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ABSTRACT

Studies of microwave processing of a ceramic composite were

conducted on alumina reinforced by silicon carbide whiskers (10

vol%). The processing was accomplished with an industrial

microwave heating system. Analyses were performed by mechanical

testing methods, and by modern microanalysis methods including

electron microscopy (scanning electron microscopy, transmission

electron microscopy with energy-dispersive spectroscopy). X-ray

photoelectron spectroscopy, and X-ray diffraction.

The results indicated that microwave sintered silicon carbide

whisker reinforced alumina matrix composite has an improvement of

fracture toughness over conventionally sintered monolithic alumina.

Crack deflection along the whiskers was the major toughening

mechanism operating in the composite. Also, whisker bridging,

whisker debonding, and whisker pullout all contributed to the

improvement of fracture toughness of the composite. Grain-bridging

toughening was also observed.

The microstructure study showed that the interfacial bonding

between the whiskers and the alumina matrix played an important

role in the composite materials. The TEM study revealed that an

amorphous interphase existed at the whisker-matrix interface.

Strong interface interactions between the whiskers and the alumina

matrix weakens the benefits of the whisker toughening effects. The

samples sintered at 1650°C showed a 10% higher toughness than

those sintered at 1550°C where a strong interface interaction was

i v



obvious.

It was found that ultrafine grain size was a characteristic of the

microwave sintered composite, which is directly related to the

microwave internal volumetric sintering mechanism.

The investigation also showed that without using sintering aids

there was an amorphous layer on most of the alumina grain

boundaries although the sintering temperature was 400 to 500°C

lower than the melting temperature of the alumina. This observation

provided direct evidence of the decrease of local melting

temperature at the grain boundary area due to the effects of

capillary and electromagnetic field.
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CHAPTER I

INTRODUCTION

Advancement of modem technology leads us into a new era of

development of high performance materials. Ceramic composite

materials have been extensively studied as a direct result of the

growing market for reliable high-technology structural ceramics. One

of the important categories of the ceramic composites is the whisker-

reinforced ceramic-matrix composite. The whisker reinforcement

provides remarkable improvements of fracture toughness (initially

an intrinsic obstacle for the high-tech application), impact and creep

strength of the composite relative to the unreinforced matrix which

is susceptible to catastrophic failure by fast growth of a single

dominant crack.

The processing methods of whisker reinforced ceramic matrix

composites include conventional sintering, hot processing, and newly

emerged microwave sintering. The development of industrial

microwave heating technology is starting to enter the various

ceramic processing areas. The unique advantages of fast sintering,

high density, and improved material properties make it superior in

certain respects to other processing methods.

Microwave sintering of ceramic composites, especially whisker

reinforced ceramic composites, has not been studied extensively,

particularly with regard to the relation between properties and

microstructures in the micron to sub-micron range. In addition, the

mechanism of microwave interaction with ceramics has also not yet



been fully understood. Based on the best knowledge of the author,

currently there is no transmission electron microscopy (TEM) study

of microwave sintered ceramic materials. The whisker reinforcement

mechanism for microwave sintered ceramic composites needs further

study.

The purpose of this study was to develop a microwave

sintering method to process silicon carbide whisker-reinforced

alumina matrix composites in an industrial microwave heating

system. Using mechanical testing methods and modern

microcharacterization techniques, the study placed emphasis on the

relationship between the properties and the microstructures of the

composite. The whisker reinforcement mechanism was explored. In

addition, the microwave-ceramic interaction was studied in this

ceramic composite system.



CHAPTER II

BACKGROUND

2.1 Microwave Processing of Ceramics

2.1.1 Introduction

During the last decade, the development of microwave

technology for industrial heating processes has had an impact on

ceramic processing although this technology still is in its infancy. The

driving force to develop this technique stems from its inherent

advantages-rapid processing cycles, capability of developing new

and unique microstructures, and high economic efficiency [1-4].

Microwave sintering of ceramics uses the dielectric mechanism

of nonmetallic materials. In the microwave sintering/heating process,

electromagnetic energy is absorbed throughout the volume of a

material and converted into heat; therefore, the material is heated

uniformly without gradients in temperature. This leads to more

uniform shrinkage upon sintering and to uniform microstructure.

Obviously, this internal and volumetric heating is reverse of the

heating of materials processed by conventional heating where heat is

transferred to the surface of the material first by conduction,

convection, and/or radiation, and then into the interior mainly by

thermal conduction. The differences in the sintering/heating

mechanisms for these two methods are graphically shown in Figure

2.1.

Based on the rules of the Federal Communication Commission

(FCC), presently available microwave frequencies for industrial

3
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Figure 2.1 Heating patterns in conventional and microwave furnaces

(adopted from [11]).



application in the United State are basically 0.915 and 2.45 GHz.

Recently, in order to develop a better understanding of microwave

energy-material interactions, high frequency microwave equipment

has been used in a few research groups, such as the 28 GHz

microwave furnace at Oak Ridge National Laboratory (ORNL) [3] and

the 60 GHz furnace at Los Alamos National Laboratory (LANL) [2].

2.1.2 Dielectric Mechanisms

The mechanisms responsible for the internal heat generation

capability of microwave sintering/heating are based on the dielectric

properties of the material, which includes dipolar polarization

(orientation), ionic conduction, various magnetic losses, interface

polarization, molecule twisting and bending, and a number of

resonance phenomena. For processing of many ceramic materials

with electromagnetic energy in the frequency range 10 MHz < / < 3

GHz, the first two mechanisms are the most important and dominant

[5].

The orientation polarization of a dielectric material occurs

when the molecules with displaced positive and negative charges of

equal magnitude (dipoles) orient themselves in a direction opposite

to an applied electric field (Figure 2.2). The alignment of the dipoles

results in a reduced internal electric field as compared to the applied

field. The dipoles will attempt to rotate through an angle of 180°

each time the applied field changes direction. The molecules away

from an equilibrium position with respect to the applied field results

in energy taken up by the dipoles. This energy is retained as stored

potential energy while the field remains. If the applied field is
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removed, the dipoles relax to a new equilibrium position, and the

energy is released as random kinetic energy which is returned to the

system in the form of heat. Coupled with this orientation polarization

effect, a dielectric also can be heated through direct conduction due

to, for example, the redistribution of charge particles under the

influence of the externally applied electric field forming conducting

paths. This process is particularly important in mixtures of

heterogeneous materials [6].

Parameters affecting dielectric behavior

The complex dielectric constant (e*) and the loss tangent (tan 5)

are usually used to describe the dielectric behavior of materials. The

expressions of these terms are written as

e*=e'-jE" (2.1)

and

tan S = 4 = (2.2)
e  iKfe

where e' is the dielectric constant, e" is the loss factor, a is the

electrical conductivity caused by conduction and displacement

current, and / is the radiation frequency. The real part of e* directly

influences the amount of energy that can be stored in a material in

the form of electric fields, whereas the imaginary part of e* is a

direct measure of how much energy a material can dissipate in the

form of heat. The value of the loss tangent determines the degree of

absorption of microwaves by a dielectric material. The greater the



polarization of the material, the greater will be the dielectric constant

and the quantity of energy that can be stored in the material [6].

The dielectric constant is a function of many variables

including radiation frequency, temperature, composition, etc. Among

these, the frequency parameter is probably the most basic one. Von

Hippie first demonstrated that the loss characteristics of oxide

materials vary as a function of microwave frequency [8]. Walton

studied the effect of changing temperature on the relative dielectric

constant (er) (er= e'Veo; eo = 8.84 x 10"12 F/m, the dielectric constant of

free space) and loss tangent (tan 5). The results showed that both

parameters increase with the increment of temperature [9]. Ho

thought that this is due to an increase in the polarizability caused by

volumetric expansions [10]. Because of the complexity of the

interactions of materials with microwave radiation, experimental

dielectric measurement and subsequent theoretical data

extrapolation are still under study in various groups.

