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Abstract

Sintering Behavior and Material
Properties of Nickel/Alumina
Functionally Graded Materials
Fabricated by Pressureless
Sintering Method

Jae-Chul Lee

School of Mechanical and Aerospace Engineering
The Graduate School

Seoul National University

In this study, a heat-resistant material is developed to increase the operating
temperature as a strategy for increasing the thermal energy efficiency. To do so,
the use of FGMs is introduced. As a heat shielding material, alumina was used,
and nickel was employed as the structural material of the FGM. The powder
metallurgy process and the pressureless sintering method were used for efficient
and cost-efficient manufacturing of the FGM.

To allow mechanical engineers without a strong background in material
science to develop FGM parts, a system making use of a material science
database was required. To make this system, the variables to be considered for
the design and fabrication of FGMs from the materials science field should be
input into the database; the experiments required from the materials science
field should be standardized; and the number of required experiment should be
reduced.

A measurement method and estimated models of material properties including
the following have been studied in the thesis.

1. A measurement method of porosity for each layer of a FGM



2. A method and a model to estimate material properties depending on
porosity for the fabricated nickel/alumina FGM

3. A method and a model to predict sintering shrinkage of each layer of a
FGM

A precise measurement method for the porosity of the FGM, an estimation
method for the material properties depending on porosity of the FGM, and an
estimation model that can predict the sintering shrinkage with a minimal
number of experiments are suggested in this study as basic research for the
development of a database of the materials science field. To confirm the
reliability of the estimation model, an analysis of the results using estimated
values from the estimation model were compared with measured values of
fabricated FGMs. The proposed estimation models in the study are determined
to be reliable using the comparison results.

When a mechanical engineer who designs and fabricates a FGM uses the
database employing basic data made by this study, it is possible to predict the
stress and displacement of the FGM. Finally, a FGM providing excellent
performance can be manufactured using this database system.

Keywords: Nickel/Alumina Functionally Graded Materials,
Porosity measurement method, Estimation model of
material properties, Estimation model of sintering
shrinkage, Numerical analysis of thermal residual
stress

Student Number: 2005-31034
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Chapter 1. Introduction

1.1 Functionally Graded Materials

In general, homogeneous material have uniform functions and/or
properties. However, if one side has high mechanical strength and the other
side has high thermal resistant property, there are "two aspects” in one
material. However, this difference in material properties generates stress
concentrations or delamination at the interface of the two substances because
of discontinuous properties.

To overcome this problem, gradual changes (gradient) of compositions
and/or functions are inserted at the interface of the two substances, which is
called a Functionally Graded Materials (FGMSs). In other words, FGMs are
materials whose compositions and/or functions vary continuously or step-
wisely from one side to the other side. Typically, these materials are made
from engineering ceramics and metals, as shown in Figure 1.1.

Engineering ceramics are useful due to their high compressive strength
and thermal applications, however suffers from low fracture toughness. On
the contrary, a metal exhibits better tensile strength and thermal shock
resistance but cannot withstand exposure to high temperatures. From the
mixture of these materials, a FGM can withstand high-temperature
environments while maintain their structural integrity. For example, a plate
used as a thermal barrier may be graded through the thickness direction from

ceramic on the face of the plate that is exposed to high temperature to metal



on the other face of the plate that maintains their structural integrity. Due to
these advantages, various concepts for FGMs have been introduced and
applied to many engineering parts in fields such as aeronautics, industrial
materials, optoelectronics, energy materials, biomaterials, and others.

In FGMs, change of compositions is continuous or step-wised. The
continuous-type (particulate type) has continuous and gradient functions
without generating any boundary by mixing two particles of different
functions. This type has the advantages that properties are continuous and
there are no stress concentrations throughout the FGM. However, it presents
difficulties in terms of design and manufacturing. On the other hand, the
step-wised-type (layered type) has boundaries between the bonded
individual compositions. Thus, properties are discontinuous and stress
concentration can occur in the FGM. However, this type can be obtained
allowable stress according to design parameters such as volume fraction and
thickness, and it can overcome the limitations caused by discontinuous
properties in the boundary of the different composition layers.
Manufacturing of this type of FGMs is easier and cheaper than the
continuous-type. Figure 1.2 shows the change in composition throughout a
plate for both types of FGMs. The bright and dark areas correspond to
ceramic and metal particles, respectively. Figure 1.2 (a) shows the
continuous-type FGM where the substance compositions are varied
continuously though the thickness direction. In addition, Figure 1.2 (b)

presents the step-wised-type FGM made of numerous layers.
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Figure 1.1 Atypical functionally graded materials consisting of metal and

ceramic

(a) Continuous-type (particulate type) [1] (b) Step-wised-type (layered type)

Figure 1.2 Two types of functionally graded materials



1.2 The origin of FGM

There are numerous examples of functionally graded structures in nature.
They can be seen in the bio-tissues of plants and animals and also in the
human body in places such as the bones and teeth. Bamboos, shells and
coconut leaves are also examples of natural structures who derive their
unique properties from functionally graded structures. Both bamboos and
shells are very strong near their outside surface, and soft inside. Bamboo is
known as an example of natural material that is lightweight, strong and
elastic, which is due to nodes in the hollow which creates a hierarchy and
step-wised structure. When a coconut leaf is blown by the wind, the section
closest to the tip is tender and is able to move freely in any direction along
with the wind, but the remaining part is very stiff and doesn't move. This
type of structure is very suitable for its living environment.

Living creatures in nature are generally optimized with graded structures
and tissues according to their living environments. Biomimetics or
biomimicry is the applications of design features from nature to human-
made products. Due to their unique potential, FGMs are one important
aspect of biomimetics that can be used to improve man-made products.

FGMs were first proposed around 1984-85 by two researchers talking
about their dream of developing spaceplanes; one was studying aeronautics
and the other was studying advanced materials. The outer body of a
spaceplane has to be exposed to very high temperatures and, therefore, needs
to be resistant to severe conditions resulting from the temperature gap (about

1000 °C ) between the inside and the outside of the spaceplane. Since there



is no single material able to endure such conditions, the researchers devised
the concept for FGMs in order to fabricate a spaceplane’s body using
materials with improved thermal resistance and mechanical properties by
gradually changing (grading) its composition. They designed the body to use
ceramic for the outer surface that is exposed to a high temperature
environment and thermally conductive material for the inner surface.

This was the beginning of the FGM research activities. In 1987, their
FGM research was accepted for a large project with the Ministry of
Education and Science. During the period from 1987 to 1991, many
researchers from universities, national laboratories and corporations
participated in the research project entitled "Research on the Generic
Technology of FGM Development for Thermal Stress Relaxation”. They
keenly discussed on methods of FGM development, and systemized the
process such as material design, production and evaluation. Finally, a
thermal stress relaxing material based on FGM principles was developed.
Today, the concepts of FGMs was expanded and developed such that a large

variety of materials have been developed [2].



(a) Bone microstructure [3]

Figure 1.3 Examples of naturally occurring FGMs

(b) Bamboo microstructure [4]



1.3 Motivation

Since prehistory, materials have played a crucial role in the development
of our society and culture. In the twentieth century, the exploitation of base
elements from the periodic table into various inorganic and organic
compounds has made way for the development of advanced polymer,
engineering alloys, and advanced structural ceramics, as shown in Figure 1.4.
Furthermore, FGMs have been developed by combining advanced
engineering materials in the form of particulates, fibers, whiskers, or
platelets. In the continuous drive to improve structural performance,
architecture of new materials using advanced experimental and numerical

methods are required [5].

[ Functionally graded materials J

T

| Composite laminates ‘

I

’ Bulk composites ‘

T

Enhanced fibers, Particulates, Platelets,
Whisker, Foams, and Matrices

’ Ceramics ‘ \ Metal alloys ‘ Glasses ' Polymers ‘ \ Elastomers |

‘ Inorganic compounds ‘ ‘ Organic compounds ‘

e

‘ Base Elements ‘

Figure 1.4 lllustration of our modern material hierarchy



Chapter 2. Objective

The research and development of industrial materials is a constantly
evolving fields with new material improved materials being steadily
developed. Nevertheless, modern machine parts are used in complicated
conditions and severe environment, and require to be optimized
simultaneously for a number of functions and environmental conditions.

Currently, in order to meet these needs, instead of a single material,
composite material combining a suitable material for their needs is being
developed rapidly. Composite materials have improved properties such as
strength, stiffness, corrosion resistance, abrasion resistance, light weight,
durability, heat resistance, sound insulation, etc. through the careful selection
of the characteristics of the different materials.

However, these composite materials have disadvantages that the interface
between the materials and components can be separated by the residual
stress caused by differences of the coefficient of thermal expansion, lattice
constant, physicochemical properties and others. To overcome this
disadvantages and to improve bonding strength at the interface, Functionally
Graded Materials (FGMSs) have been developed [6-10].

In this study, a heat-resistant material is developed to increase the
operating temperature as a strategy for increasing the thermal energy
efficiency. To do so, the use of FGMs is introduced. As a heat shielding

material, alumina was used because it maintains high strength at high
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temperatures, and has good oxidation, corrosion, heat stability and thermal
shock resistance capabilities. Nickel was used as the second material due to
its high melting point and stiffness, which is used as the structural material
of the FGM. Powder Metallurgy process and Pressureless Sintering Method
were used for efficient and cost-efficient manufacturing of the FGM.

In order to produce FGM parts using specific materials and manufacturing
methods, the process shown in Figure 2.1 is generally used [11]. Knowledge
from both materials science and mechanical engineering science must be
used to adequately develop FGMs. Therefore, the manufacturer should have
a knowledge of both fields, otherwise it is difficult to develop FGM parts.

Therefore, in order to allow mechanical engineers without a strong
background in material science to develop FGM parts, the goal of the present
study is to develop a system making use of a material science database as
shown in Figure 2.2. To make this system, the variables to be considered for
the design and fabrication of FGMs from the materials science field should
be input into the database, and the experiments required from the materials
science field should be standardized, and the number of required experiment
should be reduced.

Therefore, a precise measurement method for the porosity of the FGM, an
estimation method for the material properties depending on porosity of the
FGM and an estimation model that can predict the material properties with a
minimal number experiments are suggested as basic research for the
development of a database of materials science field in this study.

In order to confirm the reliability of the estimation model, the results of

A& st



analysis using estimated values from the estimation model were compared

with measured values of fabricated FGMs.

™ 's ™
Materials Engineering
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: development design
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Figure 2.1 Present general process for the production of engineering parts of

FGM forms
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Chapter 3. Literature reviews

3.1 Effective material properties of Functionally Graded
Materials

A FGM is a composite material that is fabricated by mixing particles of two
dissimilar material phases, for example, a metal and a ceramic. The
constituent material phases are assumed to be perfectly bonded to one another.
The result is a multi-phase structure which we consider to be isotropic in
nature. Often, precise information about the size, shape and distribution of the
particles may not be readily available and the effective modulus of the graded
composite must be evaluated based only on the volume fraction distributions
and the approximate shape of the dispersed phase. When presented with such
a configuration, as is the case with functionally graded materials, it is
necessary to estimate the effective material properties in order to perform
numerical simulations of the thermo-elastic problems [12].

Several micromechanical models have been developed over the years to
estimate the effective properties of two-phase FGMs. The simplest, and
perhaps most common, is the classical linear law of mixtures [13], which
assumes that the effective material property is the sum of each constituent’s
material property times its respective volume fraction. Another method is the
modified rule of mixtures [14], which is an empirical formula that
incorporates the interaction effects into the stress and strain values associated

with each phase. Fan et al. [15] proposed a generalized law of mixtures which
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can account for variations in volume fraction, grain shape and phase
distribution that has agreed well with experiment. However, this method
requires a number of input parameters, and in addition, is only suitable for
determining effective elastic modulus and effective yield strengths.

These methods, Mori-Tanaka [16, 17] and self-consistent [18] schemes,
each possess a complete set of estimates for the material properties used in
this work. The Mori-Tanaka and self-consistent estimates, both derived from
the solution of elasticity problems, do not require any additional information
about the composite other than the relative volume fraction and material
properties of the constituents.

As demonstrated by Reiter et al. [19] and Reiter and Dvorak [20] using
finite element simulations of realistic microstructures, the Mori-Tanaka
method works well for estimating the effective material properties in instances
where the microstructure consists of clearly defined matrix and particulate
phases. The Mori-Tanaka method assumes that the matrix phase is reinforced
with spherical inclusions and accounts for the interplay of the elastic fields
between neighboring particulate particles. In the following expressions, the
matrix phase will be denoted by subscript 1 and the particulate phase by
subscript 2. In this notation, K,, z,, k;,and ¢, denote the bulk modulus,
the shear modulus, the thermal conductivity and the thermal expansion
coefficient, respectively, and V, the volume fraction of the matrix phase.

K,, #,, k,, a, and V, denote the corresponding material properties and

2!
the volume fraction of the particulate phase. It should be noted that for a two-

phase FGM without voids, V, +V, =1 at every location within the body.
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The Mori-Tanaka estimates for the effective bulk modulus K and the

effective shear modulus 4« are [17]

K-K, _ A (3.1)
K _
S T ERVA Bl
K+ 43 iy
and
M=ty _ V, (3.2)
Hy — 1y Hy — Hy
1+(1-V
{ a-v,) +n}

respectively, where the quantity f, is defined as

(9K, +8u)
h= 6(K, +214) 33

Hatta and Taya [21] derived the effective thermal conductivity k of a

composite with spherical particles embedded in a matrix as

-k _ vy (3.4)

The effective coefficient of thermal expansion « is determined by the

correspondence relation [22] as

a-a _ %(_%(1 (35)
“o M, K
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Once the effective properties of the bulk modulus, shear modulus, thermal
conductivity and thermal expansion coefficient are obtained, determination of
other material properties, such as the elastic modulus E , the Poisson’s ratio
v, Lamé constant A and stress temperature coefficient S are easily
calculated using well-known relations of the theory of elasticity [23].

