other
end and variation in particle concentration in one direction only.

The results of the nonlinear analysis for the global behaviour in gradation direction
(x-axis direction) are also obtained for FGM models with particle distribution graded in
x-axis direction from 0% particle concentration at x = 0 and 100% particle concentration
at the other end, x = 5 mm, with polynomial distribution in between. For applying load all
the'rllode's having coordinate x = 0 are kept fixed and all the nodes at x = 5 mm are
subjected to uniform total displacement ux= 0.01 mm to give a maximum strain of 0.002.
This total displacement is applied in 20 steps and the results for each steb are noted. The
average elemental stresses and strains in x-axis direction for each step are plotted to show
the nonlinear stress-strain behaviour of FGM models. Figure 6.30 shows the nonlincar
deformation behaviour of the FGM models in the gradation direction. On the basis of
nonlinear behaviour of the FGM models in gradation direction the yield stress variation of
the FGM models is obtained with the help of crossover method. Figure 6.31 shows the
global values for yield stress for the FGM models in the gradation and non gradation
direcﬁons. The yield stress behaviour of uniform composite models is also presented in the
same figure for comparison. The results indicate that in the gradation direction FGM
models show the same yield stress behaviour as those of the matrix up to almost the
average particle content of 70 vol% and it is lower than those estimated for uniform
composite models. It shows that in the gradation direction FGM models show poor yield
stress properties at the global scale compared to uniform composite model for the same
average particle content.

The effect of porosity on the yield stress in the non gradation direction of FGM
models has also been investigated. The yield stress behaviour has been investigated for
four different levels of porosity - 0, 2.5, 5.0 and 7.5 vol%, in FGM model with average
~ particle content of 30 vol% distributed in x-axis direction following polynomial equation’
from 0 vol% particle concentration at one end to 100 vol% particle concentration at the

other end. Porosities considered are of the same size as that of particle and are randormly
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distributed over the whole matrix. Figure 6.32 shows the effect of porosity on the yield
strength of FGM model with average particle content of 30 vol%. The results for yield
strength for the uniform composite models containing similar levels of porosity are also
presented in the same figure for comparison. From Fig. 6.32 it may be concluded that the
FGM models as well as uniform composite models show similar response to uniformly
distributed porosity.

FGMs have a graded variation of particles in the microstructure along a particular
direction. Hence FGMs exhibit variations in the properties along the gradation direction.
In the next step, the variation of FGM properties along the dimensions is investigated.
FGM models with particle concentration gradation in x-axis direction are considered. As
there is no gradation of the particles distribution along the y-axis direction, the properties
may be assumed uniform along the y-axis around a given x. That is, there is no variation in
the properties along the y-axis direction. To estimate the variation in the modulus of
elasticity inside the FGM model along the gradation, the modulus of elasticity values are
calculated at eleven different locations alo_hg the gradation in the direction of x-axis. For
this purpose the FGM model is divided in 10 équal parts along the x-axis. To find the
modulus of elasticity in y-axis direction the nodes at y = 0 is kept fixed and at y = 5 mm
all the nodes are subjected to uniform displacement. To estimate the modulus of elasticity
at a particular location along x-axis the stresses and strains of all the nodes having that x
coordinate have been obtained. The average of all the nodal stresses in y direction at a
particular x location has been assumed to be as the average stress in y-axis direction at that
location. The average of all the nodal strains in y-axis direction at that particular x location
is assumed to be the average strain at that location. On the basis of the average stress and
average strain at that particular location, the Young’s modulus in y-aXis direction at that
particular location has been estimated. The same procedure is repeated for all the eleven
locations along the x-axis. This procedure is repeated for different FGM models having
different average particles vol% with gradation of particles from 0% particles
concentration at one end to 100% particles concentration at the other end with particles
distributed with polynomial distribution.
| Figure 6.33 shows the modulus of elasticity variation inside the FGM models along
the gradation direction (x-axis direction) for FGM models with different average particle
contents. It shows that the modulus of elasticity results obtained at different locations

follow almost the similar trend as of the gradation in particle concentration.
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Fig. 6.31 Variation of the yield stress for FGMs with different average particle contents in
the non gradation direction and the gradation direction, when the particles are
distributed following polynomial equation from 0 vol% particle concentration at
one end to 100 vol% at the other end. The results for uniform composite models -