2.1.3 Classification of Ceramic Materials in Electromagnetic Field

As mentioned above, the ability to absorb energy by ceramic

materials in the microwave field depends entirely on the dielectric

loss--the dissipation of microwave energy in materials. In order to

distinguish their heating/sintering capability, ceramic materials are

classified as three types:

(1) Transmitting materials: Microwave radiation passes through

materials such as boron nitride, silica, calcia, magnesia, alumina, and

yttria much like sunlight shining through a window without any

energy loss. Therefore, a low loss tangent is the characteristic of this



group of materials. As a result, these materials are very difficult to

sinter at ambient temperature under low radiation frequency. This
group of materials is also called non-coupling or non-absorbing
materials.

(2) Absorbing materials: Zirconia, silicon carbide, and hafnia belong
to so-called absorbing materials due to their large loss tangent values

and hence large energy absorbing ability. The penetration depth of
the microwave radiation depends on the power and the frequency.
(3) Reflecting materials: For reflecting materials, microwave

radiation is generally reflected from the materials, as similar to the

way a ball would bounce off a wall. The most distinguished example
of a reflecting material is graphite. Figure 2.3 shows the three

different types of interactions discussed above.

Although some materials like magnesia, alumina, and yttria do
not readily absorb microwave energy at ambient temperature (and

therefore are called transmitting materials), they do absorb and
couple somewhat when heated from 500 to 1000°C. This change is
mainly due to the dramatic changes in dielectric properties
(especially the loss tangent) at higher temperatures. The ability of a
material to couple with the microwave field also can be greatly
enhanced by adding conductive or magnetic phases in the form of

fibers, particles, or other additives. In these materials, the conductive

or magnetic phases will absorb microwave energy far more rapidly
than the matrix, and hence, will be heated selectively and rapidly
[11].
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Figure 2.3 Interaction of microwaves with materials.
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2.1.4 Microwave Processing of Ceramic Materials

The advantages of microwave processing of ceramic materials

have caused the continuous development of this technique in both

theoretical and technical aspects in various material systems.

Theoretical aspects and proposed modeling

The theory of interactions between incident electromagnetic

radiation and ceramic materials has not yet been well established,

although some progress has been made. Major physical parameters

which can be used to describe the effects of the interaction of a

dielectric with microwave energy are power dissipated and power

penetration depth.

(1) power dissipated

Microwave sintering/heating involves the conversion of

electromagnetic energy into heat. Energy is transported through

space or any medium by means of electromagnetic waves. The power

dissipated by a ceramic dielectric in an electric field can be

calculated from the well-known relation [11]

P = 27c/e'tan51E P (2.3)

where E is the magnitude of the internal electric field strength

(V/m).

Eqn. (2.3) shows that the ceramic must have an appreciable

loss tangent and dielectric constant in order for significant heating to

occur. The higher the frequency the smaller the electric field

required for a specific power dissipation, assuming the loss factors

are of similar magnitude. Similarly for a material with low loss

11



factor, the sinterability could be increased by increasing the

frequency. For example, by processing at 28 GHz instead of 2.45 GHz,

approximately 25 times more power can be dissipated in high-purity

alumina [1].

(2) penetration depth

The penetration depth (D) is defined as the distance D that

incident microwave energy decreases to 1/e (which is equal to 37%)

of the original field strength. The penetration depth is calculated by

the following formula [11]:

D  (24)
8.6867ctan5Ve'~

where A,o is the incident or free-space wavelength.

Eqn.(2.4) shows that a lower frequency results in a greater

penetration depth. Heating does not necessarily increase, since the

internal field E could be low, depending on the properties of the

material [12]. Normally, for high-purity alumina and high loss

tangent material silicon carbide, the penetration depths are of the

order of meters and micrometers, respectively, for 2.45 GHz

microwave radiation at room temperature.

For further understanding how a material interacts with a

microwave field, different models have been proposed by several

investigators [13-18]. It has been suggested that the enhanced

densification observed in microwave sintering is caused by the

preferential interaction of the microwaves with the pore-solid

interface, which leads to particle surfaces that are "hotter" than the

particle interiors [13]. Another view is that the "microwave effect" is

12



similar to that observed for plasma sintering of materials [14], in

which the particle surface is also somehow activated. The

microwave effect" exists due to interactions between the

microwaves and the bulk material (including grain boundaries),
which accelerates diffusional process in some as yet to be defined

manner [15].

A  new mechanism based on theoretical analysis and

experimental observation has been suggested by Meek and Zhang
[16], and may provide a reasonable explanation for the observed

"apparent lower activation energy" reported by Janney and Kimrey
[19]. Using a surface thermodynamic analysis, it was found that the

presence of an electromagnetic field may decrease the melting

temperature of an intergranular capillary region by as much as

several hundred degrees in the case of alumina. Experimental results

are consistent with this suggestion. Amorphous surface layers have

been found in microwave sintered samples, but not in conventional

sintered samples, although the sintering temperatures are the same

(in the solid state sintering region). There exists either a transient or

a permanent liquid phase during the microwave sintering process at

the apparent solid state sintering temperature. A preliminary
sintering model has also been proposed. This observation provides a
unique explanation for the observed high density and rapid sintering
rate of microwave sintered oxide materials.

Numerical modeling techniques have become powerful tools for

quantitative analysis of the microwave-material interaction and its

effects on the diffusion process during sintering as well as for

13



simulating temperature distributions in samples in the microwave

field [20-24].

Application

Initial studies were concentrated on ceramics which couple

strongly with the incident radiation. More recently, there has been a

trend toward studying materials with particular relevance to modem

engineering ceramic applications. Some of these latter ceramics have

very low dielectric loss at room temperature, meaning that the

material is essentially transparent to microwave radiation. However,

at 800-1000°C most of these ceramics are sufficiently "lossy" to

continue heating of their own accord. Considerable attention has,

therefore, been focussed on finding methods to achieve the initial

heating of low-loss ceramics, which includes the use of susceptors,

additives, and high frequency radiation.

The earliest work aimed at generating high temperatures in

ceramic materials using microwave radiation was performed in 1967

by Ford and Pei [25]. Up to the present, researches have mainly
focused on identifying and understanding the properties of ceramics

sintered with microwave energy, which includes microwave/material

interactions and their effects on sintering processes, quantification of

the mechanisms, key material parameters controlling dielectric

response, determination of heat and mass transport mechanisms, and

sintering of various types of ceramics and composites [4]. Many

material systems including uranium oxide, barium titanium, ferrite,

alumina, alumina-silicon carbide composites, boron carbide, titanium

diboride, zirconia, and glass-ceramics, among others, have been
14



investigated in the microwave environment [2, 26-33]. Among them,

the sintering behaviors of alumina and zirconia have been studied in

more detail than any of the other systems [11]. The short sintering

cycle and higher density are the distinguishing characteristics

compared to conventional sintering. It has also been reported that

the apparent activation energy of microwave sintering is one-third

that of conventional sintering [19]. The large difference in the

sintering rate was thought to be due to high diffusion rates induced

by the microwave field [19, 34].

Magnetic oxides such as ferrites have been rapidly sintered in

microwave fields, and the physical and magnetic properties were

comparable with those of conventionally sintered ferrites [29, 35].

Krage indicated that in addition to dielectric losses, magnetic losses

were also operative at temperatures below the Curie point [29].

For YBa2Cu307.x superconductor, sintering and annealing in

microwave energy shows improved oxygen content in the

superconducting phase. This is attributed to the coupling of CuO with

microwave energy. The onset of the superconductive transition

occurs at 93 K compared to 90 K for the conventional material. The

internal heating of CuO leads to an improved microstructure with less

porosity [36].