The self-consistent method draws its estimates through the solution of an
elastic problem in which an ellipsoidal inclusion is embedded in a matrix
possessing the effective material properties of the composite. The self-
consistent scheme performs well in determining the effective properties of a
two-phase composite in regions with a skeletal microstructure where there is
no clearly defined matrix or particulate phase [19]. This is due, in part,
because the self-consistent estimation scheme does not distinguish between
the matrix and reinforcement phases. Thus, this scheme yields the same result
for the modulus of a composite even when the material roles are reversed.
Therefore, in the subsequent expressions, it is not important which of the
material phases is denoted by a subscript 1 and which by subscript 2. The self-

consistent estimate for the bulk modulus K and the shear modulus x are

given by the relationships [18]

(3.6)

and

(3.7)



where
K
K +‘% j,u

Equation (3.6) can be solved to obtain K after substitution of ¢ from

Equation (3.8),

[(/) +V(%)J(3jﬂ :

Equations (3.7), (3.8) and (3.9) yields the following quartic equation for the

shear modulus x

VK, N V2K, +5{ Vist, i Vath }+2=0 (3.10)
K+l Ko+\Bghe Lurm v

The self-consistent estimate of the effective thermal conductivity K is

obtained by solving the quadratic equation [24]

Vl(kl — k) +V2(k2 — k)
k, + 2k k, + 2k

=0 (3.11)

The self-consistent estimate for the coefficient of thermal expansion « is
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obtained by using the self-consistent estimate of the effective bulk modulus
K in the correspondence relation Equation (3.5). It is worthwhile noting that
the self-consistent scheme is harder to implement analytically than the Mori-
Tanaka scheme since it requires the solution of a pair of implicit equations.
However, numerical implementation of the self-consistent scheme can be
performed without much difficulty due to readily available techniques for

finding roots of polynomial equations.
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3.2 Porous Material Characteristics

Contemporary elasticity theories for the properties of porous materials
consider materials as composites whose porosity has zero material constants.
At the same time it is necessary to consider the specific deformation of
sintered materials from powders during production processing into articles. In
contrast to cast or condensed materials that form as a result of solidification
and crystallization, powder metallurgy materials relate to the class of
consolidated materials that are prepared by forming, compaction, and
sintering of fine powder particles. Therefore it is necessary to introduce a
conceptual factor of their imperfection into rheological models of porous
materials formed from. It emerges from the fundamental conditions of
forming an imperfect powder material meso-structure intermediate between
the micro- and macrostructure, as a result of random packing of powder
particles in the initial stage of forming the material itself [25].

This approach to analyzing the elastic properties of sintered materials in
relation to their porosity taking account of their meso-structural imperfection
has been employed in [26]. Two of the most proven and verified methods for
calculating the elasticity modulus of composite materials were chosen for the
analysis: the self-congruent method developed in the fundamental work
Mackenzie [27], Eshelby [28], Hill [29], and developed in the work of
Skorokhod [30], Mori and Tanaka [16], Zhao, Tandon, and Weng [31],
Budiansky and O’Connell [32]; the variation method of Hashin and Shtrikman
[33]. From the results of analyzing the elasticity of porous materials [26]

subsequently there was correction and refinement of approximation
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dependences of these properties on the relative density of porous materials.
Generalized dependences that have a simpler form [31] are used alongside
expanded equations containing tensor components of Eshelby transformations.
Elastic modulus of porous materials within the self-congruent theory for pores

of spherical shape are determined by the equations

K 4 1=p . p_, 1-p (3.12)

Ko 1-ap Ho 1-5p

here K and K, are uniform compression modulus for porous material and
the matrix that forms it; x4 and g, are porous material and matrix shear

modulus, respectively; p is relative density;

1 1+v,

1 _ 2 4+5y,
3 1-v,

" 15 1-v,

2 ; By (3.13)
(v, matrix Poisson’s ratio [31]). Values of K and x, calculated by
Equation (3.12), agree with the results of calculation by the Hashin and
Shtrikman variation method [33] for porous material.

The overall dependence for uniform compression and shear modulus on

porosity in the self-congruent method for a random spatial pore distribution

[27] is described by the equations

KK={1+(1_’0)P2}1 : /‘={1+(1_”)q2}1 (3.14)
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For pores of needle-like shape randomly orientated in space:

8
. P, =E-(5—3v0) (3.15)

For disk-shaped pores (the shape of coin) randomly orientated in space

4 1-4F 1 5 _8 (L-v,)5-3v,)

1
*"31-2v, m ' * 15 2-v, m

(3.16)

where a=t/d (t is thickness, d is pore diameter). For cracks randomly

orientated in space relationships (3.14) take the form

K_[aea—E) 17 a [ 320-v)5-v,) |
KO_{1+9(1—2V0)77} ’ yo_{“ 45(2-v,) g 317

here # is crack concentration [32]; # = nd3/V, where V is volume and

d is crack diameter. In variation method of Hashin and Shtrikman [33] the

elasticity modulus of porous material are determined by relationships

-1 -1
£ = p{l-{-(l_p)?,Ko} : ﬂ = 1+g(1_p{1+ MJ
Ko A4ty Ho 3 K + g

(3.18)
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After determining K and u for porous material by known values of K,
and g, for compact material (it corresponds to the porous body matrix) by

means of the relationships

v:l 3K -2u

1 . E=20 3.19
2 W+u L+v)u (3.19)

Poisson’s ratio v and elastic modulus (tensile modulus) E are

determined for isotropic porous material.

a Statistic method
© Dynamic method of tension

© Dynamic method of
compression

Figure 3.1 Dependence of the ratio of elastic modulus of porous E and pore-
free E, nickel (a), iron (b), and boron carbide (c) on porosity 8 . Curves
were calculated by the self-congruent method for pores of spherical (1),
needle-like (2) and disk shape with a thickness to diameter ratio of a= 0.1
(3), 0.05 (4), and 0.01 (5). The hatched fork of curves corresponds to
approximation relationship (9) within the perfect (6) and imperfect material

with an imperfection coefficient m = 0.65 (7). Points are experimental data.
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Figure 3.2 Dependence of Poisson’s ratio v for nickel (a), iron (b), and
boron carbide (c) on porosity. Curves were calculated by the self-congruent
method for pores of spherical (1), needle-like (2) and disk shape with a
thickness to diameter ratio of a= 0.1 (3), 0.05 (4), and 0.01 (5). Curve 6
corresponds to the empirical relationship v =v,exp(-6.89). The hatched
fork of curves corresponds to approximation relationship (8) within the
perfect (7) and imperfect material with an imperfection coefficient m= 0.65

@)

22



Results of computer calculations with respect to elastic modulus and
Poisson’s ratio for a porous nickel ( E, =194 GPa, v,=0.32), iron (E, =211
GPa , v,= 0.28), and boron carbide B4sC (E,= 465.6 GPa, v,= 0.084)
together with experimental data for porous nickel [34], iron [35], and boron
carbide [36, 37] are given in Figure 3.1 and Figure 3.2 [40]. There is a general
tendency of a regular reduction in the value of E/E, with an increase in
porosity. There is no general tendency for Poisson’s ratio and a recently
established empirical dependence (curve 6) that is expressed by the equation
V=V, exp(-6.8<9) [38], has the same nature as curves 3-5. These points to a
change in pore shape in relation to overall porosity and also presence in the
structure of actual porous material of two-dimensional defects in the form of
meso-element boundaries [25]. In order to describe the elastic behavior of
actual porous material with mechanical loads it is necessary to introduce a
guantitative characteristic of the degree of structural imperfection connected
with the presence of meso-defects. Therefore, as in the case of the ductility of
porous materials [39] it is desirable to select a phenomenological coefficient
m as the imperfection index of material elastic behavior.

None of the theoretical dependences of elastic properties on porosity for
definite pore shape describe the elastic behavior of porous material (Figure
3.1 and Figure 3.2). Therefore computer calculations have been performed for
the effective elastic modulus of porous materials using approximation
equations in order to describe the dependence of these properties on porosity.
Here it was assumed that with low porosity approximation should be as close

as possible to both a theoretical equation and experimental data, but with high
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porosity calculated dependences should be close to experimental data. As a
result of this approximation equations for Poisson’s ratio and shear modulus

have been suggested

3 c—(l—m2 p
Yool Mo p el (3.20)
Vo Ho

Elastic modulus E and uniform compression modulus K were determined

taking account of Equation (3.19)

u . E
E=24,1 = ; K= 3.21
/Uo( +V0pw{ﬂoj 3(1—2\/) (3.21)

The value of ¢ correlates with the Poisson’s ratio, €= 2 for metallic materials
(nickel, iron), and c¢c= 2.5 for ceramic materials (boron carbide). These
approximation relationships, shown as the hatched forks of curves 6-7 (Figure
3.1) and 7-8 (Figure 3.2) for perfect (m= 0) and imperfect (m= 0.65)
materials, point to the conformity of the suggested description with
experimental data. Curves 1 (Figure 3.1 and Figure 3.2) calculated by the self-
congruent method coincide with curves calculated by the Hashin and

Shtrikman variation method.
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3.3 Porosity of composite fabricated by Pressureless
Sintering Method

Various approaches based on the bulk (particulate processing), pre-form
processing, layer processing and melt processing are used to fabricate the
FGMs. Especially, the particulate processing used heat such as pressureless
sintering, hot pressing, and hot isostatic pressing is general. However, it have
been reported that their methods are caused thermal residual stress in the
interface of other materials due to differential shrinkage and generated defect
such as pore, micro crack, and etc.. Especially composite fabricated by
pressureless sintering has many pores [41-45]. This pore causes variation of
material properties. Therefore the porosity becomes important parameter in
design of FGM fabricated by pressureless sintering.

Shabana et al. published paper for porosity of FGM joined by Nickel and
Alumina in International Journal of Solid and Structures; Volume 43 [48]. In
the paper, pressureless sintering of particulate processing is used to fabricate
layered FGM, and initial- and final-porosity were measured as shown in
Figure 3.3.

Also Bruck & Pines proposed two prediction models for porosity of
composite in Acta MATERIALIA journals [46, 47]. First theoretical porosity
model was assumed that all porosity is associated with the matrix material as

shown in Figure 3.4.
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Figure 3.3 Variation of initial and final porosity with the nickel compositions

in the paper [48]
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Figure 3.4 First theoretical porosity model, assuming all porosity is

associated with the matrix [46]
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In first model, the particle reinforcement occupies a constant volume fraction
of the composite before and after sintering, and all porosity is a result of the
incomplete packing of the smaller particles in the matrix material. Therefore,
these calculations of porosity are based upon the volume fraction of the matrix
material present in a particular composition.

The final porosity volume fraction is calculated by Equation (3.22), and then

v is determined by Equation (3.23), as follows:

P =1 Uy, (L+0) (3.22)
1-vy . .
. 7% for Ni matrix (3.23)

for Al,O, matrix

where the final porosity values, P, the ideal volume fractions of nickel, vy,

and the finial volume fraction of the matrix material, v

matrix ¢

Second theoretical porosity model is assumed that porosity associated with
matrix and particles as shown in Figure 3.5. This calculation of porosity is
completed by scaling the volume fraction of the matrix based upon the
amount of porosity associated with the pure matrix. Hence, the ratio of the
initial porosity to the initial volume fraction of the pure matrix material is

used to convert the fraction of matrix material into the amount of porosity
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associated with the matrix. This conversion assumes the matrix material
behaves the same in each composite as it does when there is no reinforcing

phase present. Therefore, the volume fraction of porosity associated with the

matrix, (u , is given by

porosity)mtrix

(UPOFOSity)matrix _ PPU re

v 1

= constant (3.24)

matrix ~ Tpure

In Equation (3.24), the amount of porosity due to the matrix material is

computed using the known volume fraction of the matrix material, v

matrix ?
and the known ratio of porosity to matrix material. The term p - is the
amount of porosity in the pure matrix material. Following the calculation of

the porosity in the matrix, the porosity associated with the presence of the

reinforcing phase,(U , is simply the difference between the whole

PUl’OSity)panicle

porosity in the material and the partial volume fraction of the porosity due to

the matrix phase such as Equation (3.25).

(Uporosity)pamde =P- (Uporosity)matriX (3.29)

Finally the final porosity of Equation (3.27) can be determined from the

porosity-matrix material relationship shown in Equation (3.24) using the final
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porosity of the pure materials and the relations for (upmsity)

matrix

(”porosiw)pamde employed in Equation (3.26) as follows.

(Uporosity)pamdef _ (UPOTOSity)particlei

(3.26)
Umatrix f Umatrix i

Pf = Upin, I:)pure " (UPO"OSity)particlei (3.27)
1- Ppure f Umatrixi

The experimental porosity measurements are shown in Figure 3.6, along
with the results from both of the models described for the theoretical
porosity. As can be seen, the theoretical estimates for the final porosity are
lower than measured values. The differences between the estimated and
measured porosities are larger for the nickel-rich compositions, especially
for the 60 vol.% Ni composite, it show 29% error. The second theoretical
model is more approximate for measured porosity volume fraction than the

first theoretical model.
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Figure 3.5 Second porosity model attributing an amount of porosity to the
matrix equivalent to that of the pure material, and all remaining porosity

associated with the particles [46]
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Figure 3.6 Plot of the measured and predicted values from each of the models

for the final porosity [46]
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3.4 Analysis of FGM behavior

The Modeling and thermal stress analysis of FGMs have been studied
strongly and actively.