are also presented.
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Fig. 6.32 Effect of porosity on the yield strength as estimated for loading in the non
gradation (y-axis) direction for the FGMs with average particle content of
30 vol% and its comparison with the uniform composite model having 30 vol%
particles and similar levels of porosity. Particle concentration gradation in FGM

is in x-axis direction only.
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Fig. 6.33 Local variation of modulus of elasticity along the gradation in x-axis direction
in FGMs with different average particle content, loaded in y-axis direction.
Particle distributed in x-direction following polynomial equation ¢(x) =100(x/1)"
for different average particle contents, where ¢(x) is the concentration of
particles in vol% at any location, x, in FGM of length / in x-direction.
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6.5 RESULTS AND DISCUSSION: FGMs WITH DIFFERENT GRADATIONS
IN PARTICLE DISTRIBUTION

FGM models with average particle content of 30 vol% are investigated for
different gradation in particle distribution and their impact on global values of modulus of
elasticity and yield stress. For polynomial distribution of particles in ti'xe gradation
direction of x-axis, with 10 vol% particle concentration at one end to different particle
concentrations at the other end to arrive at the average particle content of 30 vol%,
Fig. 4.11 in chapter-4 shows the seven different particle concentration profiles represented

by a to g. The polynomial distribution of particles is given by the following equation.

c(x)=a,+(a, —a)) (?)n » (4.39)

The distributions shown in Fig. 4.11 correspond to a, values of 100, 90, 80, 70, 60, 50 and
40 vol% respectively and the corresponding valucs of exponent ‘n* arc 3.5, 3.0, 2.5, 2.0,
1.5, 1.0 and 0.5 respectively. In fact a, and n for the case of average 30 vol% particles and
a, equal to 10 vol% may be related as a, = 30 + 20r using Eq. 4.40.

Figure 6.34 shows the stress-strain behaviour for these different FGM models for
loading in the non gradation direction of y-axis. On the basis of the behaviour shown in
Fig.6.34, the modulus of elasticity and the yield stress results for FGM models having
different gradation distributions have been obtained. The variations of modulus of
elasticity and yield stress in FGM containing an average of 30 vol% of particles
distributed with the varying exponent, n, of polynomial gradation profile, are shown
respectively in Fig. 6.35 and Fig. 6.36. It is observed that the global values of modulus of
elasticity and yield stress of FGMs are significantly affected by the type of the gradation
of the particles as characterized by exponent n. For an FGM with an average particle
concentration of 30 vol% there is 12% increase in the modulus of elasticity and 22%
increase in the yield stress with increasing gradient of distribution of particles.

FGM models with linear variation in particle concentration have also been
investigated. Figure 4.12 in chapter-4 shows the different linear particle conceritration

profiles represented by A to m for fixed average particle content of 30 vol%. The different
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profiles h to m may be characterized by a non-dimensional slope of the profile defined as
tan@ = (a» — a;)/100. 1t is apparent that the slope tan& will vary from 0.6 to 0.1 for
profiles ranging from 4 to m. Figures 6.37(a) and (b) show the particle distribution in-the
grid for slopes tan@ = 0.3 and 0.4 respectively for an average particle content of 30 vol%.
The nonlinear stress-strain behaviours for these different FGM models with linear
gradation of particles are shown in Fig. 6.38. On the basis of these behaviours the results
for the modulus of elasticity and Yield stress have been obtained. The variations of
modulus of elasticity and yield stress with the slope of the linear gradation are presented in
Figs. 6.39 and 6.40. Both the modulus of elasticity and yield stress increase approximately
by 6% when the slope of linear distribution increases from tan@ = 0 to 0.6. Linear
gradations are not as steep as the gradations obtained with polynomial distribution of
particles: Therefore the extent of increase in the modulus of elasticity and yield stress
for the linear gradations is relative‘ly less compared to those observed for polynomial
distribution of pan{cles. For yield stress it is observed that at lower slopes below
tan® = 0.3, the yield stress increases slowly from that of uniform composites but beyond
tan@ = 0.3, there is a steep rise in yield stress as shown in Fig. 6.40. This is possibly due
to considerable crowding of particies at the particle rich end for a slope beyond tan@ = 0.3