The covalently bonded carbides and nitrides are not effectively

densified by conventional pressureless sintering, without the

addition of sintering aids. However, the improved densification can

be achieved by using microwave radiation either with or without

sintering aids [30, 37].

15



2.2 Ceramic Matrix Composite (CMC) Materials

2.2.1 Introduction

Monolithic ceramic materials in general have a very attractive

package of properties, exhibiting relatively high strength, stiffness

and hardness, corrosion resistance, and high temperature stability.

However, the application potentials are impeded by their brittle

nature-low toughness, and other effects, such as insufficient

reliability—due to poor fracture characteristics, low thermal-stress

resistance as a result of high thermal expansion and elastic moduli.

The fracture toughness (/sTic) or critical stress intensity factor

characterizes the resistance to crack propagation and is considered to

be a material property. Explorations of a variety of approaches to

enhance the fracture toughness have been prompted during the last

decade. Discrete particles (ZrOi, TiC, and TiB), fibers (SiC, C), and

whiskers (SiC and B4C) [38-42] are incorporated into ceramic

matrices to block the crack propagation so that the ceramic matrix

composites (CMCs) could meet the challenge from the requirement of

advanced structural materials.

2.2.2 Major Toughening Mechanisms

Since the first toughening mechanism, transformation

toughening, was proposed by Garvie et al, [43], a number of models

and methods, based on experimental studies and theoretical

deductions, have been devised to explain the processes that might

yield ceramics with increased fracture toughness values by the use

of a second phase in the matrix [44]. These toughening mechanisms

can be divided into two major categories: (1) process zone
16



mechanisms which include transformation toughening and

microcracking toughening, and (2) bridging mechanisms which

include ductile particle reinforcement, grain bridging, fiber/whisker

bridging, crack pinning, crack deflection, and pullout of the

reinforcing phase [44-47]. Additionally, many of these mechanisms

may be combined in a given material to enhance the toughening

effects [48],

In a composite system reinforced by whiskers, the most

encountered toughening mechanisms contributed by the whiskers

are microcracking, crack deflection, and whisker bridging. In

addition, whisker pullout, although limited in extent, accompanies

the eventual failure of the bridging whiskers [49-52].

Microcracking

Microcracks occur within regions of local residual tension, and

may be caused by thermal expansion mismatch and/or by

transformation [53-54]. The microcracks also occur along the lowest

energy paths and locally relieve the residual tension. Furthermore,

the microcracks reduce the elastic modulus within the microcracking

process zone [55]. The basic material quantities which allow

microcracking (residual stresses and low fracture energy interfaces)

also lead to grain bridging. Often, microcracking and bridging operate

simultaneously, the relative contributions depending on features of

the microstructure.

The crack shielding caused by microcracking may be separated

into dilational and modulus contributions. The dilational contribution

to /sTtip (stress intensity factor) from the residual stress field has the

17



same form as that associated with transformations and thus depends

on both zone size and shape of the process zone [55]. The modulus

contribution, however, depends only on the zone shape [54].

Limitations on the analysis of microcrack toughening exist due to a

poor fundamental understanding of the degradation caused by

microcracks directly ahead of the crack front and limited knowledge

of the interactions between the modulus and dilational contributions.

Crack deflection

A second phase or a whisker located in the near tip field of a

propagating crack perturbs the front, causing a reduction in the

stress intensity. The reduced stress intensity depends on the

character of the whisker shape and volume fraction [56] as well as

the nature of the crack interaction. The crack, upon interaction with

the whisker, will tilt along the whisker/matrix interface by a certain

angle out of its original plane of propagation, i.e., the crack deflection

is a non-planar crack. Deflection toughening arises whenever

interaction between the crack front and the minor phase produces a

non-planar crack, subject to a stress intensity lower than that

experienced by the corresponding planar crack. The non-planar crack

arises either from residual strains present in the material or from

the existence of weakened interfaces. However, it has been found

that the residual strain has no significant influence on the magnitude

of crack interaction toughening. Figure 2.4 schematically illustrates

the crack deflected situation by rods (second phase material) with

different aspect ratios.
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Crack bridging

Another mechanism which can lead to an increase in toughness

has been termed "crack bridging". This refers to the toughening by

bridging which is induced by debonding along the whisker/matrix

interfaces [58]. The debonding allows the whisker to remain intact

within a small bridging zone behind the crack [58, 59]. The

propagation of a dominant crack [56] entails four stages of energy

dissipation that contribute to higher toughness, described in the

equation below,

AGJfd = S^/E - E e| + 4 (Ti/RVd - f) + (t/d) (h?/R) (2.5)
i

where, AGc is the strain energy release rate, f the whisker volume

fraction, d the extent of interface debonding, S the strength of the
reinforcing element, E the elastic modulus of the composite, e^ the
misfit strain in tension at the whisker/matrix interface, Fj the

fracture energy of the interface, R the radius of cross-section of

reinforcing elements, x the sliding stress at the whisker/matrix

interface, and hi the pullout length.

The first term in Eqn. (2.5) is the strain energy stored in the

whisker before it fractures. This energy is dissipated in the form of

acoustic waves during the propagation of cracks, thus contributing

favorably to fracture toughness of the composite.

Due to the difference in the thermal expansion coefficients of

the matrix and the whisker, there is misfit strain at the

whisker/matrix interfaces in the composites. The second term in the
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Eqn. (2.5) reflects the loss of residual misfit strain energy caused by

matrix cracking and debonding at the interface. Residual tensile

stress at the interface causes undesirably extensive debonding at the

crack wake, while residual compressive stress facilitates controlled

debonding depending further on the sliding friction coefficient, q, and

the surface morphology of the whisker. The misfit strain must be

small (< 3 X 10-3) and preferably compressive, normal to the

interface.

When a crack propagates through the composite, the whiskers

that intersect the crack plane and do not fracture bridge the crack,

and lead to debonding at the whisker/matrix interface near the crack

wake (Figure 2.5). The debonding results in the creation of new

fracture surface area. Some of the energy of the propagating crack is

converted into fracture surface energy. The process of debonding and

the generation of new fracture surfaces are expressed in the third

term of the equation. There are several requirements for the

debonding to occur effectively. The fracture energy, Ti, of the

interface must be sufficiently low to prevent stress concentration at

the interfaces and for the propagation of the crack to be relatively

smooth and extensive. A stronger whisker with a fracture surface

energy higher than that of the interface will divert the crack along

the interface rather than across the whisker. Thus the bridging action

of the whisker is realized.

After debonding has taken place at the interface, the whiskers

that do not fracture immediately are likely to be pulled out of the

matrix to an extent dictated by the sliding frictional coefficient in the
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Figure 2.5 A schematic diagram of crack bridging mechanism

operative in a whisker reinforced ceramic matrix composite

(adopted [55]).

22



debonded interface. A lower frictional coefficient produces a larger

pullout length, hi, thus contributing more favorably to the fracture

toughness of the composites. A large pullout length also means that

the likelihood of stress concentration at the interface is low thereby

preventing possible catastrophic failure of the whiskers.

Reinforcements with lower sliding frictional coefficients, i.e.

morphologically smooth whiskers, are generally produced by coating

the whiskers with carbon or boron nitride, which have proven to

reduce the sliding stress at the interfaces and to increase the pullout

length considerably [60].

Figure 2.6 is a schematic illustration of the major toughening

mechanisms for CMCs.

Among these toughening mechanisms, crack deflection is

ostensibly governed only by whisker shape and volume fraction [57],

albeit that the relative elastic moduli and thermal expansion

coefficients also may have implicit effects on the deflection path.

Conversely, the whisker bridging and pullout depend sensitively

upon the mechanical properties of the interface, the whisker

strength/toughness, the whisker radius, and volume fraction [56].