Markwort et al. [49] described the modeling studies relative to FGMs.
They included two aspects of the modeling procedure: models for
microstructure-dependent thermo-physical properties, and models for the
design, processing, and performance of FGMs.

Fuchiyama and Noda [50] developed computer programs that analyze the
transient heat transfer and the transient thermal stress of FGM plates,
composed of ZrO; and Ti-6Al-4V, by the finite element method.

Ravichandran [51] examined a one-dimensional calculation of thermal
residual stresses, arising from the fabrication of an Al.0s/Ni FGM. Several
functional forms of gradation of constituents were examined to arrive at the
optimum profile giving the minimum residual stress level. The effects of
temperature dependent elastic and thermal expansion characteristics of
constituents on residual stress were found to be small.

Aboudi et al. [52, 53] extended a micromechanical theory for the thermo-
elastic response of functionally graded composites with nonuniform fiber
spacing in the through-thickness direction to enable analysis of material
architectures characterized by arbitrarily nonuniform fiber spacing in two
directions and to include the inelastic and temperature-dependent response of
constituent phases.

Aboudi et al. [54] also employed the higher-order theory for the response

of a FGM plate subjected to a through-thickness thermal gradient to optimize
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the composite’s microstructure. In addition, Aboudi et al. [55] developed the
full generalization of the Cartesian coordinate-based higher-order theory for
FGMs. The theoretical framework was based on volumetric averaging of the
various field quantities, together with imposition of boundary and interfacial
conditions in an average sense between the sub-volumes used to characterize
the composite’s functionally graded microstructure.

Reddy and Chin [56] studied the dynamic thermo-elastic response of
FGM cylinders and plates. The three-dimensional heat conduction and the
memo-elastic equations were solved and coupled in the formulation, and a
finite element model of the formulation was developed.

Reddy and Cheng [57] analyzed three-dimensional thermo-mechanical
deformations of a simply supported FGM rectangular plate by using an
asymptotic method. The locally effective material properties were estimated
by the Mori-Tanaka scheme. The temperature, displacements and stresses of
the plate were computed for various volume fractions.

Reddy [58] presented the theoretical formulation, Navier’s solutions of
rectangular plates and finite element models based on the third-order shear
deformation plate theory for FGM plates. The formulation accounted for the
thermo-mechanical coupling, time dependency and the von Karman
geometric nonlinearity.

Cheng and Batra [59] obtained a new solution in closed form for the
thermo-mechanical deformations of an isotopic linear thermo-elastic FGM
elliptic plate rigidly clamped at the edges. The method of asymptotic

expansion was used to study three-dimensional mechanical deformations,
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and the deformations due to thermal loads were straightforwardly found. In
this work, it was found that the through-thickness distributions of the in-
plane displacements and transverse shear stresses in a FGM plate did not
agree with those assumed in classical and shear deformation plate theories.

Vel and Batra [60] obtained an exact solution for three-dimensional
deformations of a simply supported Al/SiC functionally graded rectangular
plate subjected to mechanical and thermal loads on its top and/or bottom
surfaces. The effective material properties at a point were estimated by either
the Mori-Tanaka or the self-consistent scheme.

Vel and Batra [61] also presented an analytical solution for three-
dimensional thermo-mechanical deformations of a smlply supported FGM
rectangular plate subjected to time-dependent loads on its top and/or bottom
surfaces. The transient temperature, displacements, and thermal stresses at
several critical locations were investigated for plates subjected to either
time-dependent temperature or heat flux prescribed on the top surface.
Furlher,

Vel and Batra [62] analyzed a three-dimensional exact solution for free
and force vibration of simply supported FGM rectangular plates. In this
study, suitable displacement functions that identically satisfy boundary
conditions were used to reduce equations governing steady state vibrations
of a plate to a set of coupled ordinary differential equations, which were then
solved by employing the power series method.

Qian et al. [63] investigated the static deformations and free and forced

vibrations of a thick rectangular FGM plate by using a higher-order shear
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and normal deformable plate theory and a meshless local Petrov-Galerkin
method. The response of the plate to impulse loads was computed for
different volume fractions.

Cho and Oden [64] presented thermal-stress characteristics of FGM beams
using the Crank-Nicolson-Galerkin scheme. The effects of the material
variation through the thickness and the size of the FGM layer inserted
between ceramic (Al,O3) and metal (Ni) layers were studied using the finite
element method.

Cho and Ha [65] estimated the thermo-mechanical properties and
responses of dual-phase FGMs by conventional averaging approaches, such
as rules of mixtures, mean-field micromechanics, and so on. They
numerically investigated three representatives averaging estimation methods,
the linear and modified rules of mixtures and the Wakashima-Tsukamoto
estimate, by comparing with the finite element discretization approach
utilizing rectangular cells.

Wang and Tian [66] developed a finite element/finite difference method to
solve the time-dependent temperature field in non-homogeneous materials
such as functionally graded materials. The method used the finite element
space discretization to obtain a first-order system of differential equations,
which was solved by employing finite difference scheme to resolve the time-
dependent response.

Gasik [67] discussed the main principles of FGM structure modeling,
justification of several model approaches, W/Cu FGM properties evaluation

with respect to their application in a fusion reactor.
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The micromechanical and nano analysis of FGMs have been researched in
many engineering fields.

Rodriguez-Castro et al. [68] investigated the microstructure and
mechanical behavior including tensile and fracture properties of a Al
A359/SiC, FGM processed by centrifugal casting.

Tsukamoto [69] presented an analytical description of thermal stress states
in a FGM plate subjected to through-thickness heat flow by combining
micromechanical with macro-mechanical approaches.

Kumar and Wang [70] performed nano-indentation experiments on
various sintered bio-ceramic powders and bio-ceramic FGM coatings with a
berkovich indenter to establish an improved method for determining
hardness and elastic modulus from load and displacement data.

The failure and fracture analyses of FGMs have been investigated in many
studies.

Bao and Wang [71] analyzed the multiple cracking in functionally graded
ceramic/metal coatings. To guide the design of coating gradation so that
cracking damage could be minimized, a fracture mechanics study was made
of the crack driving force for multiple cracks. Systematic finite element
calculations were made for the energy release rate of the cracks in the
coating as determined by the coating gradation, crack length and the crack
density; both mechanical and thermal loads were considered.

Jin and Batra [72] studied the effects of loading conditions, specimen size
and metal particle size on the crack growth resistance curve(R-curve) and

residual strength of a FGM based on the crack-bridging concept. It was
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found that the FGM exhibited strong R-curve behavior when a crack grew
from the ceramic-rich region toward the metal-rich region and the residual
strength of the FGM with an edge crack at the ceramic side was notch-
insensitive.

Butcher et al. [73] measured elastic modulus in FGM. Elastic modulus
gradients occurred over length scales suitable for experimental mechanics
investigations using optical interferometry. The optical measurements were
used to extract fracture parameters based on the prevailing understanding of
the crack tip behavior in FGMs.

Bruck and Gershon [74] utilized a 3-D model to predict the residual stress
distribution in a joint composed of a nickel and alumina plate joined by a 60
vol.% Ni particulate reinforced composite interlayer.

Becker Jr. et al. [75] studied the crack path and fracture criteria with
application to homogeneous and FGMs.

Cho and Choi [76] explored the suitability of the yield-stress-calibrated
objective function for maximizing the yield strength of heat-resisting FGMs.
They used two-level finite element meshes, coarse mesh for the volume
fraction field and fine mesh for the thermo-elastic deformation field, in order
to resolve the quality-time dilemma effectively.

Ma et al. [77] investigated the electro-elastic behavior of a Griffith crack
in a functionally graded piezoelectric strip.

Zhang and Paulino [78] investigated dynamic failure processes in
homogeneous and FGMs. The failure criterion was incorporated in the

cohesive zone model using both a finite cohesive strength and work to
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fracture in the material description.

Zhang et al. [79] analyzed the thermo-mechanical behaviors and the
distribution of residual stresses in ZrO,/NiCoCrAlY FGM coatings due to
thermal spraying by thermo-mechanical finite element analysis. They also

discussed the residual stress-induced failure model of coatings.
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Chapter 4. Experimental Procedure

In this study, a green-body of a Ni / Al,O; FGM was fabricated using
Powder Metallurgy technique and was sintered using the Pressureless
Sintering Method. The nickel selected for this study has strong oxidation
resistance properties at low temperatures, can be forged, and is a rich
material for ductility. Nickel is a metal that is widely used as a construction
material. In addition, alumina provides excellent heat resistance, wear
resistance, electrical insulation properties, and chemical resistance. Alumina
also is easy to sinter, and is a strong material. Thus it is applied in various
fields.

In addition to the characteristics described above, nickel and alumina are
used in this study for the following additional reasons: nickel has a high
melting point and is easily joined with ceramics having a high melting point.
In addition, alumina features a relatively high thermal expansion coefficient
for a ceramic material. Therefore, alumina is suitable for bonding with a
metal that has a relatively higher thermal expansion coefficient than do
normal ceramics. Because of these properties, many studies of bonding
between nickel and alumina have been performed [6-10].

However, the CTE of nickel is 13.1E-6/C, and the CTE of alumina is
5.5E-6/C [80]. The difference of CTE between nickel and alumina is still
high. Thus, it is difficult to fabricate a complete Ni / Al,O; FGM. In addition,

the generation ratio of pores is higher when manufacturing a FGM using the
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Pressureless Sintering Method. Generated pores also decrease the strength
and change the outer shape of the FGM. Furthermore, other problems may
occur, including the difficulty of the mixed powder production generated by
the density difference between nickel and alumina [9, 11, 12].

For these reasons, Bruck et al. [48] made a crack-free Ni / Al,O; FGM
using a 60 vol.% nickel layer instead of 100 vol.% nickel layer. In addition,
Lee et al. [9, 11, 12] fabricated a crack-free Ni / Al,O3 FGM using a weight
fraction, however the outer shape of the fabricated FGM was significantly
deformed.

In this study, many parts of the manufacturing process were improved
based on previous studies. Finally, a crack-free Ni / Al,O; FGM was
fabricated that provided a better outer shape than the previous FGMs

provided.
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4.1 Layer design of a FGM

The composition of each layer of FGM was designed to change linearly
10 vol.% interval, and the volume of each layer was planned to be kept
constant. However, the volume of each layer of FGM was unable to be
determined. Therefore, simulation for determining the appropriate volume
was performed using the finite element method.

At the start of the research, a “Voigt model (mixture rule)” was applied to
make the gradient because it has been widely used in the modeling of FGMs
[41]. A material having two components, denoted as A and B, is considered.
Let P4 and Pg be the values of some particular property for pure A and pure
B, respectively, and let their respective volume fractions be Va and Vs, where
Ve = 1- Va assuming that the material is 100% dense and ideal joining and

dispersion between the two materials.

PC=VA.PA+VB.PB (41)

This Voigt model was applied to calculate density of each graded layer, and
thickness of FGM layers is decided by calculated density. Material properties
of the Ni / Al,O3; FGM were calculated as shown in Table 4.1. Here, values

used as material properties for pure alumina and pure nickel are quoted from

the literature [80].

The thermal residual stresses of the FGM were computed using the finite

element method (FEM): ANSYS APDL.

The thermal strain, e, of each isotropic layer was determined from
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{er} = {aAT} (4.2)

where « is the CTE of the material and AT is the temperature change. The

thermal stress, o, was calculated from the thermal strain,

{or} = [D){er} (4.3)

where [D] is the stress-strain matrix derived from Poisson’s ratio (v) of the
materials and the one-dimensional elastic modulus (E) [81].

If the trivial relations t,o = 0 and tg, = 0 are omitted, the most
general axisymmetric form of Equation (4.3) for the coordinates shown in

Figure 4.1 is as follows [82] :

_ v v

1 =% =% 0
or R R [ el
Og ( _ (1-v)E 1-v 1-v < AT (4 4)
o, (~ (+v)(1-2v) L 0 < AT '
T, 1-v  1-v - 0

o0 o o0 =—2=

L 2(1-v)

For finite element analysis, a two-dimensional, four-node plane element
(PLANE42) was used in the ANSYS APDL. The two-dimensional
axisymmetric model was meshed using 0.1 mm elements.

Figure 4.2 shows a schematic model of 2D from 3D (a) and the elements and

boundary conditions of the FEM model (b) used for the finite element analysis.
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The temperature conditions are a cooling condition from 1350C to 257.
Thermal residual stress caused by the difference of the thermal expansion
coefficient between properties of each layer of FGM was computed.

In the analysis result, when the volume of each layer of the FGM was 1.0
cc, the 1st principal stress was higher than the failure strength at the 20 vol.%
Ni / 80 vol.% Al,O; layer, as shown in Figure 4.2. Meanwhile, when the
volume of each layer of the FGM was reduced to 0.5 cc, the 1st principal
stress was lower than the failure strength, as shown in Figure 4.3.