as shown in Fig.6.37 (a) and (b), which makes particle rich region stiff delaying the onset

of plastic deformation.
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Fig. 6.35 The variation in modulus of elasticity of F GMs in non gradation direction with
exponent, n, of polynomial equation, ¢(x) = a; + (az-a;) (x/1)", used to distribute
an average particle content of 30 vol% where, c(x) is the concentration of
particles in vol% at any location x in FGM of length | in x-direction. a; and a;
are particle concentrations in vol% at locations x=0 and x = / respectively. a;,
the particle concentration at location x = 0 is kept constant at 10 vol% but a;
varies with » following linear equation, a; = 30 + 20 n.
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Fig. 6.36 The variation in yield stress of FGMs in non gradation direction with exponent,
n, of polynomial equation, c(x) = a; + (aray) (x/1)", used to distribute an
average particle content of 30 vol% where, c(x) is the concentration of particles
in vol% at any location x in FGM of length / in x-direction. a, and a; are particle
concentrations in vol% at locations x = 0 and x = | respectively. a;, the particle
concentration at location x = 0 is kept constant at 10 vol% but a; varies with »

following linear equation, a; = 30 + 20 n.

182



A
__,.,,...,_..ﬁ_ﬁ" e
-I -ﬁ.mm.nlll

rmwad
.-;:a.r::iii’.f....
e L
i
e ,i""‘__h

wme
A

-

Tt

S. £ H ] FhE i faiyities S sasegeEy
......ms St ...J'- LR : S
ii: 15_:;-“-:&-5';5.-;:: ﬂ?ﬁﬂ;‘i‘%ﬂ“m“; ":;::;: : fssianl .r‘*"% &ngii.:‘,ﬁ..m,:?.s.-aﬁ-ﬁ
-:-'-'-'::'.::2-- l-:=n.=n:1--um --- A YR ESel e aans L -.-m . L

-‘.-
-Eﬁ:._.."“--' SRR EEE
3 Saaus Ilnllummllzu.n
:..HIIIILMII:-“I. IIIQ== -::l I

ﬁmﬂa&ﬁp

E b
H
g

,l
. -====-==§'_;x

ARnrameni

s, RUPE S EES] ul -.n- Srasiui sz -!Er—- H e ¥ !ﬂ-ls.' wa
e ifﬁﬁ;.: e s e i

Fig. 6.37a,b A schematic showing the comparison of particle distribution in FGM
models with linear distribution profiles having slopes tané = 0.3 and 0.4
respectively for 30 vol% average particle content.
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Fig. 6.38 Global non-linear stress-strain behaviour under loading along y-axis of FGMs
with average particle content of 30 vol%, distributed with linear gradation of

particles in x-axis following profiles shown in Fig. 4.12. The slopes of the linear
gradation are shown with all non linear behaviours.
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6.6 RESULTS AND DISCUSSION : TEMPERATURE DISTRIBUTION AND

THERMAL STRESSES

For the thermal analysis, the temperature distribution is obtained by imposing
the thermal boundary conditions on different models. Three different types of
materials combinations are considered in the present analysis - a layered composite
plate as shown in Fig. 4.13 in chapter-4, a uniform composite model with 30 vol%
of particles and a FGM model with an average parﬁcle content of 30 vol% distributed
with gradation in x-axis direction from 0 vol% of particles at one end to 100 vol% of
particles at the other end. The temperature variation in y-axis direction is assumed
to be negligible. Figure 6.41 shows the variation in the temperature inside different
models along the x-axis for the imposed boundary conditions as shown in the Fig. 4.13 in
Chapter-4.