From the composite material design point of view, it has been clear

that in order that a particular whisker and matrix will combine to

form a successful composite with increased toughness, three basic

factors must be considered:

(1) the difference between the coefficient of thermal expansion of

the whisker (CTEw) and that of the matrix (CTEm), (2) the elastical

moduli (E) of matrix and whisker, and (3) the chemical compatibility
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Figure 2.6 Schematic diagram of major toughening mechanisms of CMCs.
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between the whisker and matrix at the processing temperature. In

the case of applying SiCw into the AI2O3 matrix, CTEw < CTEm, and the

matrix is under tangential tension and the whisker under

compression. If sufficient tensile stresses develop in the matrix,

microcracking may occur to further absorb cracking energy and

enhance Ki^.

2.2.3 Silicon Carbide Whisker-Reinforced Alumina Matrix Compnsitp,

(SiC^-AbOA

A number of studies have investigated the effects of

incorporating SiC whiskers in an AI2O3 matrix. The first principal

objective of the previous studies were focused on the room-

temperature fracture toughness and fracture strength of the

composites. The initial study of SiCw-Al203 composite was made by

Becher and Wei [41]. They used hot pressing (HP) as the

consolidation technique and incorporated 20 vol% SiCw into the AI2O3

matrix. The composite substantially increased the fracture toughness,

ATic = 8.7 MPami/2, over that of the AI2O 3 (matrix) alone, while it

retained the flexural strength, Of = 800 MPa. An important

observation in their studies was that the SiC whiskers were

reoriented during hot pressing with the long axis of the whiskers

being perpendicular to the direction of the applied pressure. The

whisker preferential orientation resulted in anisotropic mechanical

properties of the composite.

During the last several years, the research areas of the SiCw-

AI2O3 composite can be described mainly in three directions: (1)

fabrication techniques which included studies of different sintering
25



techniques and improvement of green sample preparation [61, 62],

(2) microstructure characterization, including interface effects [63],

and (3) mechanical behavior analysis which included studies of

fatigue, creep, erosion, thermal shock, fracture toughness, and flexure

strength [49, 50, 64-67],

Fabrication techniques

The fabrication of whisker-reinforced ceramic composites

generally involves starting with raw materials (powder and whisker)

and some mixing technique. Then the mixture is first consolidated

either as a loose powder in a shaped mold, an extruded solid with

aqueous or organic binders, or a compact form by cold pressing. Final

consolidation into a monolithic article then involves the application of

heat, such as conventional sintering or microwave sintering

techniques, or a combination of elevated temperature and pressure,

which normally is the hot pressing (HP) technique.

The mixing of powders (AI2O3) with whiskers (SiCw) is the first

step of the fabrication. Deagglomerate of whisker "nets" and the

matrix powders as well as the dispersion of whiskers in the matrix

were considered as basic parameters of preparation of qualified

green samples. The study of dispersion techniques has been carried

out by several different investigators [62, 68-71]. Because of the

formation of a constraining network of whiskers [61, 72], SiC

whisker-containing AI2O3 powder compacts are difficult to densify.

This network usually exerts tensile stresses on the matrix and

severely inhibits particle rearrangement and shrinkage during

sintering [61, 73]. In order to enhance densification in whisker-
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containing powder compacts, three methods were employed: (1)

adding additives, such as Mg0/Y203, which forms a liquid phase at

the sintering temperature [61] (the liquid phase enhances

densification through rearrangement processes and/or increases in

diffusion coefficients, which improves the mass transport rate), (2)

lowering the aspect ratio of the SiC whiskers and/or using smaller

AI2O3 particles, which would increase the packing efficiency and

improve the green density [61], and (3) increasing the densification

of green samples, which is related to the techniques of dispersing

whiskers into the matrix and preparation of the green samples as

discussed above.

Interface effects

Based on the current understanding of whisker reinforcement,

the composite mechanical properties are dominated by the interface.

A weak bond must be placed at the interface to facilitate debonding

and to decrease sliding resistance for the composite to have

attractive mechanical behavior [55]. The degree of chemical and/or

mechanical bonding at the whisker/matrix interface should be

considered as the major factor that influences the toughness of the

composite. Tiegs et al used a series of different commercial SiC

whiskers as reinforcing materials to test the effect of surface

chemistry on the fracture toughness [66]. They found that high

oxygen content on the whisker surfaces facilitated the interactions

between the whiskers and the alumina matrix. Strong bonding was

produced at the interface from the interaction, which inevitably

resulted in low values of fracture toughness. But the contrary
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conclusion was drawn by Homeny et al [63] who used two different

categories of SiC whiskers, namely, Silar SC-9 and Tateho SCW-l-S,

which had similar properties except for the differences in surface

chemistry, to verified the influence of whisker surface chemistry on

the fracture toughness of composites. They found that the presence

of SiOxCy and Si02 on the Silar SC-9 whisker surface, compared to

only SiC on the Tateho SWC-l-S whisker surface, was a critical factor

in allowing the crack wake toughening mechanisms, i.e., whisker

pullout and bridging, to operate in the composites fabricated with

these whiskers. Using Silar SC-9 as the reinforcement material

yielded the higher fracture toughness.

Mechanical behavior

After initial studies of the improvement of SiCw-Al20 3

composite in fracture toughness and strength at room temperature,

studies have been extended to other mechanical behaviors of this

composite [48].

The creep behavior is one of the key high temperature

mechanical properties of SiCw-AhOs composite. The first study was
done by Chokshi et al [65] who showed that the creep resistance of
AI2O3 could be improved by two or three orders of magnitude with

an addition of 15 vol% SiCw. This result was further confirmed by

more recent studies [74, 65, 75]. Liptski et al [74] found evidence

that, at low stress, creep is caused by diffusion and grain boundary
sliding facilitated by a glassy phase resulting from the oxidation of

the SiC whiskers. As expected for such viscosity-dominated creep,
the stress exponent in this stress regime was found to be between
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one and two. It may be noted that high-purity monolithic AI2O3 at

high temperature also exhibits a creep exponent between one and

two. In contrast, under high applied stresses, cavitation at the grain

boundaries and at the whisker/matrix interfaces dominates the

measured bulk deformation. In this creep regime, the stress

exponent was found to be between three and eight, depending on

temperature and whisker loading. Such high values are typical for

tensile creep in ceramics that undergo cavitation. A word of caution

should be given, however, with regard to the exact magnitude of the

stress exponent since the above results were obtained from flexure

tests and the possibility of different creep behavior in tension and

compression must be considered. If the material creeps in tension

faster than in compression, flexure tests may yield ambiguous results

for the creep stress exponent [76, 77].

Morrne et al [64] studied the fatigue behavior under uniaxial

cyclic compression by using a through-thickness crack in notched

specimens. They found that under these test conditions, the crack

growth of the composite is analogous to the crack growth of the

monolithic AI2O3, but the consistent toughness values represented a

60% increase in toughness compared to unreinforced AI2O3. The

tension-tension cyclic fracture also showed enhanced resistances

[48].

Eykes et al [50] investigated the solid-particle erosion behavior

for a series of SiCw-Al203 composites with a change in SiCw volume

percent from 0 to 28.8 under typical erosion conditions. Additions of

SiCw to AI2O 3 provided substantial improvement in erosion
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resistance. On the other hand, the erodant particle-size and velocity

dependence of the erosion rate decreased as the SiCw content

increased.

The reinforcement is also reported to have a positive effect on

properties such as thermal shock. For example, the critical AT for

quenching into boiling water to induce substantial strength loss was

about 250°C and more than 900°C, respectively, for alumina and the

composite (20 vol% SiCw) [70].