Finally, the volume of each layer of the FGM to be applied to this study
was determined as 0.5 cc. Then, the weight of each material to be inserted

into each graded layer of the FGM was calculated as shown in Table 4.2.
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Table 4.1 Material properties of each layer of the FGM calculated by Voigt

model (assuming that the material is 100% dense)

- Volume Elastic ) Failure
Composition ) Poisson’s| CTE
Layer fraction modulus ) strength
(Volume %) ratio | (tm/mT)

Ni Al,O3; | (MPa) (MPa)

1 | 100% AlOs | 0.00 | 1.00 | 370000 0.220 5.50 300.0
10% Ni /

2 0.10 | 0.90 | 353700 0.229 6.26 301.7
90% Al;Os3
20% Ni /

3 0.20 | 0.80 | 337400 0.238 7.02 303.4
80% AlOs3
30% Ni /

4 0.30 | 0.70 | 321100 0.247 7.78 305.1
70% AlOs3
40% Ni /

5 0.40 | 0.60 | 304800 0.256 8.54 306.8
60% AlOs3
50% Ni /

6 0.50 | 0.50 | 288500 0.265 9.30 308.5
50% Al;Os3
60% Ni /

7 0.60 | 0.40 | 272200 0.274 10.06 310.2
40% Al,O3
70% Ni /

8 0.70 | 0.30 | 255900 0.283 10.82 311.9
30% Al,Os3
80% Ni /

9 0.80 | 0.20 | 239600 0.292 11.58 313.6
20% Al,Os3
90% Ni /

10 0.90 | 0.10 | 223300 0.301 12.34 315.3
10% Al,0s

11 100% Ni 1.00 | 0.00 | 207000 0.310 13.10 317.0
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Figure 4.1 An axisymmetric finite element, showing stresses associated with

axisymmetric loading
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+— 100% Ni

9 Layers

100% ALO,

@)

100% Ni

90% Ni / 10% ALO,
80% Ni / 20% Al,0,
70% Ni / 30% ALO,
60% Ni / 40% ALO,
50% Ni / 50% ALO,
40% Ni / 60% ALO,
30% Ni / 70% ALO,
20% Ni / 80% ALO,
10% Ni / 90% ALO,

100% ALO,

(b)

Figure 4.2 (a) a schematic model of 2D from 3D, (b) the elements and

boundary conditions of FEM model
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Figure 4.3 Analysis results of thermal residual stress
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Table 4.2 Calculated weight to be inserted into each layer of the FGM when

the volume of each layer is 0.5 cc

Volume Theoretical )
Weight (g)
Composition fraction true Volume
Layer .
(Volume %) ) density (cc) )
Ni A|203 Ni A|203
(g/ce)
1 100% AIOs | 0.00 | 1.00 3.960 0.50 0.000 | 1.980
10% Ni /
2 0.10 | 0.90 4.454 0.50 0.445 | 1.782
90% Al,03
20% Ni /
3 0.20 | 0.80 4.948 0.50 0.890 | 1.584
80% Al,03
30% Ni /
4 0.30 | 0.70 5.442 0.50 1.335 | 1.386
70% Al,03
40% Ni /
5 0.40 | 0.60 5.936 0.50 1.780 | 1.188
60% Al,03
50% Ni /
6 0.50 | 0.50 6.430 0.50 2.225 | 0.990
50% Al,03
60% Ni /
7 0.60 | 0.40 6.924 0.50 2.670 | 0.792
40% Al,O3
70% Ni /
8 0.70 | 0.30 7.418 0.50 3.115 | 0.594
30% Al>03
80% Ni /
9 0.80 | 0.20 7.912 0.50 3.560 | 0.396
20% Al>03
90% Ni /
10 0.90 | 0.10 8.406 0.50 4.005 | 0.198
10% Al,03
11 100% Ni 1.00 | 0.00 8.900 0.50 4.450 | 0.000
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4.2 Fabrication of specimen

4.2.1 Powder processing

The fabrication process used to produce the specimen in the study
proceeded in the order of mixing the powder, molding the green-body, and
sintering the green-body.

The powders have an average particle size of 3 ym (Sigma Aldrich, Co.,
Ltd., Figure 4.5) for nickel, and 0.16 ¢m (TM-DAR, TAIMICRON Co., Ltd,
Figure 4.4) and 1.0 ym (ALOO3PB, KOJUNDO KOREA Co., Ltd) for
alumina. According to the manufacturer’s report [83], TM-DAR is the alpha
type on the crystalline form. The average of particle size for TM-DAR is 0.1
um, lts green-body density was 2.3 g/cm when pressure was 98 MPa in
uniaxial compression, and its sintered-body density was 3.96 g/cm when
sintering time was 1 hour at 1350 C in air.

Nickel and alumina particles were mixed using solvent (99.9% ethanol) in
a 1000 mL flask, according to Table 4.2 and as shown in Figure 4.6.

The powders were mixed efficiently with simultaneous use of an
evaporator and sonicator of bath type to prevent segregation caused by the
density differences between Ni and Al,O3 powders (Ni: 8.88 g/cc, Al.Os:
3.96 g/cc), as shown in Figure 4.7. Mixed and dried powder was dried again
for approximately 5 minutes in the 120°C oven to fully eliminate solvent.

Dry powder was sieved using 100 mesh sieve, as shown in Figure 4.8.
Then, the fabricated powder of each layer of the FGM was produced at a size

smaller than 150 um,
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Figure 4.4 Information and SEM photograph of alumina particles (TM-
DAR) used in the study
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Figure 4.5 SEM photograph of nickel particles used in the study
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Figure 4.7 Simultaneous use of an evaporator and sonicator for drying and

mixing

51



4.2.2 Green-body

Because a green-body of ceramic powder is weak and can exhibit
cracking, special care should be taken to its fabrication during
manufacturing. Fabricated powder was stacked sequentially into a
cylindrical mold that was 25.4 mm in diameter. The stacked powder received
a constant pressure by uniaxial cold press (CP). The stacked powder was
pressed using a cold press with an 8000 kg load for 8 minutes. The stacked
powder became the green-body. When the stacked powder was pressed by
the CP, the stress gradient in the interior of stacked powder was generated
from the shear stress generated by the friction of the mold wall. The large
gradient of the generated stress negatively influences the density of the
green-body. To improve green-body density, a cold isostatic press (CIP)
method was used. The green-body was pressed using the cold isostatic press

with a 100 MPa load for 5 minutes.
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4.2.3 Sintering

The fabricated green-body was sintered in a tube furnace with argon (Ar)
atmosphere to prevent nickel oxidation. The maximum sintering temperature

was 1350°C, and the specimen was cooled slowly at 2°C/min to minimize

thermal residual stress

profile.

Temperature

during cooling. Figure 4.9 presents the sintering

1350C, 3 hours
o -
/ AN
7 AN
’ \\
\\\

Time

Figure 4.9 The sintering temperature curve used in the study
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4.2.4 Fabricated FGM specimens

The FGM specimens used in the study were fabricated as shown in Figure
4.10. The 0.16 wmm Al,O3 + 3.0 um Ni FGM specimen has a rapidly
changing curve at the outline of the 100% Ni layer because of the large
difference in sintering shrinkage between the 100% Ni layer and the 90
vol.% Ni / 10 vol.% Al.Os layer.

In comparison, the 1.0 um AlLO; + 3.0 um Ni FGM specimen has a
relatively small difference in sintering shrinkage; therefore, the outline of the

1.0 um AlLOs; +3.0 ¢m Ni FGM shows a gentle curve.
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(b) Sintered-body

0.16um ALO;+3.0um Ni 1.0pm ALO++3.0um Ni
(c) Cross-section of sintered-body

Figure 4.10 The fabricated FGM used in the study
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Chapter 5. Analysis of FGM density

The fabricated FGM contains pores. Therefore, it is necessary to
distinguish the type of density corresponding to the existing pores. Pores
generally can be divided into “closed pores” and “open pores.” The bulk
volume includes all the pores of the subject. The true volume does not
include any pores of the subject, as shown in Figure 5.1. However, the
weight is not classified based on the pores.

Porosity can be calculated using Equation (5.1) and Equation (5.2), which

present the relation between the bulk density and the true density:

Dy = 5— Derue = 5— (5.1)
Porosity = (Dm;;_—Db’”") (5.2)
true

where D is density, M is weight, and V is volume [46, 47].

The value of the true density used in this study was quoted from the
literature [80].

Shabana [48] estimated sintering shrinkage using the diameter
measurement of the green-body and the sintered-body for the cylindrical
FGM. The porosity of each layer of the FGM was calculated by estimated

sintering shrinkage. However, this method presents significant error. This is
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because the outer shell of the FGM has curves, and there is no flat boundary
between the layers.

Also, a method using Archimedes principle can be used to measure the
density of the entire FGM, but cannot be used to measure the density of each
layer of the FGM.

Therefore, the following two methods were devised to estimate a more

accurate bulk density for each layer of the FGM:

The first method makes individual specimens for the composition of
each layer of the FGM in the same manufacturing of the FGM. Then, the
bulk density of each layer of the FGM and the bulk density of the entire
FGM are estimated using the weight and the volume measured from

individual specimens.

With the second method, the fabricated FGM is cut in half. The image
pixel of the cut cross-section of the FGM is measured using the Image
Processing function of MATLAB. The measured image is compared with
images already known for the area to calculate the area of the cut cross-
section of the FGM. The volume of the FGM is estimated using the
calculated area of the measured image. The bulk density of the FGM is
calculated using the estimated volume and the weight inserted for each layer

of the fabricated FGM.

In this study, the bulk density of each layer of the FGM was calculated by
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a method using the individual specimen and a method using the Image
Processing function of MATLAB. The bulk density of the entire FGM was
also measured using the Archimedes principle. Its density was compared
with the bulk densities estimated by proposed methods to check the validity

of the proposed methods.

Figure 5.1 Bulk volume and true volume for specimen containing pores
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5.1 Bulk density measurement of the FGM using
Archimedes principle

If the object of the solid is immersed in a liquid, the weight of the solid is
reduced. And its reduced weight is the same as the weight of the liquid
displaced by the solid object. This is the Archimedes principle.

In this study, the bulk density of the entire FGM was measured using this
principle. This method can measured the density of the entire FGM, but
cannot measured the density of each layer of the FGM. The measurement
procedure for the bulk density of the entire FGM using the Archimedes

principle is the following:

(1) Measurement of the dry weight of the FGM:
The fabricated FGM is dried for 3 hours at 110°C, and then the dry

weight (W1) is measured.

(2) Preparation of water-saturated sample:
The FGM is immersed into distilled water and boiled for 3 hours, and

cooled to room temperature. This is the water-saturated sample.

(3) Weight measurement of water-saturated samples in water:

A weight of water-saturated samples hanging in the water with a wire
having a diameter of 1 mm is measured. The weight (W2) in the water of
the water-saturated sample is obtained by subtracting the weight of the

wire from the measured value.
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(4) Weight measurement of water-saturated samples in air:
A water-saturated sample is taken out of the water. The sample surface is
wiped with a towel, and the weight of this sample is measured in air. This

is the weight (W3) of the water-saturated sample in air.

The determined W1, W2, W3, and density of water at room temperature
(pwater) are substituted into Equation (5.3). Thus, the bulk density of the

entire FGM is calculated as shown in Table 5.1;
. wi
Bulk density = —aows X Pwater (5.3)

The calculated bulk density of the 0.16 um AlO; + 3.0 /m Ni FGM
specimen was 90.65% of 6.43 g/cc, which is true density of the entire FGM

calculated by the Voigt model. In addition, the bulk density of the 1.0 um

Al,O3 + 3.0 m Ni FGM specimen was confirmed to be 63.76% of 6.43 g/cc.
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Table 5.1 Variables that are used in calculating bulk density of the entire

FGM and the calculated result

Bulk
w1 W2 W3 Pwater
density
[d] [d] [d] [g/cc]
[g/cc]
0.16 um Al,O3+ 3.0
35.21 29.59 35.61 0.9965 5.83
m Ni FGM specimen
1.0 ym AlLOs+ 3.0 i
35.23 29.58 38.15 0.9965 4.10
Ni FGM specimen
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5.2 Bulk density measurement of each layer of the FGM
using individual specimens

The green-body of the individual specimens for the composition of each
layer of the fabricated FGM was made with the same mixed powders that
were used in the fabrication of the FGM into the 12 mm diameter cylindrical
mold. Then, its green-body was sintered with the same conditions and
processes that were used in the fabrication of the FGM. Figure 5.2 shows the
individual specimens used in the study. Height and diameter of the green-
body of the individual specimens were measured using Vernier calipers, and
their volume was calculated by measured values. The bulk density of the
green-body of the individual specimens was estimated using the measured
weight and the calculated volume, as shown in Table 5.2.