The thermal stresses are obtained after imposing the structural boundary conditions
on different models using coupled field analysis. The results for the thermal stresses are
obtained when the plates are constrained to move in x-axis direction. Figures 6.42 and
6.43 show the variation of average thermal stresses o,y and oy at different locations along
x-axis direction for different models investigated. The study of the thermal stresses in the
FGM model and the layered metal-ceramic model are of major interest. When the plates
are constrained to move in the x-axis direction, the average thermal stresses in y-axis
direction (,y) for the strip composite plate suddenly becomes very high at the interface, as
indicated by Fig. 6.42. These stresses are responsible for peeling off the outer ceramic
layer due to their exceeding interfacial strength of metal-ceramic interface. For the case of
FGM model there is smooth variation in the average stresses and the heat flux at the lower
temperature side is also low. Although uniform composite also have smooth variation in
thermal stresses, but there is fairly high heat flux to the low temperature side. The

variation in Oy, is smooth for all the three cases.
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Fig. 6.41 Temperature distribution along the x-axis for the thermal boundary conditions
(as shown in Fig. 4.13) in different plate models of layered metal-cetamic,
uniform composite and FGM containing the same average ceramic particle
content of 30 vol%.
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in x-axis direction for thermal boundary conditions (as shown in Fig. 4.13).
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Fig, 6.43 Average normal stresses, oxy, in x-axis direction developed inside the Iayere‘d
metal-ceramic, uniform composite and FGM plates when constrained to move in
x-axis direction (as shown in Fig. 4.13).
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6.7 ANALYSIS OF FGM INGOT SYNTHESIZED IN THE PRESENT WORK

WITH THE PRESENT MODELLING METHOD

The FGM sample obtained from FGM ingot designated as 20A1/Al,05 containing
an average 20 wt% of alumina particles has been analyzed with the help of present
modelling method. The FGM ingot is divided into five equal size layers as shown in
Fig. 6.44. Particle volume fractions at the top of the each layer are shown in Fig. 6.45 as
measured from optical micrographs with the help of point count technique. The top
surface of the layer 1 is just below the shrinkage cavity of the FGM ingot. Similarly the
top surfaces of the layer 2, layer 3, layer 4 and layer 5 are 0.5 cm, 1.0 ¢m, 1.5 em, and
2.0 cm below the shrinkage cavity respectively. IThe particle distributions at the top
surfaces of the layers are taken to represent the particle distribution in the layers and are
modelled using the present modelling technique. It is assumed that there is no particle
concentration gradation in the circumfere,n'tialv z-axis direction as the gradation is confined
to the radial direction (x-axis) of the cylindrical cast ingot. The axial direction of the
cylindrical cast ingot is the y-axis direction and it has no gradation of particle within a
layer but the concentration at x = 0 in different layer varies following the particle content
as given in Fig. 6.45. It is assumed that the particle volume fraction at the center of the
FGM ingot is same as in the location nearest to the center.

For the modelling of the layers of FGM sample, a domain size of 3.5 cm x 0.5 ¢cm
representing the x-y section of a given layer is considered. This area is meshed with
plane42 square elements with an edge length of 50 pm representing a particle size. The
particle distribution is achieved with the help of a FORTRAN program as discussed in
Chapter 4. The particle volume fractions are assigned at different locations in the
FORTRAN program according to the variation shown in Fig. 6.45. Linear variation in
particle concentration is taken between two consecutive locations as it is also shown in
Fig. 6.45. All the elements are divided in two lists with the help of the FORTRAN
program. One list of elements represents the particles and the other represents the matrix
material. Elements répresenting particles are distributed randomly according to the volume
fractions at different locations. Matrix properties and particle properties are assigned to the
elements representing matrix and particles respectively. In this way five FGM models are

obtained representing the layers 1 to 5. First the global properties of these FGM models

are obtained in the y-direction.
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Figure 6.46 shows the nonlinear stress-strain behaviour of diﬁ'erent layers loaded
in the axial y-direction. Modulus of elasticity and yield stress of different layers obtained
from the stress-strain behaviour in the y-direction are shown in Figs. 6.47 arid\6.48
respectively. The average particle content are found to be 21.2%, 20%, 13.2%, 10% and
5.6% in layers 1, 2, 3, 4 and 5 respectively. The results for the modulus of elasticity and
yield stress for the uniform composite models with these average particle contents are also
presented in the same figures. The yield strength and modulus of elasticity of the FGMs
are better than that of the uniform composites with the same average particle contents in

the non gradation direction (y-axis).
In the next step the global properties of these FGM models are obtained in the

gradation direction of x-axis. For this, the nonlinear stress-strain behaviour of different
layers is obtained in the gradation direction as shown in-Fig. 6.49 and the modulus of
elasticity and yield stress are obtained for each layer. Figure 6.50 shows the modulus of
elasticity of different layers in the gradation direction. Figure 6.51 shows the yield stresses
of different layers. The results for the modulus of elasticity and yield stress for the uniform
composite models with the same average particle contents are also presented in the same
figures. The yield strength and modulus of elasticity of the FGMs are poor than that of the
uniform composites with the same average particle contents in-the gradation direction
(x-éxis) as it has already been observed in the results for FGM.