The understanding and further development of whisker-

reinforced ceramic composites can be advanced by the analysis of

the toughness mechanisms and the development of a comprehensive

theoretical analysis of the toughening behavior. Current studies

indicated that key features in determining which process(s)

dominates the toughening process are the whisker strength and

diameter, as well as the whisker-matrix interface properties (which

are related to the surface chemistry of the whisker) [47, 78].
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CHAPTER III

EXPERIMENTAL PROCEDURES

3.1 Fabrication of the Ceramic Matrix Composite

3.1.1 Raw Materials

Commercial Alpha-alumina powder A-16 (donated by

Aluminum Company of America) was chosen as the matrix material.

The composition of this material supplied by the manufacturer was;

AI2O3 (99.8 wt%), Na20 (0.07 wt%), Si02 (0.03 wt%), MgO (0.03 wt%),

Fe20 3 (0.02 wt%), CaO (0.01 wt%), and B2O3 (0.001 wt%). Major
physical properties of the A-16 were: mean particle size, 0.45 pm;

surface area, 8.7 m^/g; and loose bulk density, 2.18 g/cm^.

Beta-SiC whiskers (products of former American Matrix Inc.,

donated by Third Millennium Technologies, Inc.) were used as the

reinforcing element coupled into the A-16 polycrystalline AI2O3

powders. The characteristics of the whiskers are listed in Table 3.1.

3.1.2 Preparation of Green Samnles of CMC

The green samples consisted of 90 vol% AI2O3 powders and 10

vol% SiC whiskers.

The SiC whiskers were first ultrasonicated for 30 min. The

purpose of this step was to assist the breaking down of whisker

agglomerates which seriously inhibits densification and is also the

initial failure source. Then AI2O3 powders and SiC whiskers were

blended together for 2 min in a high speed Branun Grinder. The

powder mixture was then pressed uniaxially in a metal die under a
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Table 3.1 Characteristics of SiC Whiskers

Characteristic Physical Property

Crystallographic: Beta Phase

Purity (%): 99.5

Diameter (pm): 1  - 3 (nominal)

Length (pm): 5-60 (nominal)

Bulk density (gm/cm^): 0.1

Specific Gravity: 3.21

Tensile Strength (GPa): 1.7 - 23.7

Young's Modulus (GPa): 361 - 890

pressure of 230 MPa, which yielded a cylindrical pellet of uniform

one-half inch diameter and length ranging from 0.25-0.45 inch.

The resulting green density of the pellet was about 52% of the

theoretical density, which was determined by an Archimedes

method. The preparation procedure for the green samples is

illustrated in Figure 3.1.

3.1.3 Microwave Sintering

Sintering experiments were carried out using an industrial

microwave system (Cober, Model S6F) which generated microwave

radiation at 2.45 GHz with a maximum output power of 6 kW.

Components of the microwave furnace svstem

The major components of this microwave furnace system

included:
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Figure 3.1 Flow chart of preparation procedures of green samples.
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(1) microwave generator

The generator is composed of two major parts: (a) magnetron

where the microwave power is produced (called forward power), and

(b) circulator which is used to protect the magnetron from any

reflected power. Both the magnetron and the circulator need

continuous water cooling during the operation.

(2) applicator

The applicator is a cavity where the microwave energy is

applied from the generator to the loaded samples. A multi-mode

resonant cavity was adopted. It was made of stainless steel with an

internal dimension of multiples of a half wavelength of the 2.45 GHz

microwave frequency. Figure 3.2 is a schematic diagram of the

applicator used in this work. The large cavity could be used to sinter

large samples but the distribution of the microwave energy was not

uniform. The inside small chamber is a reaction cavity which yields

more uniform distribution of microwave energy than the large one,

and in most cases it is used for high temperature heating. A high

temperature insulation board (Babcock and Wilcox 17C) was placed

inside the reaction cavity to serve as a thermal shield.

(3) waveguide

The waveguide in a microwave system is a simple

interconnection for the transmission of the microwave energy from

the source to the applicator. There is a single-stub tuner on the

waveguide for matching impedance of the load to the source.

An infrared optical thermometer (Mikron, Model M91H-0) was

used for temperature measurement. Figure 3.3 is a block diagram of
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Figure 3.2 Schematic diagram of the microwave applicator
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Figure 3.3 Schematic diagram of the mircowave sintering system.
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the microwave processing system.

Sintering of CMCs

As mentioned above, AI2O3 is a wave transmitting material

which has such a low loss-tangent at low temperature that it is very

difficult to be directly sintered in a microwave field even with an

addition of 10 vol% SiCw (a high loss-tangent material). A susceptor

containing 30 wt% AI2O3 and 70 wt% SiC (powders), therefore, was

used to improve the sinterability of the composites. In the initial

heating step, the heating source came from the susceptor since it

easily absorbed microwave energy. Under this condition, the

composite gradually changes its dielectric behavior with the increase

of surrounding temperature produced by the susceptor. A dramatic

increase in the loss tangent of the composite after a certain threshold

temperature enables the microwave energy to be a direct driving

force for composite sintering.

During the sintering process, the microwave power was

controlled by: (1) the increase/decrease of heating/cooling rate as

desired, (2) avoiding the phenomenon of thermal run away, and (3)

ultimate isothermal sintering temperature. After a certain period of

time at the desired sintering temperature, the input power was

decreased in a desired rate and was finally turned off at approximate

600°C. The samples were then cooled to ambient temperature inside

the furnace cavity.

Two different sintering temperatures, 1550°C and 1650°C, were

adopted. At each sintering temperature, three different isothermal

processing time intervals were used (10 min, 20 min, and 30 min,
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respectively).

Figure 3.4 illustrates typical power and temperature profiles.

The heating process can be divided into three progressive stages:

namely, preheating, transition, and stable sintering [79]. In the

preheating stage, a constant power input rate was applied for the

first 20-30 min until the specimens reached the final sintering

temperature (in this case, 1650°C). At the end of this stage, the

coupling efficiency was so high that thermal runaway would always

occur unless careful control of input power was exercised. This was

achieved by manual control of the input power, which is the main

task of the transition stage where a large decrease of input power

was expected. Within 2 min the specimens reached a thermal

equilibrium and the final stable sintering stage started with a

characteristic of constant input power. The duration of this final

stage depended on the desired isothermal sintering time.

3.2 CMC Property Measurements

3.2.1 Densitv and Porositv Measurements

The density of each sintered sample was carefully measured by

an Archimedes method. A detail measuring procedure is referred to

ASTM C693-84 [80]. The density of the sample was calculated by the

following equation

^ WaPw -W^Pa
Wa-W,

where p is the density of the sintered sample, pw the density of air-

free water, pA the density of air, Wa the weight of the sample

measured in the air, and Ww the buoyancy force of the sintered
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sample in the water.

The total amount of porosity, p, of each sample was calculated

by

1  P
P = 1 ^ (3 2)

Pth ^

where pth is the theoretical density of the composite material.

3.2.2 Elastic Modulus Measurement

The elastic modulus (E) of a material describes the stress

required to deform the atomic bonds per unit strain. Considering the

existence of porosity and the random distribution of whiskers in the

composite, there is no ideal formula to calculate E better than direct

experimental measurement. In this study, the E of the composite was

measured by an ultrasonic technique. For a linear, isotropic sample

the following relationships exist:

E = 2pVs(l + v) = Young's modulus (3.3)

1 - 2y . . .
V = —— = poission s ratio (3.4)

y=(Vs/VL)^ (3,5)

where X is the Lame constant for isotropic solids, p is material

density, and Vl and Vs are the ultrasonic wave velocities for

compressional waves and shear waves, respectively.