The green-body of the individual specimens of each layer of the 0.16 um
Al,O; + 3.0 ym Ni FGM was sintered using the conditions that are
employed in the fabrication of the FGM, such as the temperature rise rate of
4°C/min, the maintenance of 3 hours at 1350 C, and cooling rate of 2°C/min
in a tube furnace with argon (Ar) atmosphere to prevent nickel oxidation.
The weight of the individual specimens of each layer of the 0.16 m Al>Os3
+3.0 m Ni FGM was measured using an electronic balance. Then, the bulk
density of its specimens was measured using the Archimedes principle.
Further, the porosity was estimated by the obtained bulk density and the

calculated theoretical true density, as shown in Table 5.3.
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20vol.% Ni  40vol.%Ni  60vol.% Ni 80 vol.% Ni
100% ALO;  +80% ALO;

+60%AlL0;  +40% ALO;  +20% AlLO;

i

4 4 4 4 4
10vol.% Ni  30vol.%Ni  50vol.% Ni 70 vol.% Ni 90 vol.% Ni
+90%ALO;  +70%ALO;  +50%ALO;  +30%AL0;  + 10% Al,O,

Figure 5.2 The fabricated individual specimens of each layer of the 0.16 um

AlL,Os; + 3.0 [am Ni FGM
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Table 5.2 The measured weight and volume and the bulk density after CIP

and after CP of the green-body for individual specimens of each layer of the

0.16 um Al,Os+ 3.0 um Ni FGM

Specimen after CP Specimen after CIP
] (green-body) (green-body)
Ni vol.
fraction | Weight Bulk BUI_k Weight Bulk BUI_k
volume | density volume density
O 0w o] @ | @ | wo
0 1.559 0.705 2.210 1.559 0.695 2.242
0.1 1.753 0.679 2.583 1.753 0.672 2.610
0.2 1.949 0.655 2.976 1.949 0.648 3.008
0.3 2.140 0.640 3.346 2.140 0.630 3.396
0.4 2.334 0.627 3.722 2.334 0.618 3.777
0.5 2.530 0.607 4.168 2.530 0.599 4.225
0.6 2.725 0.604 4510 2.725 0.596 4.569
0.7 2.920 0.631 4.625 2.920 0.624 4.683
0.8 3.114 0.654 4,762 3.114 0.648 4.804
0.9 3.307 0.683 4.842 3.307 0.674 4.907
1 3.502 0.721 4.855 3.502 0.713 4.909
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Table 5.3 The measured weight and bulk density, and the porosity of the

individual specimens of each layer of the 0.16 ¢m AlOz + 3.0 /m Ni FGM

) ) Green- Sintered-
Sintered-body Theoretical
. body body
Ni vol. true
. ] Bulk .
fraction | Weight ) density ] )
density Porosity Porosity
(9) (9/ce)
(9/cc)

0 1.535 3.372 3.960 0.434 0.148
0.1 1.745 3.736 4.454 0.414 0.161
0.2 1.946 4.093 4.948 0.392 0.173
0.3 2.133 4.456 5.442 0.376 0.181
0.4 2.330 4.844 5.936 0.364 0.184
0.5 2.522 5.227 6.430 0.343 0.187
0.6 2.717 5.613 6.924 0.340 0.189
0.7 2911 5.768 7.418 0.369 0.222
0.8 3.107 5.929 7.912 0.393 0.251
0.9 3.298 6.213 8.406 0.416 0.261

1 3.494 8.687 8.900 0.448 0.024
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5.3 Bulk density measurement of each layer of the FGM
using Image Processing of MATLAB

The second method estimated the bulk volume and the bulk density of the

0.16 m AlOs + 3.0 #m Ni FGM by the following process.

(1) The fabricated FGM was precisely cut in half.

(2) The cut cross-section of the FGM was polished to clearly confirm

interface of layers of the FGM.

(3) High-resolution image files of the cut cross-section was generated

using the digital microscope.

(4) The outermost curve of the captured cross-sectional image was made as
shown in Figure 5.3. Then, the rectangularness contained in this curve
completely was generated to compare with the outermost curve of the
captured cross-sectional image. The area of the rectangularness was

calculated by measurement of the width and height.

(5) The captured cross-sectional image and the rectangularness generated
as target image were placed side by side, as shown in Figure 5.4. Then, the
area proportion of the captured cross-sectional image as compared with the
rectangularness was calculated by image pixel using the Image Processing

function of MATLAB.
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(6) In the same way, the image for each layer from the captured cross-
sectional image of the FGM was made as shown in Figure 5.5. Then, the
area proportion of this image for each layer as compared with the captured

cross-sectional image of the FGM was calculated the same way.

(7) Because the fabricated FGM has a cylindrical shape, the area ratio of
each layer of the FGM is the same as the ratio of the volume created by
rotation of the center axis of the area. Therefore, the bulk volume of each
layer of the FGM was calculated using this principle as the following

process.

The area of the rectangularness as target image of the green-body of the

FGM, as shown in Figure 5.3 (a), was calculated using Equation (5.4).
2.519 % 1.849 = 4.6576 cm? (5.4)

The volume of the rectangularness was calculated as Equation (5.5)

using one-half of the area of the rectangularness.

2
#(222) + 1.849 = 9.2147 om® (5.5)

The area proportion of the captured cross-sectional image of the green-
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body of the FGM as compared with the rectangularness was 97.9574%,
as shown in Figure 5.4 (a).Thus, the bulk volume of the green-body of

the FGM was calculated using Equation (5.6).
9.2147 * 0.979574 = 9.02648 cm3 (5.6)

The bulk volume of each layer of the FGM was determined by the
same method. The area proportion of the 60 vol.% Ni/40 vol.% Al;Os
layer as compared with the captured cross-sectional image of the
green-body of the entire FGM was 8.5651%, as shown in Figure 5.5
(@).

Accordingly, 8.5651% of the bulk volume of the green-body of the
FGM calculated by Equation (5.6) became the bulk volume of the 60

vol.% Ni/40 vol.% Al,Os layer, as shown in Equation (5.7).
9.02648 * 0.085651 = 0.7731cm3 (5.7)

The bulk volume of all the layers making up the FGM was calculated in

the same way.

(8) The final weight and volume of each layer of the FGM require correction.
This is because the sum of the area ratio of each layer must become 1.0.
However, the measured sum is 0.9955. This error was generated by the

inserted boundary line. Therefore, the area ratio of each layer of the FGM
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was divided into the sum of the area ratio to become 1. The corrected bulk
volume of each layer of the FGM was determined, as shown in Table 5.4, by
multiplying the corrected area ratio and the previously calculated bulk
volume of each layer of the FGM. In the same manner, the weight of the
green-body of the FGM (35.365 g) and the weight of the sintered-body of
the FGM (35.192 g) showed a slight difference. This is because the powder
was lost in the manufacturing process, and the moisture and other impurities
contained in the powder was removed by the sintering process. This weight
of each layer was corrected at the same rate based on the weight of the

sintered-body, as shown in Table 5.5.

The final bulk density of 0.16 pm Al,O; + 3.0 /m Ni FGM was

calculated as shown in Table 5.4 (green-body) and Table 5.5 (sintered-body).
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(a) Green-body

(b) Sintered body
Figure 5.3 The outermost curve of captured cross-sectional image and the

rectangularness contained this curve completely for the 0.16 m Al,Os + 3.0

um Ni FGM

100% 97.9574% 93.9766%

(a) Green-body (b) Sintered body

Figure 5.4 The measurement of area proportion of the captured cross-
sectional image of the FGM as compared with the rectangularness using

Image Processing of MATLAB

70

T. .]]I



8.5651%

100% 9.0606%

(b) Sintered body

Figure 5.5 The measurement of area proportion of 60 vol.% Ni / 40 vol.%

Al,O3 layer consist of the FGM using Image Processing of MATLAB
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Table 5.4 Measured, corrected, and final estimated bulk density of each layer

of green-body of the 0.16 /m Al;Os + 3.0 #m Ni FGM

Modified
) Measured . Measured Bulk
Layer | Ni vol. Modified bulk ] )
. area rate weight | density

no. | fraction arearate | volume

(%) (9) (g/cc)
(cc)
1 0 9.7745 | 0.09818 | 0.88625 1.980 2.234
2 0.1 9.3601 | 0.09402 | 0.84868 2.227 2.624
3 0.2 9.2023 | 0.09244 | 0.83437 2.474 2.965
4 0.3 8.967 0.09007 | 0.81304 2.721 3.347
5 0.4 8.4786 | 0.08517 | 0.76875 2.968 3.861
6 0.5 8.3831 | 0.08421 | 0.76009 3.215 4.230
7 0.6 8.5651 | 0.08604 | 0.77660 3.462 4.458
8 0.7 8.8977 | 0.08938 | 0.80675 3.709 4,597
9 0.8 9.0831 | 0.09124 | 0.82356 3.956 4.804
10 0.9 9.2037 | 0.09245 | 0.83450 4.203 5.037
11 1 9.6381 | 0.09681 | 0.87389 4.450 5.092
Total 99.5533 | 1.00000 | 9.02648 35.365
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Table 5.5 Measured, corrected, and final estimated bulk density of each layer

of sintered-body of the 0.16 ¢m Al,Oz; + 3.0 ¢m Ni FGM

Layer | Nivol. Measured Modified Bulk Mod-ified Bul-k
wo. | fraction area rate area rate volume | weight | density
(%) (cc) (9) (g/ce)
1 0 8.3292 | 0.08526 |0.53231| 1.970 3.701
2 0.1 8.3412 | 0.08538 | 0.53307 | 2.216 4.157
3 0.2 8.3675 | 0.08565 | 0.53475 | 2.462 4.604
4 0.3 8.4507 | 0.08651 | 0.54007 | 2.708 5.014
5 0.4 8.5851 | 0.08788 | 0.54866 | 2.953 5.382
6 0.5 8.7913 | 0.08999 | 0.56184 | 3.199 5.694
7 0.6 9.0606 | 0.09275 | 0.57905| 3.445 5.949
8 0.7 9.5205 | 0.09746 | 0.60844 | 3.691 6.066
9 0.8 9.9314 | 0.10166 | 0.63470| 3.937 6.203
10 0.9 10.138 | 0.10378 | 0.64790 | 4.182 6.455
11 1 8.1738 | 0.08367 | 0.52237 | 4.428 8.477
Total 97.6893 | 1.00000 | 6.24316 | 35.192
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5.4 Comparison of bulk density results

In this study, the method using individual specimens and the method using
Image Processing were proposed as measurement methods of the bulk
density of each layer of the FGM. The bulk density of each layer of 0.16 um
Al,O3 + 3.0 um Ni FGM was estimated by these methods, as shown in Table
5.6. Moreover, the bulk density of the entire FGM was measured using the
Archimedes principle to confirm the validity of both methods. The
measurement result was 5.829 g/cc. This bulk density was reduced by 9.35%
as compared with the theoretical true density.

The bulk density of the entire FGM obtained by the method of individual
specimens was 5.267 g/cc. This bulk density had a difference of 9.64% as
compared with the bulk density measured by the Archimedes principle.

Meanwhile, the bulk density of the entire FGM obtained by the Image
Processing method was 5.772 g/cc. This bulk density had a difference of
0.98% as compared with the bulk density measured by the Archimedes
principle.

Thus, this author concludes that the method using Image Processing is
more suitable for measurement of the bulk density of each layer of the FGM
than the method using the individual specimens.

For this reason, the bulk density of each layer of 1.0 ym Al,Oz + 3.0 m
Ni FGM was estimated using the Image Processing function of MATLAB, as
shown in Table 5.7.

This bulk density of sintered-body was compared with the bulk density of
sintered-body of 0.16 m Al,O3 + 3.0 gm Ni FGM, as shown in Figure 5.8.
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Then, the porosities for the sintered-body of 0.16 wm Al;O; + 3.0 gm Ni

FGM and the sintered-body of 1.0 ym Al,O3 + 3.0 /m Ni FGM were

calculated by Equation (5.2), as shown in Figure 5.9

Table 5.6 The bulk density estimated by two methods for each layer of

sintered-body of 0.16 m Al,O3 + 3.0 m Ni FGM and theoretical true

density
Bulk density .
Bulk density )
of the FGM ) Bulk density )
] ] using ] Theoretical
Ni vol. using S using Image .
] ) individual ] true density
fraction | Archimedes . Processing
o specimens (g/ce)
principle (g/cc)
(g/cc)
(g/cc)

0 3.372 3.807 3.960
0.1 3.736 4.276 4.454
0.2 4.093 4.758 4.948
0.3 4.456 5.157 5.442
0.4 4.844 5.536 5.936
0.5 - 5.227 5.857 6.430
0.6 5.613 6.119 6.924
0.7 5.768 6.240 7.418
0.8 5.929 6.380 7.912
0.9 6.213 6.639 8.406

1 8.687 8.719 8.900

Avg.
i 5.829 5.267 5.772 6.430
Density
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Figure 5.6 Bulk density corresponding to the volume fraction of nickel

calculated by the proposed methods for 0.16 gm Al,O3; + 3.0 ym Ni FGM
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Table 5.7 Measured, corrected, and final estimated bulk density of each layer

of sintered-body of 1.0 /m Al;Os + 3.0 #m Ni FGM

Layer | Nivol. Measured Modified Bulk Mod-ified Bul-k
wo. | fraction area rate area rate volume | weight | density
(%) (cc) (9) (g/ce)
1 0 10.400 0.103 0.891 1.980 2.221
2 0.1 10.186 0.101 0.873 2.227 2.551
3 0.2 9.969 0.099 0.854 2.474 2.895
4 0.3 9.787 0.097 0.839 2.721 3.244
5 0.4 9.598 0.095 0.823 2.968 3.608
6 0.5 9.376 0.093 0.804 3.215 4.001
7 0.6 9.009 0.090 0.772 3.462 4.483
8 0.7 8.731 0.087 0.748 3.709 4.956
9 0.8 8.349 0.083 0.716 3.956 5.528
10 0.9 7.873 0.078 0.675 4.203 6.228
11 1 7.359 0.073 0.631 4.450 7.054
Total 100.635 1.000 8.626 | 35.365
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78

X2

T & W

o



Chapter 6. Material properties according to

density variation

To analyze the sintering behavior of functionally graded materials,
material properties such as elastic modulus, Poisson’s ratio, and coefficient
of thermal expansion are required. These can be obtained by experiment;
however, it is possible to greatly increase the efficiency of experiments if the
characteristics of FGM, as described in the following paragraphs, are used
well.

Selection of materials between which a chemical reaction is not generated
in the manufacturing process is the principle of the FGM field. This care in
material selection is because it is difficult to predict the properties of a new
material generated by a chemical bond. In addition, it is a principle that
materials are mixed at a temperature below the melting point of the materials.
Because of this principle, a FGM has an inherent characteristic of a solid
material. The material properties also are changed to the same trend
corresponding to the volume fraction of a material because of this
characteristic. That is, when materials A and B are mixed, the elastic
modulus of material A is greater than that of material B. Then, a composite
mixed from 10 vol. % of material A is never greater than a composite mixed
from 20 vol. % of material A for elastic modulus.