The global nonlinear behaviour of layer 1 is also investigated with poroéity. It has
been observed that. in the cast composites, particles are associated with porosities. As the
level of reinforcement increases, the level of porosity also increases. It can be said that
there will be gradation in the level of porosity also in the case of cast ingots of functionally
‘graded materials. An average 5 vol% of porosity with pores of particle size is investigated
with différent linear gradient variations. Figure 6.52 shows the different linear variations
in the porosity content in the gradation direction of particle distribution in FGM, marked
p1 to ps. Figure 6.53 shows the nonlinear stress-strain behaviour for Ioading in axial
y-direction of layer 1 with 5 vol% average porosity distributed following different linear
variations, The stress strain curves are very close for different porosity distributions. It is
observed that although there is a reduction in the yield strength and the modulus of

elasticity as the slope of the linear variation increases, this reduction is not substantial.
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‘The variation in yield stress along the radial direction from ¢entre to the outer
radius in layer 1 (top layer) and layer 5 (bottom layer) is also investigated by dividing the
layer into seven strips of size S mm x 5 mm. The yield stress of each strip is assumed to be
the local yield stress at the location corresponding to the mid-point qf the strij). Results for

yield stress in all these seven strips are obtained after imposing a uniform displacement
load on the x-y section of layers along the non gradation direction. Figures 6.54 and 6.55
show the variation in yield stress along the radial direction of layer 1 and layer §
respectively. The variations in hardness and particle content obtained from experimental
investigation are also included in the same figure. The broad trend in variation of yield
stress. follows those of particle concentration and hardness observed experimentally.
However, there is difference in local trend at places which may be due to exclusion of
porosity in this model. In a monolithic material, slip line field theory has shown that
hardness is proportional to yield stress and experiments have confirmed it although
proportionality constant varies slightly from material to material. Figure 6.56 shows the
variation of the ratio of yield stress and Vickers hardness along the radial distance in
layers 1 and 5 with the expectation that it will be the same but porosity may have acted as
the spoilsport by changing the ratio towards the centre where there are more particles.
Although it has not been possible to match the calculated properties because of problems
of direct measurement of yield stress or porosity locally but the similarity in broad trends

gives the necessary confidence in the model about its ability to represent the reality.
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CHAPTER -7

CONCLUSIONS

The present study on the modelling of deformation behaviour of uniform Al-ALO;

composite and FGM based on it has led to the following important conclusions in differént

segments of the study including the influence of porosity and validation of results by

experimental studies.

7.1
1.

MODELLING OF UNIFORM COMPOSITES

Uniform composite models with randomly distributed particles coritaining different
amounts of particles from 10 to 90 vol% in a step of 10% show an important
différence with the unit cell models in respect of particle clustering, particularly at
higher particle contents, as obtained in a 2-D square having an edge length of

5 mm, divided into grids of 50 um, which is the size of the particle.

The elastic behaviour as determined by the modulus of elasticity under application
of uniaxial load on the two opposite side of the square representing the uniform
composite has been investigated by distributing the same amount of particles
randomly and the global property like modulus of elasticity is found to be
insensitive to micro level of difference in various random distribution of particles.
The results for modulus of elasticity of the present modelling téchnique for
uniform composites are compared with the bounds predicted by the well
established rule of mixture (ROM) and inverse rule of mixture (IROM), giving the
most conservative upper and lower bounds for the modulus of elasticity
respectively and the results of the present modelling technique are well within
these bounds.

The results predicted by the present model for modulus of elasticity when
compared with the well known Hashim-Shtrikman (1963) boundé,' are found to be

well within these bounds as well.