The values of Vl and Vs were determined by the high precision

pulse-echo method at a frequency of 5 MHz. The ultrasonic system

consisted of a Tektronix 7854 Oscilloscope and a Panametrics Pulse
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Receiver 5052PR with a LaB transducer. During the measurements,

Vl and Vs were determined for selected samples with five readings
averaged per data point.

3.2.3 Hardness Measurements

Hardness of all specimens was measured using a LECO M-400

digital microhardness tester with a Vickers pyramidal diamond

indenter. Samples were prepared by using standard ceramographic

procedures to produce a mirror surface finish for microstructural

observation. The detailed procedures were the following:

(1) grinding the specimens starting with 120 grit SiC paper, then via
220, 320, 600, and 1000 grit SiC papers, (2) polishing the specimens
starting with 6 ̂ im and subsequent 3 |im diamond compound on

nylon clothing. The final polish was done by using 1 p,m diamond

compound on silk polishing cloth.

Before hardness testing, ideal loading parameters such as load

and loading time had to be determined. It was found that a 500 g
load with a 25 second elapse time was the best set of parameters.
The machine was calibrated on a standard steel testing block. For

each sintering condition, the hardness value was determined from

the average value of 10 indentations.

—Fracture Toughness Measurements

Fracture toughness determination from indentation method

In general, the traditional method to evaluate the fracture

toughness, Kic, is via a single-edge notch or Cheveron notch bent test.

Preparation of the bend test samples for a ceramic material is not as
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easy as for a metal sample. In lieu of this traditional materials

property evaluation, a surface flaw technique, also called the

indentation fracture toughness method, was employed for

investigating the fracture properties of the ceramic composites. The

advantages of using this technique include not only the simplicity of

the specimen preparation but also the smaller specimen dimension,

which was very suitable for the microwave sintered pellets. The flaw

(crack) can be induced by a Vickers indentation (Figure 3.5). The

toughness is then determined from the fracture load P and the flaw

size as measured on the specimen surface. A number of equations

have been proposed in the past [81-87]. The most widely used

equation to evaluate the fracture toughness, however, is as follows

[83]:

/sTic = (0.016 ± 0.004) (E/H)^^^(P/c^/^) (3.6)

where (0.016 ± 0.004) is a "calibration constant" which is obtained by

averaging over a broad spectrum of materials, H is the Vickers

hardness, E is the Young's modulus of the sample, P is the indented

loading, and c is the half crack length on the specimen surface, which

is induced by the load P.

Eqn. (3.6) yields significantly lower values for the fracture

toughness of various alumina samples than these obtained from

conventional methods of measurement. This can be seen in Figure 3.6

which is reproduced from the work of Antis et al [83]. Based on their

studies, a corrected calibration constant with a value of 0.023 was

determined for alumina. Eqn. (3.7) is the modified version of Eqn.
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(3.6) and was to be used in this study for the calculation of Kic from

direct crack length measurements:

A:ic= 0.023 (E/H)^^^(P/c^/2) (3.7)

The following criteria should be satisfied in order for Eqn. (3.7)

to be valid:

(1) any prospective test specimen must produce a well-defined

radial crack system (a well-defined radial crack could be found when

the indentation fracture parameter (P/c3/2) of the specimen was

independent of load P),

(2) the crack length seen on a polished surface must be as long or

longer than the diagonal length of the indentation, i.e., c > 2a, and

(3) there must be no chipping or lateral cracking.

In order to obtain accurate testing results, it is essential that

the testing surface should contain no pre-existing stresses prior to

indentation; the fracture parameter P/c3/2, otherwise, would be

affected due to the presence of the stress. A well-controlled

indentation test offers the prospect of highly reproducible

deformation-fracture geometry, together with simplicity and
economy in data gathering.

Specimen preparation

The preparation of specimens was similar to the preparation of

specimens for the hardness tests. The only difference was that a 0.25

M-m diamond compound was used as the final polishing step. These

progressive polishing procedures eliminated residual stresses by
polishing out the plastic zone and an optical surface was then
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produced so that the crack size could be accurately determined.

Testing

The Vickers indentations were made by using a Tukon

Microhardness tester unit. Each sample was indented by different
loads (P) ranging from 4 kg to 10 kg over which the indentation

patterns remained well defined: at the lower end by the minimum

requirement c > 2a for validity of Eqn. (3.7); at the upper end by
avoiding chipping. For each different load P, an average value from

five indentations was used to determine the mean crack length c. In

order to obtain more accurate measurements, the crack length c was

measured using a LECO M-400 digital microhardness tester unit

immediately following the microhardness test.

3.3 Characterizations of CMSs

Structure characterizations were performed using transmission

electron microscopy (TEM) and scanning electron microscopy (SEM).

Chemical composition analyses were conducted using X-ray
photoelectron spectroscopy (XPS) and energy-dispersive X-ray
spectroscopy (EDS). Phase analysis was carried out using X-ray
diffraction (XRD).

The TEMs used in this study included a 200 kV Hitachi HF2000

field emission TEM, a 200 kV Hitachi H800 scanning transmission

electron microscope (STEM) equipped with a LaBe electron source

and a Link X-ray detector, and a 100 kV Hitachi H600 TEM. The SEM

used was a Hitachi S800 field emission SEM attached with a Link X-

ray detector. The XPS was performed with a Perkin-Elmer PHI 5100
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ESCA system. A Rigaku X-ray diffractometer was employed for phase

identification.

3.3.1 Raw materials

As-recieved AI2O3 powders and SiC whiskers were characterized

by TEM and SEM to determine particle size distribution, surface

morphology, defect structures, and crystallography. The surface

chemistry of the SiC whiskers was analyzed by XPS.

Structure analysis of SiC^

Whisker specimens were prepared for TEM analysis either by

direct dispersion onto a holy carbon support film (for

characterization of surface and defect structures) or by

ultramicrotomed thin-sliced whiskers embedded in epoxy (for high
resolution imaging of whisker microstructure). The defect structures

were studied by both bright field and dark field imaging methods.

The whisker crystal orientation was studied by the selected area

diffraction method.

Surface chemistry analysis of SiC^

Bulk whisker surface chemistry analysis was accomplished
using a X-ray photoelectron spectrometer. At first, a broad-energy

low-resolution "survey scan" was taken to determine where peaks
were located then followed by narrow width high-resolution scans

around the peaks observed in the survey scan. Calibration of the

energy scale was accomplished by using the standard SiC signal [88].
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3.3.2 Sintered CMrs

Interfacial structure analysis

The structures of interfaces between AI2O3 grains and SiC

whiskers were examined in by TEM. Both bright field (BF) and dark

field (DP) imaging methods were used. Conventional selected area

diffraction (SAD) and convergent beam electron diffraction (CBED)

techniques were employed to observe the whisker and alumina grain

orientations while adjusting their orientations with a tilting stage.

Interfacial composition was examined using EDS with an electron

probe size of the order of 80 A.

TEM thin foils were prepared by one of the following methods:

(1) Specimens were prepared by sectioning a disk from the center of

each sintered cylindrical pellet sample with a direction normal to the

cold pressing axis. Disks were ground, polished, and dimple-polished

prior to ion milling. Finally they were ion milled using the Gatan ion

beam thinner at a voltage of 6 kV and incidence beam angle of 15°

until the specimen was perforated.

(2) The composites were embedded in epoxy, then thin-sliced by

ultramicrotome using a diamond knife.

Fractograohv study

Samples from each sintering condition were selected to

undergo fractography study using SEM. Compression tests were used

to created the fracture surface. The fractured surface was coated

with a thin film of gold (50 A) to avoid electron beam charging.