Several models have been proposed to estimate the material properties of

two-phase composites based on this characteristic. The simplest and most
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general of these models is the classical linear law of mixtures [13], which
sums the product of volume fractions and corresponding properties of each
material. The ‘modified law of mixtures’ [14] represents an advanced
version of this model and applies empirical values to determine the
compositional gradient between the two materials in the stress-strain curves.
The ‘generalized law of mixtures’ [15], suggested by Fan et al. considers not
only the volume fraction but also grain shape, particle size, and phase
distribution and results in a better fit with experimental results than the other
two methods. However, the general law of mixtures requires too many
parameters for practical calculations and predicts only the elastic modulus
and vyield strength of a given material. Another means of calculating
composite material properties is the “variation method’ derived by Hanshin
and Shtrikman [33]. The variation method employs upper and lower
boundaries according to the wvariables being calculated. The
‘micromechanical approach’ by Hill [17], Mori and Tanaka [16], Wakashima
and Tsukamoto [84], and Ravichandran [51] et al. predicts effective material
properties of composites by defining the relationship between reinforced
particles and the matrix on the micro-scale.

However, these models all assume ideal bonding of the two materials and
do not consider variables such as the porosity generated during pressureless
sintering processes. New models that include process-induced factors, such
as porosity, have been insufficient to describe the end composite properties.

Conversely, there exists a wealth of information on the elastic modulus of

pure materials as a function of porosity. Models described by Sprigs [85] and
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Hasselman [86] at the American Ceramic Conference in the 1960s are still
widely used to describe the effects of porosity on the elastic modulus of
ceramics. These models predict values that differ from experimental results
by approximately 7% and differ by less than 1% from experimental results
with cold-press sintering methods. However, these models are accurate for
systems in which the porosity is less than 0.164; the error increases with the
degree of porosity.

The self-congruent method, which was developed by Skorokhod [30],
Mori and Tanaka [16], Zhao et al. [31], and Budiansky and O’Connell [32],
based on studies by Mackenzie [27], Esheby [28], and Hill [29], represents
another technique used to predict the material properties of pure, porous
materials using a variation method [40]. However, self-congruent methods,
which are based entirely on mathematical theory, tend to result in large
differences with experimental values. For this reason, Koval’chenko [33]
developed an approximation model to estimate the material properties of
nickel as a function of porosity.

Study of property estimation for two composite mixed materials, as well
as study of property change corresponding to porosity for a single material,
have progressed as discussed. Research on property estimation of a
composite that includes the two materials and the pores together, such as the
FGM of this study, has not yet begun.

The current study proposes new models, based on the aforementioned
studies, to predict the effective elastic modulus of Ni / Al,O; FGMs

fabricated by pressureless sintering as a function of porosity. The models
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described here were verified by comparisons with measured values.

The Voigt (Equation (6.1)) and Reuss (Equation (6.2)) models have been
used to describe the effective elastic modulus of a two-phase composite:
\Voigt model represents upper bound of the estimated properties and Reuss

model shows the lower bound of the estimated properties.

E

VOigt model composite — ENi 'VNi + EAIZO3 'VAI203 (61)

Ey-E
Reuss model E Ni _ —AI,05

(6.2)

composite =
Eni Va0, + Eao, Vi

where E, P,and V are the elastic modulus, porosity, and volume fraction,
respectively.
The Sprigs model (Equation (6.3)) was used to describe the effective

elastic modulus of pure, porous alumina:

E(P)=E(0)exp(—bP) (6.3)

where E(0)is the elastic modulus at zero percent porosity and b is an

empirically derived parameter, with a value of 3.44 [85] as shown in Table
6.1. This model yields errors less than 1% relative to experimental results

using cold-press sintering methods.
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The current study also includes an approximation for the Poisson’s ratio

(v), shear modulus (), and elastic modulus of pure nickel according to

Koval’chenko as shown in Equation (6.4-6) [40]:

2(0) =p (6.4)
HP) _ p%_k_tfpk (65)
1(0)
_ H(P) v(P) | _
E(P) = 2,11(0){ 0 le(O) (0 }_zﬂ(P){u v(P)} (6.6)

where p is the relative density of the material (or P=1-p), C correlates
with the Poisson’s ratio (¢ =2 for metallic materials such as nickel), and Kk
accounts for the approximation curve (k =0 for perfect material, k =6.5
for imperfect material).

Figure 6.1 shows that the Koval’chenko model approximates the measured
values for nickel when cand k are 2 and 4.0, respectively. Consequently,

this model can be simplified as follows Equation (6.7):

E(P) = Zu(O){p"“ﬂlJ{u v(O)me} 6.7)
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The current study proposes three models for the prediction of effective

elastic modulus in porous composite materials.
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Table 6.1 Summary of values of constants £ and b for relation between elastic

modulus (E) and porosity (p)for polycrystalline alumina specimens of several

investigators [85]
General equation form : K = F o exp(—bP )
. . Max. range of
Tavesti N No. Fabrication LIMI_ulm Porosity Zero porosity Empirieal differences between
nvestigator data Techmi - measurement 3 %) t modulus constant 1 cal Tuli
int ‘echnique technique T range (%) (x10°1b./sq, in.) b exp. and cal., moduli
pou * e (-%to+ %) #
Crandall et al. 13 HP E, 0.30-4.32 59.96 4.08 0.56t0 0.38
Sprigs and Vasilos 18 HP |4 0.93-32.28 59.10 435 5.01to0 6.94
Lang 9 C.P EﬁZ 2.13-16.42 59.38 344 0.46 to 0.85
Lang 9 C.P. Efw 2.13-16.42 59.54 344 0.93to0 0.81
Lang 7 C.P B, 4.09-16.42 60.08 3.55 0.17t0 0.22
Coble and Kingery 5 s.C E, 10.0-37.0 58.77 273 4.34t02.72
Lang 7 HFP Efw 0.11-2.78 58.76 2.06 0.87t0 0.68
Lang 7 HEP E, 0.11-2.78 58.53 161 1.08t0 0.41
* Fabrication code: H.P. = hot-pressed, C. P.= cold-pressed and sintered, S. C'. = slip cast and sintered
1 Modulus measurement code: F| ; =longitydinal resonant frequency, 1, =longitudinal velocity of sound, E # =edgewise flexural vibration,
E , =flatwise flexural vibration, L, =static niodulns from transverse bend.
1 Avalue of 3.987 gmn /e has been taken as the limiting theoretical X-ray density of ALOs
#In terms of per cent of calculated value of the modulus
1 &
0.9 A Statistic method
o ¢ Dynamic_tension
.% 08 O Dynamic compression
=
s 07
ariatic 1OC
= ”‘l— Variation method
5] 0.6 S -
£ .
1721 I S
= 05 N R
= Q
= <~ Self-congruent method
0 4 [ ~
3 NI
i 03 Koval’chenko’ s\ 8 \ N
= J .0 ~
E' method A=4.0 ~ haray
'5 02 . A ~ ~ o -~
z Koval chenko’s 3> ~— Koval chenko’s™ ~ Sl
L ~
0.1 method ]f( l]lctllO(l A 0.0 ~ N
. ~ ~
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Porosity

Figure 6.1 Comparison of calculated and measured values [22] of elastic

modulus as a function of porosity
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6.1 First model for estimation of effective material
property: porosity can be separated by volume fraction
The first model formulate a hypothesis that the porosity of a composite
can be divided according to the volume fraction of pores in each material, as
illustrated in Figure 6.2.
Based on this hypothesis, porosities of each material were calculated

according to Equation (6.8):
I:>AIZO3 = PcompositeVAIZO3 ; PNi = I:)compositevNi (68)

A model for the effective elastic modulus of alumina was determined by
substituting the alumina porosity obtained by Equation (6.8) for Sprigs’
model, as shown in Equation (6.9). An analogous model was generated for

nickel using Equation (6.9) and Equation (6.10):

EAI203 (PAI203 ) = EAIZO3 (0) exp (_bPAIZO3) (6-9)

Eyi(Pui) =244y (0){(1— PNi)wé—Plelwm (0)a- PNi)m&—PW}

(6.10)
The models of effective elastic modulus for each material were then

substituted into the form of the Voigt and Reuss models, as given in Equation

(6.11) and Equation (6.12), respectively:
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Ecomposite(P)= EAIZO3 (PAIZO3 Al,Oq + ENi(F)Ni)\/Ni

=)
Ecomposite(P)=[ VAI203 + VNi )J

EAI203 (PAI203 ) ENi(PNi

Porous material Porous material
| |

Composite based on two phases

Figure 6.2 Schematic diagram of the first model
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6.2 Second model for estimation of effective material
property: all porosity is associated with the matrix

The second model formulate a hypothesis that the porosity of the
composite occurs only in the matrix material as illustrated in Figure 6.3. As
defined in previous studies [46-48], the alumina matrix of the nickel/alumina
composite contains greater than 40 volume percent alumina.

Based on this hypothesis, the model of the effective elastic modulus of
alumina was determined by substituting the alumina porosity in Equation
(6.3). The effective elastic modulus of nickel, however, was unchanged when
alumina was present at matrix levels (Equation (6.13)). Similarly, the model
of the effective elastic modulus of nickel was determined by substituting the
nickel porosity in Equation (6.3), while that of alumina was unchanged when

nickel was present at matrix levels (Equation (6.14)).

Alumina matrix:

EAIZO3(P): EAIZO3 (O) eXp(_bP) , ENi(O) =Ey (6.13)

Nickel matrix:

1 1

ENi(P)z 21y (0){(1— P)o.42(1P)1H1+VNi (0)(1— P)O.ZB(lP)} , Eao, 0)= Eno

(6.14)

As above, these models were then substituted into the Voigt and Reuss

models. The final forms of the second model were as follows Equation
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(6.15-18).

\Voigt model form of the second model

Alumina matrix:

Ecomposite(P) = EAI203 (P)VAIZO3 + ENi(o)VNi (615)
Nickel matrix:
Ecomposite(P)= EAI203 (O)VAIZO3 + ENi(P)VNi (616)

Reuss model form of the second model

Alumina matrix:

Ecomposite(P) = { E

v V. -
Al,0; Ni 6.
NON Em<o>} ©47)

Nickel matrix:

=)
V V..
E (P)= Al,0, Ni 6.18
compOSIte( ) [EAIZOS(O)'i'ENi(P)J ( )
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Porous material

Composite based on two phases

Figure 6.3 Schematic diagram of the second model: (A) matrix, (B)

reinforced particles
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6.3 Third model for estimation of effective material
property: Using fitting curve based on experimental
values

The third model generates a curve that fit experimental data of alumina
and nickel porosity. This curve then represents the effective material
properties of a composite as a function of porosity. First, the elastic modulus
of nonporous composites was calculated according to the Voigt and Reuss
models. Second, a new fitting curve, shown in Figure 6.5, was applied to
represent the elastic modulus of the final composite.

Variation in the measured elastic modulus of pure materials as a function
of porosity was adapted from previous studies [85, 86, 40]; fitting curves of
the final composites were induced from a modified form of the
Koval’chenko model. Modified forms of Poisson’s ratio and shear modulus

are given in Equation (6.19) and Equation (6.20) respectively:

3
Vcomposite(P) = Vcomposite(o){(l_ P)(lP)} (619)
2.8-(1-P) 28
:ucomposite(P) = /ucomposite(o){(l_ P) (1_P) } = ,ucomposite(o){(l_ P)(l— ) 1}
(6.20)

where v, ooq(0) and oo (0) are Poisson’s ratio and the shear modulus

of a composite as calculated by the Voigt and Reuss models assuming zero

percent porosity.
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Then, the elastic modulus of composites as a function of porosity,

E

co mposite(

(6.19) to generate Equation (6.21):

Ecomposite(P) = 2:ucomposite(l:)){ 1+ Vcomposite(P) }

Composite based on two phases

Porous material

Figure 6.4 Schematic diagram of the third model

P), was calculated by combining Equation (6.19) and Equation

(6.21)
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6.4 Elastic modulus measurement on the FGM

A FISCHERSCOPE® HM2000 microindenter as shown in Figure 6.6 was
used to measure the elastic modulus of each layer of the FGM and is suitable
for determining surface hardness, elastic and plastic properties, indentation
modulus, and elastic-plastic energy portions according to 1SO 14577-1.

Polished cross-section was adjusted to be horizontal with indenter tip of
Micro Indenter. And this measurement was conducted 10 times as a certain
distance in each layer of the FGM. Maximum and minimum values of the
measured results were excluded. And, the average value, the upper limit, and

lower limit was determined in the rest value of the measured results.
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Technical data Measuring head: Maximum test load: 2000 mN, Maximum
indentation depth: 150 um, Load resolution: < 0.04 mN, Distance resolution:

< 100 pm, Approach speed of the indenter: <2 pm/s

Figure 6.6 FISCHERSCOPE® HM2000 used in elastic modulus

measurement

95



6.5 Comparison between estimated values and measured
values on elastic modulus

Elastic modulus values calculated according to each of the aforementioned
models were compared to values measured by the micro indenter for 0.16/m
Al;O3 + 3.0um Ni FGM as shown in Figure 6.7 (Moigt model) and Figure 6.8
(Reuss model). The data in Figure 6.7 and Figure 6.8 show that the first and
second models exhibited significant differences with the experimental
measurements. In contrast, the third model yielded values within the error
range of those measured with the micro indenter.