207



10.

11

12.

The present model results for modulus of elasticity are in good agreement with

‘those obtained By Halpin—Tsai (1968) equation with the parameter { = 2.

The present model results for modulus of elasticity when compared with the
experimental results given by Aradhya and Surappa (1991) for aluminium matrix
composite reinforced with SiC particles, show good agreement but their results for
modulus of elasticity obtained from FEM model based on unit cell approach are
slightly lower.

On the basis of the results of the present modelling technique an empirical equation
for estimating modulus of elasticity of uniform composite having a given particle
content distributed randomly has been proposed.

The results for modulus of rigidity for the uniform composite with different
average particle contents distributed randomly are well within the bounds of rule of
mixture and inverse rule of mixture and also, within the bounds given by Hashim-
Shtrikman (1963).

The stress distribution within the uniform compo‘site is fairly inhomogeneous and
the extent of inhomogeneity increases with increase in strain and the particle

content in the composite.

Non linear analysis has been carried out with the présent model to predict

- nonlinear behaviour of the uniform composites with different average particle

contents. It has been concluded that the strain required for a composite to undergo
transition from elastic to plastic béhaviour decreases with increasing particle
reinforcement. These results are similar to those obtained by Bao and coworkers
(1991) with their unit cell model.

On the basis of results on yield stress as estimated by the crossover method for
composites having different average particle contents up to 70 vol% distributed
randomly, a linear empirical relation showing the dependence of yield stress on the

particle content has been obtained.
The variation of the ratio of flow stress of a composite (o, ) to that of the matrix

(o,) with increasing particle contents obtained under the plane strain conditions

compares quite well at lower particle content with those obtained by Bao and

~ coworkers (1991) for their unit cell model for particles of different shapes and

orientation but for the composites with higher particle contents, the result of the
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13.

14.

15.

16.

present model gives higher value for the flow stress ratio, which could be

attributed to ciustering of particies.

Uniform composite models with an average particle content of 20 vol% but
clustered in grids to give different shapes and sizes of particles, distributed
randomly over the whole matrix show that the shape of particle affects both th.e
modulus of elasticity and the yield stress, which decrease significantly if the
particles are elongated in the direction normal to that of lbading but their
orientation in the direction of loading results in higher modulus of elasticity and

yield strength as in aligned short fiber reinforced composite.

- Numerical results have been obtained for the variation of modulus of elasticity of

uniform composites with increasing particle vol% from 0 to 100, with three
different poroeity contents of 2.5, 5.0 and 7.5 vol%. It is concluded that porosity
lowers the Young’s modulus of the compoéites. The results of the pfesent model
for modulus of elasticity have been cempared with Sprigg’s eqination.

The elastic modulus of uniform composite containing four different types o[poxcs
represented by /*/, I*4, 2*2 and 4*/ as determined by nen-linear analysis,
indicates that there is 33% reduction in the elastic modulus in y-axis direction of a
composite containing 30 vol% of particle and 7. 5 vol% of porosity when the
porosity type changes from I *4, extended in y-axis d1rect10n to 4*1, extended in
the x-axis direction. These results also show that for the same porosity type (type
1*4) the reduction in the modulus of elasticity is only 5.3% when the porosuy'

content increases from 2.5 to 5 vol%.

The yield strength of uniform composite containing four different types of pores
represented by 1*1, 1*4, 2*2 and 4*/, as determined by non-linear analysis,
indicates that the yield strength in y-axis direction of a composite containing
30 vol% of particle and 7.5 vol% of porosity, decreases from 77 MPa to 47.8 MPa
when the pore type changes from 1*4, extended in y-axis direction, to 4*I,
extended in x-axis direction, which are respectively the least and most damaging
pore types considered in the present work. Thus, there could be 38% reduction in
the yield strength depending on the shape,_"' size and orientation of pores for the

same porosity content of 7.5 vol%. Also the results for yield strength show that
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17.

18.

1.2

19.

20.

21,

22.

there is only 9% reduction in the yield stress for the same porosity type of /*4

when the porosity content increases from 2.5 to 5 vol%.