48



X-rav diffraction analysis of CMCs

X-ray diffraction analysis using a rotating anode diffractomer
and monochromated CuKqc radiation was used to determine the

phases present in the composite. In a typical diffraction analysis set
up (tube voltage 35 kV, tube current 30 mA, scan rate 0.5°/min, Ni

filter), the X-ray beam was directed onto a sample surface which

formed an angle theta (0) with respect to the incident X-ray beam. A

detector was placed symmetrically, also at an angle 0 to the sample
surface (20 to the X-ray beam), to receive the diffracted X-rays.
Finally, the diffraction pattern was recorded in the form of 20 vs. I

(X-ray intensity). The scanned 20 ranged from 20° to 140°.

After the experiment, values of d (d = A./sin20) and I/Imax

(Imax, the maximum X-ray intensity recorded) were tabulated, JCPDS
(Joint Committee on Powder Diffraction Standards) was used to

identify the unknown pattern through a computer searching
program.
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CHAPTER IV

RESULTS AND DISCUSSION

4.1 Raw Materials

4.1.1 AUOt Powders

SEM analysis indicated that there existed quite a large particle-

size distribution in the AI2O3 powder (Figure 4.1). The largest particle

was more than twice the mean particle size. Clusters of

agglomeration were randomly found within the powders.

4.1.2 Morphologies and Surface Chemistry Analysis of SiC Whislcprs;

The general morphology of the whiskers is shown in Figure 4.2.

The SEM micrographs revealed that the whiskers exhibited a large

variety of morphology. The typical irregularly shaped whiskers are

shown in Figure 4.3. Because of the irregular shape, the whisker

surface was rough on a sub-micrometer scale, and the whisker

surface area was significantly increased along with the corresponding

interfacial area for bonding to a fine-grained ceramic host matrix.

TEM study indicated that the whiskers were combinations of heavy
defected P-phase SiC (3C).

In the TEM imaging analysis, most of the whiskers exhibited

stacking faults on the (111) planes which are normal to the whisker

axis (Figure 4.4), spaced 2 to 20 nm apart. Electron diffraction

analysis of cross-section specimens indicated that the major whisker

facets were parallel to the {111} planes. A thin amorphous layer (the

thickness ranged from 2 to 200 nm) was found surrounding the
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Figure 4.4 Stacking faults on {111} plane of the whisker. The inset

shows the selected area diffraction pattern.



whiskers (Figure 4.5).

The major elemental composition on the whisker surfaces was

observed to be composed of silicon, carbon, and oxygen (see Figure

4.6) in the atomic ratios 100;118il88. The silicon 2p photoionization

signal showed Si-C and Si-0 components in the ratio 38.54:61.46

(Figure 4.7). The binding energy of the Si 2p(l) peak was 103.06 eV,

which suggested the presence of a Si02 layer [89].

In Figure 4.7, the smoothed spectrum was synthesized using a

Gauss function curve fitting routine to aid in determining the

composite peak binding energy. Table 4.1 lists the atomic fraction vs.

various binding energies of different XPS peaks of silicon, carbon,

and oxygen on the surfaces of the whiskers.

Table 4.1 SiC Whisker Surface Atomic Fraction (at%) vs. Binding
Energy (BE)

at % BE (eV)

Si peak 1 9.5 100.40

peak 2 14.91 103.06

C
peak 1 8.00 282.47

peak 2 20.90 284.99

0 45.89 532.1

4.2 CMC Properties

4.2.1 Densitv and Porosity

Table 4.2 lists the densities and the porosities of the various
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Figure 4.5 Amorphous layer on the surface of the whisker. The

inset shows the microdiffraction pattern of the amorphous layer.
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composites under different processing conditions. The densities were

varied from 96.8% to 99.5% with different sintering parameters,

suggesting that satisfactory densification can be created by

microwave processing. It is believed that the high and rapid

densification rate of the microwave sintering was achieved by the

microwave internal volume heating mechanism. Proposed

explanations are that (1) enhanced transport properties/activation

energy occurs in an electromagnetic field [90, 19], (2) activation of

grain boundary and lattice diffusion are the major driving forces in

the microwave sintering [79], or (3) the melting temperature in the

grain boundary is lower than that of the bulk material itself, which

helps mass rearrangement and hence high density [16].

4.2.2 Young's Modulus and Hardness

The mechanical properties of ceramics are strongly dependent

on grain boundary structure and composition, particularly when the

composite materials originate from fine-grained powders that have

been sintered [91].

The Young's modulus measurement in this study revealed

significantly lower values in comparison to the reported data for

conventionally sintered composites. The measured Young's modulus

ranged from 182 to 282 GPa, while the reported data for

conventionally sintered samples is on the order of 400 GPa [92]. All

measured values of E and Hy for the composite are listed in Table

4.3.

It was observed that after microwave sintering, AI2O3 grains

were separated by a thin amorphous layer (Figure 4.8). The existence
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of the amorphous layer may create weak bonding in the grain

boundary region; and some microcracking may occur along the

boundary due to thermal expansion coefficient mismatch during

cooling or after suffering local stress, which results in a decrease of

the hardness of the composite.

Since the whiskers were randomly oriented in the matrix, the

elastic behavior of individual whiskers can be presumed to be

similar to that of grains in the polycrystalline SiC, in which the

orientation dependent contributions of individual grains balance each

other and the experiment error is minimized during measuring. From

the measured E of the composite, the Young's modulus of the fully

dense material, Eq, can be calculated from Mackenzie's equation [93]:

E = Eo(l - 1.9p - p^) (4.1)

where p is the porosity of the composite.

The causes for the low values of Young's modulus is not very

well understood due to limited numbers of experiments. One

possibility still could be related to microcracking on the grain

boundary, which decreases the ultrasonic wave velocities for

compressional waves and shear waves. The atomic bonding change

by the electromagnetic radiation could be another possibility.

4.2.3 Fracture Toughness

Within the loading range, the occurrence of indentation which

was judged unacceptable, i.e., chipping or lateral cracking, was

infrequent. One example of such an unacceptable indentation is

shown in Figure 4.9.
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some of the indentation, which is unacceptable for

toughness measurement.



The plot of the fracture parameter (P/c3/2) vs. working range

of load P from the indentation test indicated that the crack profiles

belonged to the radial crack response (Figure 4.10). The fluctuation

was relatively small, only 10% at the worst case over the average

value, which meant that the fracture parameter P/c2/2 was quite

insensitive to the load P. It was determined that Antins' equation

could be adopted to calculate the fracture toughness, of the

composite. The average fracture parameter was calculated as follows:

/m

Average Fracture Parameter —■— (4.2)

i= 1

n

where n is the total number of different loads, i indicates a certain
load. Pi is the ith load, m the total number of indentations at each
load, j indicates a certain indentation number, and cij the crack
length of the jth indentation corresponding to ith load Pi.

The fracture toughness of the composite measured by this
indentation method is listed in Table 4.4. The fracture toughness of
microwave sintered SiCw"Al203 CMCs {Ki^ = 4.5 to 5.3 MPaVm) was
about 80 to 110% higher than that of hot-press sintered monolithic
alumina (^ic = 2.5 MPaVm, grain size 1-2 nm) [46]. The fracture
toughness data of microwave sintered monolithic alumina is not
available at this time. The interpretation of the results will be
discussed in a later section. The presence of a thick SiOi layer on the
whisker surface would reduce the fracture toughness of the
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Table 4.4 Fracture Toughness Measured by Indentation Method

Sample

Group

Sintering Parameters

Temp (°C)/ Time (min)

Fracture Toughness Kic

(GPa)

9 1650/10 5.0

10 1650/20 5.3

13 1650/30 5.2

1 1 1550/10 4.5

12 1550/20 4.7

14 1550/30 4.6

composite [89]. It is expected that using etch-cleaned whiskers would

further increase the values of fracture toughness.

4.3 CMC Structures and Phases

Figure 4.11 shows the typical structure of the composite. SiC

whiskers were uniformly distributed in the matrix. Most of the

whiskers had a length in the range from 10 to 60 pm which was

within the range of the aspect ratio provided by the manufacture.