The value of the elastic modulus of 1.0um Al.O3 + 3.0#m Ni FGM was
estimated using the third model. Then it was measured by Micro Indenter in
the same way.

The estimated values and the measured values of each layer of 1.0um
Al,O3 + 3.0um Ni FGM were compared to each other as shown in Figure
6.10. An error range of the measured values included the estimated values
such as previous 0.16im Al,O3 + 3.0um Ni FGM result (Figure 6.9).

Based on this result, third model was the most suitable for an estimation
method of elastic modulus of the composite according to the porosity. Thus,
it has become possible to estimate the elastic property of the composite

which include pores in a manufacturing process.
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Figure 6.7 Comparison of measured values and those calculated according to
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Figure 6.8 Comparison of measured values and those calculated according to

the Reuss model for 0.16um Al,O3 + 3.04m Ni FGM
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Figure 6.10 Comparison of measured values and those calculated according

to the third model for 1.0pm Al;Oz + 3.0m Ni FGM
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6.6 Estimation of ultimate strength of the FGM

To estimate ultimate strength of each layer of the FGM, the third model,
which was proposed and verified in elastic modulus, was used.

First, values of the ultimate strength and the ultimate strength
corresponding to porosity for nickel and alumina was confirmed through the
literature [87, 88]. To obtain the normalized strength of the nickel and
alumina, the ultimate strength corresponding to porosity was divided into the
ultimate strength of the pure nickel and pure alumina. The fitting curve
through the normalized strength was defined by the quadratic Equation, as
shown in Figure 6.11.

Values of the ultimate strength of the FGM corresponding to the volume
fraction of nickel were calculated by Voigt and Reuss models, as shown in
Figure 6.12.

The values of porosity of 0.16 um AlOs + 3.0 gm Ni FGM and 1.0 um
Al,O3 + 3.0 mm Ni FGM, as shown in Figure 5.9, were combined with the
fitting curve of Figure 6.11. In this manner, the change ratio of ultimate
strength for each layer of the FGM was determined. Then, the determined
change ratio was combined with the values of the ultimate strength of the
FGM corresponding to the volume fraction of nickel.

The ultimate strength considering porosity and corresponding to the nickel
volume fraction was estimated for 0.16 pm Al,Os3 + 3.0 m Ni FGM, as
shown in Figure 6.13, and 1.0 ym Al:O; + 3.0 ym Ni FGM, as shown in

Figure 6.14.
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Chapter 7. Measurement and prediction of

sintering shrinkage

A FGM was manufactured in a variety of methods, including powder
metallurgy, thermal spray, combustion synthesis, and deposition. Powder
metallurgy is the science and technology of producing solid material from a
powder by compaction and sintering. This method has the advantage of
being a relatively simple process, and it can implement a variety of
compositions with precision. For this reason, the powder metallurgy method
was used in this study.

Pressureless sintering, hot pressing, hot isostatic pressing, spark plasma
sintering, and microwave sintering are different types of sintering methods
that are used in powder metallurgy.

The most economical manufacturing process of these sintering techniques is
the pressureless sintering method. This method is simple, compared with
other sintering methods, and does not require additional equipment.

However, the pressureless sintering method is difficult to use when
fabricating a 100% dense sample. Moreover, when two components, which
are different from each other in sintering shrinkage, are sintered in one
material, this sample may become warped or deformed [6-10, 93-97].

To develop a new method for solving these problems, research is being

conducted into a control of mold shape. In this new method, it is critical to
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accurately predict the shape of the sintered specimen when the shape of the
mold is not considered. This is because the difference in the predicted shape
previously became the shape error of the final specimen. Therefore, for the
exact shape prediction of the sintering specimen, the sintering shrinkage of
the specimen material must be accurately measured.

This is also true for the FGM of this study. However, to measure sintering
shrinkage of each layer of a FGM by experiment, specimens to measure
sintering shrinkage must be fabricated up to the number of layers making up
a FGM. Moreover, measurement time of 20 hours or more for each specimen
is required.

Therefore, a method to reduce the cost and time for measuring sintering
shrinkage effectively was devised using the material properties of FGMs
mentioned in chapter 6 of this study. This method measured the sintering
shrinkage of individual specimens of specific layers comprising the FGM.
Then, a fitting curve of measured values was constructed. Using this fitting
curve, the sintering shrinkage of individual specimens of the other layers that

are not measured, and which make up the FGM, can be estimated.
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7.1 Sintering shrinkage measurement on individual
specimen of each layer of the FGM

The individual specimen of each layer of 0.16 um AlOs + 3.0 im Ni
FGM was sintered using identical conditions and fabrication process
employed for the FGM in the study. When this individual specimen was
sintered, a dilatometer was used instead of a tube furnace. Thus, the sintering
shrinkage of each specimen was measured, as shown in Figure 7.1.

Shrinkage of the specimen of 100% Ni was initiated at 585, and
shrinkage of the specimen of 100% Al,O; was initiated at 965°C. While
maintaining the temperature at 1350°C for 3 hours, the higher the volume
fraction of nickel, the larger the radius of curvature of the shrinkage to a
moderate extent. In addition, the measured sintering shrinkage between the
specimen of 100% Ni and the specimen of 90 vol.% Ni + 10 vol.% Al,Os

showed a very large difference.
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Figure 7.1 The measurement results of sintering shrinkage for the individual

specimen of each layer of 0.16 wm Al,O3 + 3.0 m Ni FGM and sintering

temperature curve
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7.2 Fitting model for sintering shrinkage of individual
specimens of each layer of the FGM

In this study, a prediction model of sintering shrinkage for each layer of a
FGM was devised using the fitting curve obtained by measuring the sintering
shrinkage of individual specimens of each layer of the FGM. This fitting
curve was termed the shrinkage fitting parameter (SFP).

The prediction model is defined as a function of volume fraction of a
material. Thus, when a sintered-body having the same powder processing
and the same sintering conditions is manufactured in the same way as other
volume fractions of a material, it is possible to predict the shrinkage of the
sintered-body.

The sintering shrinkage graph shown in Figure 7.2 is classified into four

sections, depending on changing sintering shrinkage.

In Section 1-1, it is considered the “Expanding section” in the study. In this

area, the specimen expands in correlation with the temperature rise.
In Section 1-2, known as the “Short-time shrinkage section,” the specimen
rapidly shrinks in the short length of time until sintering temperature reaches

1350C.

In Section 2, termed the “Stabilizing section”, the sintering shrinkage is

stable, maintaining a sintering temperature of 1350 C for 3 hours.
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In Section 3, known as the “Long-time shrinkage section”, the specimen

slowly shrinks when the sintering temperature decreases at a rate of 2°C per

minute. Sintering shrinkage is not great in this section. However, particles

bond by sintering until Section 2 receives the thermal residual stress during

the temperature cooling process.
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Figure 7.2 The measurement results of the sintering shrinkage of 100%

Al,O3 with 0.16 ¢m average particle size, showing definitions of sections

107

rc

1200

800

600

400

200



In Section 1-1 (Expanding), the sintering shrinkage of specimens
increases well, corresponding to temperature rise. However, this increase is
very small when compared with the total strain. Therefore, it does not have a
significant effect on the final shape of the specimen.

Sintering shrinkage was begun at approximately the same temperature
except for 100% Ni, as shown in Figure 7.1. Therefore, sintering shrinkage
of specimens from 10 vol.% Ni + 90 vol.% Al,Os to 90 vol.% Ni + 10 vol.%
Al,O3 were approximated, as was the shrinkage of 100% Al.Os in Section 1-
1, as Equation (7.1). The slope of the strain of all specimens except 100% Ni
are similar. Thus, the prediction model of Section 1-1 was constructed based

on the slope of 100% Al,Os as Equation (7.2).

SFP(Ni,) = 1 (7.1)

SS(Nix)%._..‘:fl:l = SS(NiO)%._..‘}'L * SFP(Niy) (7.2)

where & is sintering shrinkage (DL/LO0), subscript x is the volume fraction
of nickel from 10 vol.% Ni + 90 vol.% Al,O3 to 90 vol.% Ni + 10 vol.%
Al,Os (0.1~0.9), superscript 1-1 signifies Section 1-1, subscript
1 ...n identifies a continuous time (1 is the first time of the interval, n is the
last time of the interval in the section), Ni, represents 100% Al.Os, and
SFEP is the shrinkage fitting parameter.

The value of the sintering shrinkage of 100% Al,Os was measured

previously, as shown in Figure 7.1. The value of SFP was also defined as

108

’;r“‘-'! ) C':l -L ]

| &]

1



Equation (7.1). Therefore, e,(Ni,)1~L of Equation (7.2) was calculated as

shown in Figure 7.4.

In Section 1-2 (Short-time shrinkage), the specimen including the Al.O3
particle rapidly shrinks in the short amount of time until the sintering
temperature is reached at 1350 C. The greatest shrinkage was present for 10
vol.% Al,Os3, and the sintering shrinkage of the specimen decreased
corresponding to the increasing volume fraction of nickel. The ratio to be
decreased was determined using a sintering shrinkage measurement of 10
vol.% Ni + 90 vol.% Al,Os, 50 vol.% Ni + 50 vol.% Al,Os, and 90 vol.% Ni
+ 10 vol.% Al,Os, as shown in Figure 7.3. Then, the SFP used in Section 1-2
as Equation (7.3) was determined by the curve fitted using values of this
measurement. The sintering shrinkage in Section 1-2 as Equation (7.4) was
determined by SFP(Ni,), as shown in Figure 7.3, and sintering shrinkage of
100% Al,QOs, as revealed in Figure 7.4. The designation of M_Ni 90% in
Figure 7.4 signifies measured sintering shrinkage of 90 vol.% Ni + 10 vol.%
Al>,O3, and P_Ni 90% is the predicted sintering shrinkage of 90 vol.% Ni +

10 vol.% Al,Os by the prediction model proposed in the study.

SFP(Niy,) = 0-7375(me)2 — 1.62Vy; + 1.0456 (7.3)

es(Niy)177 = es(Nig)i75 * SFP(Niy) (7.4)
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In Section 2 (Stabilizing), the sintering shrinkage is stable over a
maintained sintering temperature of 1350°C for 3 hours.
The SFP, the curve fitted by measured sintering shrinkages of 10 vol.% Ni +
90 vol.% Al,O3, 50 vol.% Ni + 50 vol.% Al>Os, and 90 vol.% Ni + 10 vol.%
Al,O3, as shown in Figure 7.5, was used in Section 2 as Equation (7.5).

Sintering shrinkage of Section 1-2 and 100% Al.O; were already a known
value. Therefore, e,(Ni, )3 , of Equation (7.6) was able to be calculated,
as shown in Figure 7.6. In addition, Equation (7.6) was expanded as
Equation (7.7) for easier calculation.

)—0.921

SFP(Niy) = 0.2752(Vy, (7.5)

£ (Ni) = e (Niy)i 2 /([Sit ] ([ 2] [ Wb} gpp i)

gs(NiO)%_,_n £S(Ni0)12,l gS(NiO)%,_,n

(7.6)

. _ . N1 es(Nig)s > 1 1
es(NE) . = &s(NE™ / <{[ss(1vi0)§___n] (1 + SFP(Nix))} B (SFP(Nix)>)

(7.7)
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In Section 3 (Long-time shrinkage), the specimen slowly shrinks as

sintering temperature decreases at a rate of 2°C per minute. The prediction
model of sintering shrinkage in this section has a similar form to the model
in Section 2.
The SFP of Section 3, as shown in Figure 7.7, was defined as Equation (7.8).
Sintering shrinkage of Section 2 and 100% Al,O; was already known.
Therefore, e,(Ni,)3 ,, of Equation (7.8) was calculated as shown in Figure
7.8.

)—1.386

SFP(Niy) = 0.2735(Vy;, (7.8)

. _ . gs(NiO)rzl 1 1
es(Ni)i.n = &s (Vi / <{Ls(1vio)i...n] (1+ SFP(Nix))} B <SFP(Nix)>)
(7.9)
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The sintering shrinkage predicted by the prediction model proposed in the
study and the measured sintering shrinkage for all the layers consisting of
0.16 m AlOs + 3.0 ym Ni FGM is illustrated in Figure 7.9. For 90 vol.%
Ni of Section 1-1, Section 1-2, and Section 2, a slight error occurred between
the predicted value and the measured value. However, generally, the value of
the proposed model compared well with the measured value. Accordingly,
the prediction model is determined to  be reliable.

Therefore, the sintering shrinkage of 1.0 m Al;O3 + 3.0 ym Ni FGM
was predicted in the same way, and it produced the results shown in Figure

7.10.
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Chapter 8. Sintering behavior of FGM fabricated

by pressureless sintering method

8.1 Temperature dependent material properties

To analyze the sintering behavior of the FGM, material properties relating
to the temperature were required. The FGM fabricated in the study was
sintered at 1350 C. Therefore, there is a need for material properties in the
range of Ni and Al,O; to 1350C at room temperature. The material
properties corresponding to temperature in the previous studies were quoted
in this study.

A large amount of research into the elastic modulus of nickel,
corresponding to temperature, has been conducted in the mid-20th century.
These studies were organized by Ledbetter and Reed [89], as shown in
Figure 8.1. The quoted value in this study is the value given in the paper
written by Farraro and McLellan [90], as shown in Figure 8.2. However, the
temperature range given in this paper is up to 1000C. Thus, the study of
Saunders et al. [91], as presented in Figure 8.3, was used to confirm the
elastic modulus of nickel at 1350°C. The previous studies [90-94] reported
as follows: the melting point of pure nickel is 1453°C. Thus, this material
tends to decrease suddenly in fraction solid at about 1300C. Therefore, a
rapid decrease in elastic modulus of the material from this point was

observed.
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The value of elastic modulus of alumina corresponding to temperature by
Latellaw and Liu [92], as shown in Figure 8.4, was quoted.