It has been observed that the ratio of yield stresses with and without porosity
decreases with the level of reinforcement and the results of the present model
compares fairly well with the experimental results and those given by Tekmen and

coworkers (2003) and Ghosh (1986).

The average porosity content is not a reliable parameter to predict the mechanical
properties as the shape and orientation of pores are important in determining the
damage. The existence of large pores perpendicular to the loading direction is more

damaging because of high stress concentration as known already.

FUNCTIONALLY GRADED MATERIALS

Al-ALO; based FGM ingots with average weight percentage of alumina particles
of 10%, 20 % and 30% has been successfully synthesized by using centrifugal
casting method and alumina content decreases gradually in the radial direction
from the centre towards the outer radius. The decrease in alumina content from the
centre towards the outer wall is contrary to expectation as alumina is denser but
associated porosity with particle may be responsible for the observed behaviour.
Alumina content in the cast ingot decreases gradually also in the axial direction
from the top below the shrinkage cavity to the bottom of the cast ingots. The
decreasing alumina content from the top to the bottom of cast ingots is also
surprising in view of higher density of alumina particles relative to the melt but it
is often observed in cast composite ingots due to pores surrounding poorly wetting
ceramic particles,

Vickers hardness distribution of the cast ingot follows the particle distribution but
there are sometimes abrupt changes locally in the hardness distribution, which has
been attributed to inhomogeneous cast structure of the cast FGM ingot. Annealing
of the cast FGM ingot results in the elimination of cast structure and the radial

hardness distributions become relatively smooth.

FGM models with variation of particle concentration in the direction of x-axis from

0 vol% at one end and 100 vol% at the other end following a polynomial
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24.

25.

26.

27.

distribution show that the global average values of modulus of elasticity under
loading in the gradation direction of x-axis are lower than that in the uniform
composite for the same average particle content. But for loading in the y-axis
direction’ (normal to the gradation direction) the modulus of .elasticity values are

higher than that in the corresponding uniform compdsite.

FGM models with gradation in both x-axis and y-axis directions results in the
global average values of modulus of elasticity almost equal to that obtained for

uniform composites with the same average particle content.

Nonlinear analysis of FGM models with gradation in x-axis direction exhibit better
yield properties when loaded in y-direction, in comparison to those in .uniform
composite with the same average particle content but exhibit relatively poor yield
properties, when loaded in x-axis direction. It is further observed that FGM models
show the same yield stfess as that of the matrix up to almost 70 vol% of particle
content under loading in x-axis direction. The modulus of elasticity of the FGMs i§
also lower when loaded in the x-axis direction, than that of the uniform comp(‘)"sité'

for the same average particle content.

Variation in local values of modulus of elasticity for the FGM models having
gradation in x-axis direction for different average particle contents follows CIOSely“fi

the variation in particle concentration.
e
Frge

FGM models with average particle content of 30 vol% but following different
types of polynomial and linear gradation have demonstrated that the global values
of modulus of elasticity and yield stress of FGMs are affected by the type of the

gradation in particle concentration to a great extent.

The FGM samples synthesized experimentally in the present study have also been
modelled on the basis of particle distribution obtained experimentally and the
results for global modulus of elasticity and yield stress have been obtained at
different layérs below the shrinkage cavity for loading in the gradation direction
and normal to it and FGMs show better elastic as well as yield properties in
c'omparison to the uniform composites with equal average particle contents when

loaded in the direction normal to that of gradation. In the gradation direction FGMs
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28.

29.

7.3
30.

show poor elastic and yield properties than that of uniform composites with the
same average particle content.

In the cast composites particles are generally associated with porosity and the

&

linear gradation of an average of 5 vol% of porosity along with that of particles in
the FGM samples does not affect the properties of elastic modulus and yield stress
significantly.

The variation in yield stress obtained by the present modelling technique has been
compared with the hardness observed experimentally and both follow a similar

trend.

TEMPERATURE DISTRIBUTION AND THERMAL STRESSES

From the thermal analysis performed on uniform composite, FGM and layered
metal-ceramic combination, it has been found that steep change in the thermal
stresses at the metal ceramic interface of the layered combination could be avoided
by replacing it with either FGM or uniform composite but the latter may result in

relatively higher heat flux compared to FGM.
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