Poisson’s ratio, depending on temperature, was referenced in the literature
[89, 95]. Poisson’s ratio confirmed that there are no significant changes
corresponding to temperature for both nickel and alumina, as shown in
Figure 8.5. Therefore, in this study, it was assumed that Poisson’s ratio has a
fixed value depending on temperature. The elastic modulus and Poisson’s

ratio according to temperature is shown in Figure 8.6.
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8.2 Analysis for sintering deformation

The sintering deformation of the FGM layers was computed using the finite
element method (FEM): ANSYS APDL. A two-dimensional four-node plane
element (PLANE42) was used in the ANSYS APDL. The two-dimensional
axisymmetric model was meshed using 0.1 mm elements, as shown in Figure
4.2. The temperature was cooled from 1350 C to 25C.

The measured values throughout the experiments and the values estimated
by the proposed models in the study were employed in the sintering
deformation analysis of 0.16 um Al.Os + 3.0 ¢m Ni FGM using the finite
element method, as shown in Table 8.1.

The analysis model using the measured values throughout the experiments
was not able to measure the elastic modulus at 1350C into each layer of the
FGM. Thus, porosity of each layer of the FGM at 1350C was calculated
using the measured sintering shrinkage. Then, the calculated porosity was
put into the proposed model to estimate the elastic modulus at 1350C as
follows.

The porosity of each layer of the FGM at 1350°C (P;350) Was computed
using theoretical true density (orrp) and the density of each layer of the

FGM at 1350 C(p1350), as shown in Equation (8.1).

_ PTTD—P1350
P1350 - PTTD (81)

Because the mass (weight) of powder inserted in the FGM does not
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change with temperature, Equation (8.1) can be expressed as Equation (8.2).

1-—2 (8.2)

P =
1350 V1350 PTTD

where the volume of each layer of the FGM at 1350°C(V;350) can be
calculated using the measured sintering shrinkage and the volume at 25°C as

Equation (8.3).

Vizso = Vo5 (1 + &5)3 (8.3)

The mass at 25°C was expressed as Equation (8.4).

m = (1—Py5) Va5 prrp (8.4)

The Equation (8.5) was formulated by substituting Equations (8.3) and (8.4)
into Equation (8.2). Equation (8.5) can be calculated for the porosity of each
layer of the FGM at 1350C using the porosity at 25°C and the measured

sintering shrinkage.

_ (-Py5)
(1+&5)3

(8.5)

Pi350 =

The porosity calculated by Equation (8.5) and the material properties

corresponding to temperature in Figure 8.6 were used in Equations (6.19 -
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6.21), which are the proposed model in chapter 6.3 of the study. Finally, the
elastic modulus of each layer of 0.16 m Al,Os + 3.0 ym Ni FGM at 1350C

were estimated.
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Table 8.1 Classification of material properties used in sintering deformation

analysis of 0.16 m Al,Oz+ 3.0 ¢m Ni FGM

Analysis model using
the measured values

Analysis model using
the estimated values

(M_Model) (P_Model)
Elastic modulus Figure 6.9 Equation (6.21)

(using Voigt model) Chapter 8.2 Figure 8.6
Poisson’s ratio Figure 8.6 Equation (6.19)
o . ) Equation (7.7),

Sintering shrinkage Figure 7.1 )
Equation (7.9)
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8.3 Result comparison for sintering deformation analysis

The primary sintering mechanism of the green-body of the FGM is
completed almost in the end step of Second 2 in the definition of the section
of sintering shrinkage as Figure 7.2. Thus, sintering deformation of the
specimen is large, and internal stress of the specimen is the lowest at this
time.

Over time, analysis models using the measured values (M_Model) and
using the estimated values (P_Model) were conducted for sintering
deformation analysis. These results are presented in Figure 8.7. The
maximum displacement of M_Model was 2.49629 mm, and the maximum
displacement of P_Model was 2.49389 mm. The maximum displacement of
the two models are identical to 10 ym.

The end step of Section 3 is completed perfectly for the sintering
mechanism of the green-body of the FGM. In this section, the specimen is
slowly shrunk when the sintering temperature decreases at a rate of 2°C per
a minute, and sintering shrinkage of the specimen is not large. However,
particles bond by sintering until Section 2 receives the thermal residual stress
of temperature cooling.

For the end step of Section 3, analysis results of models using the
measured values (M_Model) and using the estimated values (P_Model) for
sintering deformation analysis are shown in Figure 8.8. The maximum
displacement of the M_Model was 0.395 mm, and the maximum
displacement of the P_Model was 0.399 mm. Error between the maximum

displacements of the two models was 0.98%.
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Analysis results of models using the measured values (M_Model) and
using the estimated values (P_Model) and the measured result of 0.16 um
Al,O3 + 3.0 m Ni FGM are compared in Figure 8.9. Error between analysis
and measured values of the 100% Al.Oz layer was 1.2%. By the time the
volume fraction of the nickel was 70 vol.%, error between the two values
was maintained at the level of the 100% Al.O; layer. Meanwhile, when the
volume fraction of the nickel was 90 vol.%, the error between the two values
was increased up to 3.9%. However, this error is determined to be a
reasonable value because the result analyzed by the finite element method
has an error generated by numerical integration error, and the measured
result has an error that occurs when the material properties are measured.

Figure 8.10 is a diagram showing the same scale analysis results of the
P_Model in the cross-section of fabricated 0.16 m Al,O3 + 3.0 gm Ni
FGM.

Based on the comparison result, the proposed models in the study are
determined to be reliable. Thus, the analysis model using estimated values of
the proposed model (P_Model) is able to be used for the sintering
deformation analysis instead of the analysis model using the measured value

(M_Model).
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(b)

Green-body
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Figure 8.7 The results of sintering deformation analysis at 1350 C:

(a) the result of M_Model and (b) the result of P_Maodel
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Figure 8.8 (a) fabricated 0.16 m AlOs + 3.0 ¢m Ni FGM specimen, the
results of sintering deformation analysis at 25°C of Section 3: (b) the result

of M_Model and (c) the result of P_Model
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8.4 Analysis of thermal residual stress on sintering
process

To confirm the validity of the proposed model in the study, the thermal
residual stresses of the FGMs were analyzed using the material properties
estimated by the proposed models, and then the analysis results were
compared with the estimated ultimate strength of the FGMs to predict any
damage that may occur and the location of the damage. Finally, the predicted
results were compared with the FGM.

The used elastic modulus, Poisson’s ratio, and CTE were estimated by

Equation (6.20), Equation (6.18), and Equation (7.9), respectively, and the

values in Figure 6.14 in chapter 6.6 were used as tensile strength of the FGM.

The FEM model used to analyze thermal residual stress was identical to the

FEM model of sintering deformation analysis.

The FGM layer including nickel and alumina powder showed both a
ductile and a brittle character. When a FGM including both a ductile and a
brittle character has a brittle characteristic and receives a tensile load, a FGM
is most vulnerable. Therefore, maximum tensile stress theory and maximum
principal stress theory were used as failure criteria in the study. These failure
criteria are applied generally for brittle materials.

A brittle material is generally weaker in tensile yield strength than in
compressive yield strength. Therefore, maximum tensile stress theory can be
applied to estimate failure:

o220, OR 0,20, OR 0,20, (8.6)
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o . . .
where %x, “Y_ and %z are radial, axial, and hoop stresses, respectively,

and 7% s tensile yield strength or ultimate strength.

Maximum principal stress theory can be applied to estimate failure:

o,=0, OR 0,=20, OR 0320 (8.7)

91 %2 and %3 are 1st principal, 2nd principal, and 3rd principal

where
stresses, respectively, and v s tensile yield strength or ultimate strength.

These formulas can be used to predict the onset of crack formation.
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8.5 Result comparison on analysis of thermal residual
stress

Maximum tensile stresses for 0.16 gm Al,Oz + 3.0 #m Ni FGM and 1.0
m Al,Oz + 3.0 ym Ni FGM were calculated by ANSYS. These results were
then compared with the estimated ultimate strength to confirm whether
damage may occur, as shown in Figure 8.11 and Figure 8.12.

In the analysis result of 0.16 um Al:O; + 3.0 /m Ni FGM, radial stress
and hoop stress were close to the ultimate strength boundary but did not
exceed it, as shown in Figure 8.11. However, radial stress at the 60 vol.% Ni
/ 40 vol.% Al,O3 layer became higher than the ultimate strength in the
analysis result of 1.0 ym Al,Os; + 3.0 um Ni FGM, as shown in Figure 8.12.

Maximum principal stresses of the FGMs were also calculated and
compared in the same process as shown in Figure 8.13 and Figure 8.14. In
the analysis result of 0.16 ym AlO3 + 3.0 tm Ni FGM, the 1st principal
stresses at the 50 vol.% Ni / 50 vol.% Al,Os layer and the 60 vol.% Ni / 40
vol.% Al,Os layer were close to the ultimate strength boundary but did not
exceed it, as shown in Figure 8.13. However, the 1st principal stresses at the
60 vol.% Ni / 40 vol.% Al,Os layer and the 70 vol.% Ni / 30 vol.% Al,O;
layer became higher than the ultimate strength in the analysis result of 1.0
wm Al,Oz + 3.0 ym Ni FGM, as shown in Figure 8.14.

This analysis result predicted that a crack would be generated in the 60
vol.% Ni / 40 vol.% Al,Os layer and the 70 vol.% Ni / 30 vol.% Al.O; layer
of 1.0 um Al;O3 + 3.0 ym Ni FGM. Then, this prediction was agreed as the

crack position of 1.0 ym Al;O3 + 3.0 m Ni FGM, as shown in Figure 8.15.
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Based on the comparison result, the proposed models in the study are
determined to be reliable. Moreover, it is possible to conduct damage

analysis of the FGM using the proposed models.
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Chapter 9. Conclusion

The research and development of industrial materials is a constantly
evolving fields with new material improved materials being steadily
developed. Nevertheless, modern machine parts are used in complicated
conditions and severe environment, and require to be optimized
simultaneously for a number of functions and environmental conditions.

Currently, in order to meet these needs, instead of a single material,
composite material combining a suitable material for their needs is being
developed rapidly. Composite materials have improved properties through
the careful selection of the characteristics of the different materials. However,
these composite materials have disadvantages that the interface between the
materials and components can be separated by the residual stress caused by
differences of the coefficient of thermal expansion, lattice constant,
physicochemical properties and others. To overcome this disadvantages and
to improve bonding strength at the interface, FGMs have been developed.

In this study, a heat-resistant material is developed to increase the
operating temperature as a strategy for increasing the thermal energy
efficiency. To do so, the use of FGMs is introduced. As a heat shielding
material, alumina was used, and nickel was employed as the structural
material of the FGM. The powder metallurgy process and the pressureless
sintering method were used for efficient and cost-efficient manufacturing of

the FGM.

h A=dstw



To allow mechanical engineers without a strong background in material
science to develop FGM parts, a system making use of a material science
database was required. To make this system, the variables to be considered
for the design and fabrication of FGMs from the materials science field
should be input into the database; the experiments required from the
materials science field should be standardized; and the number of required
experiment should be reduced.

A measurement method and estimated models of material properties

including the following have been studied in the thesis.

1. A measurement method of porosity for each layer of a FGM:

To devise a method with higher accuracy than conventional
measurement methods, a method using the individual specimen of
each layer of a FGM and a method using Image Processing of
MATLAB were suggested. It was determined by the experimental
result that the method using Image Processing is more suitable for
measurement of the porosity of each layer of the FGM than the

method using the individual specimens.

2. A method and a model to estimate material properties depending on
porosity for the fabricated nickel/alumina FGM:

A study on property estimation of the composite that include the two
materials and the pores together, such as the FGM of this study, has

not yet begun. Therefore, three new models are proposed to estimate
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elastic modulus of the fabricated FGM. Elastic modulus values
calculated according to each of the aforementioned models were
compared to values measured by the micro indenter for the FGM. In
the results, the first and second models exhibited significant
differences with the experimental measurements. In contrast, the third
model yielded values within the error range of those measured with the
micro indenter. Therefore, the ultimate strength of each layer of the
FGM was estimated using the third model, which was proposed and

verified in elastic modulus.

3. A method and a model to predict sintering shrinkage of each layer of
a FGM:

A method to reduce the time and cost of sintering shrinkage
measurement effectively was devised using the material property
characteristics of FGMs. This method measured the sintering
shrinkage of individual specimens of specific layers making up the
FGM. Then, a fitting curve of measured values was made. Using this
fitting curve, the sintering shrinkage of individual specimens of the
other layers, which are not measured, and which make up the FGM,

can be estimated.

A precise measurement method for the porosity of the FGM, an estimation
method for the material properties depending on porosity of the FGM, and

an estimation model that can predict the sintering shrinkage with a minimal
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number of experiments are suggested in this study as basic research for the
development of a database of the materials science field. To confirm the
reliability of the estimation model, an analysis of the results using estimated
values from the estimation model were compared with measured values of
fabricated FGMs. The proposed estimation models in the study are
determined to be reliable using the comparison results.

When a mechanical engineer who designs and fabricates a FGM uses the
database employing basic data made by this study, it is possible to predict
the stress and displacement of the FGM. Finally, a FGM providing excellent

performance can be manufactured using this database system.
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