Some of the whiskers might have suffered breakage during

mechanical blending. In the high magnification micrographs of TEM,

the serrated surface of the whisker appeared to have good bonding

with the matrix through an amorphous layer (Figure 4.12). Dark-field

studies also indicated the presence of a thin (< 7 nm thickness)

amorphous layer on a large portion of AI2O3 grain boundaries (Figure

4.13). The melting temperature of AI2O3 is 2045°C which is about
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1

1

Figure 4.12 TEM bright field image of a SiC whisker bonded with the

alumina matrix through an amorphous interphase. The inset shows

the selected area diffraction pattern of the interphase region with a

typical amorphous diffraction feature.



I SK

lOOn

Figure 4.13 TEM dark field images of alumina grain

boundaries surrounded by amorphous layers. Samples were

sintered at (a) 1650°C and (b) 1550°C, respectively, for 20

min. Note that the melting point of alumina is 2045°C.
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400 to 500®C above the sintering temperatures used in this

investigation. This experimental observation is a direct evidence to

the microwave sintering model suggested by Zhang et al [16] which

proposed that at the interfacial necking area the local melting

temperature is decreased. This phenomenon is believed to be

directly responsible for the reported low value of activation energy

of microwave sintering [19].

TEM examinations also revealed that some dislocation arrays

appeared in some small angle grain boundaries (Figure 4.14).

4.3.1 Grain Size

Grain growth was suppressed in the microwave sintered

samples (see Figure 4.15). Ultrafine grain size dominated although

occasionally abnormal grains were observed (Figure 4.16). It is

believed that the ultrafine grain size is directly related to the

internal heating mechanism of microwave sintering to produce the

condition of fast sintering (discussed in section 4.2.1). The origin of

the abnormal grains is not fully understand. There are several

possibilities that could lead to the condition of their growth. One

possibility arises from the existence of a wide initial particle size

distribution (see Figure 4.1). From Hillert's criterion, the condition for

obtaining stable normal grain growth is that the size of the largest
grain must be less than twice the mean size [93]. Another possible

cause is the inhomogeneous densification of the green sample. Some

common origins of micro-inhomogeneity are: original particle hard

agglomeration which could not be broken down during blending;
poor packing; and the existence of pressure gradients during die
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pressing [95, 96]. As proposed by Meek [13], the region that has

more air becomes a preferential interaction spot with the

microwaves and creates a precondition for exaggerated grain growth.

Some small pores were found within the abnormal grain size (Figure

4.17). The existence of the small pores might be evidence that the

large grain was formed from hard agglomeration of green particles.

4.3.2 Interfacial Structure

Figure 4.18 shows the existence of an amorphous interphase at

the whisker/matrix interface produced during processing. The

contrast at the contacting interface confirms the presence of residual

thermal stresses. A convergent electron probe (probe size was about

80 A) was stepped across the interface and an EDS series spectrum
was recorded at each position. Oxygen, silicon, and aluminum signals

were collected at each step during the scan. Figure 4.19 shows the

concentration distribution of different elements as a function of

distance from the whisker to the matrix at two different sintering

temperatures.

The amorphous interphase was apparently an aluminosilicate

glass. The oxygen concentration rises sharply at the interphase on

the SiCw side and reaches a high level in the middle of the interphase

region, and finally drops to a stoichometric level (AI2O3) at the

interphase on the side of AI2O 3 matrix. The specimen sintered at

1550°C had a much higher oxygen concentration (about 14 wt%

higher) in the interphase region than that sintered at 1650°C, which

implied that a stronger interface reaction was involved. The silicon
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concentration exhibited a decreasing profile from the SiCw to the

AI2O3 matrix. The specimens sintered at 1650°C showed a higher Si

level (about 14 wt% higher) in the middle of the interphase region.

The aluminum concentration gradually built up in the interphase

region close to the side of AI2O3 matrix. The specimen sintered at

1550°C had a slightly higher aluminum level (about 5 wt%) on the

side of the alumina matrix, which again implied that more alumina

joined the interaction at that temperature. Over all, it seems that a

stronger interface interaction occurred at 1550°C, which might be

favored by the thermodynamic condition.

The origin of the amorphous layer is believed to be the

product(s) of the interaction(s) between the Si02 layer (about 20 nm

thick) on the SiCw surface and the AI2O3 matrix. The existence of the

Si02 layer on the surface of the SiCw was verified from XPS analysis

and TEM analysis, and it has also been reported by various authors

[46, 88, 97]. The amorphous interphase of samples sintered at 1550°C

could create a relatively "stronger" interface and may be more

difficult to debond under stress than a relatively "weaker" interface

possessed by samples sintered at 1650°C [98]. This microanalytical

result provides a reasonable explanation for the difference in the

fracture toughness data for these two different sintering conditions

(Table 4.4).

4.3.3 Phase Analvsis

An example of an X-ray diffraction pattern from the composite
is shown in Figure 4.20. Only the a-Al203 phase was detected along

with evidence that a small fraction of the a-Al203 had been
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transformed to P-AI2O3. No SiC (about 0.2 wt% in the composite) or

any other possible reaction products were detected by this

technique.

4.4 CMC Toughening Mechanisms

4.4.1 Toughening Phenomena Observed from Indentation Tests

Through observation of the crack trace created by the indenter,

it was not difficult to find that all whisker toughening mechanisms,

such as crack deflection around whiskers (Figure 4.21), whisker

debonding (Figure 4.22), and whisker bridging across the crack

(Figure 4.23), were operative in the microwave sintered SiCw-Al203

CMCs. Crack deflection was the most common phenomenon observed

in all samples.

In Figure 4.21(a) the crack was deflected by about 40° along a

whisker lying on the polished surface; while Figure 4.21(b) showed a

crack deflection along the edge of the whisker oriented

perpendicular to the polished surface. Note that there is apparently

an interphase layer surrounding the whisker, which is consistent

with the TEM observation.

It was also evident that in some degree the matrix self-

toughening mechanism (for example, grain bridging across the crack,

see Figure 4.24) was also operative [99].

4.4.2 Toughening Phenomena Observed from Fracture Surfaces

On the fracture surface, the long angular cavity that appeared

to be left behind following whisker pullout (indicated by arrows in

Figure 4.25) and protrusions of whiskers (Figure 4.26) were evidence
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Figure 4.22 SEM micrograph shows a whisker

debonded from the matrix as the result of the crack

propagation.
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grain bridging across the crack, a matrix self-

toughening mechanism.
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of whisker pullout. Deflection of cracks by the whiskers also

appeared to be operative (Figure 4.27).

In Figure 4.25(a) it is obvious that whiskers were pulled out in

orientations of both parallel and perpendicular to the fracture

surface of the sample sintered at 1650°C for 30 min. Figure 4.25(b)

represents the fracture surface of the specimen sintered at 1550°C

for the same amount of time. By comparing (a) and (b), it is clear that

the sample sintered at 1650°C showed a greater degree of whisker

pullout. The whisker pullout length is also different for samples

sintered at the different temperatures. Figure 4.26(a) shows a

pullout length of about 30 n,m for the sample sintered at 1650°C

compared with a length of 3 |im for the sample sintered at 1550°C

(Figure 4.26(b)).

The above observations were consistent with the measured

fracture toughness data for these samples. In general, the samples

sintered at 1550°C had about 10% lower values of fracture toughness

than those samples sintered at 1650°C.

From the fractographs (Figure 4.27) it appeared that the fine

grained composites displayed intergranular crack propagation. Figure

4.28 suggested that the whisker cluster was the origin of the crack.

4.4.3 Toughening Mechanisms

From the above observations, it is believed that the increase in

fracture toughness of microwave sintered SiC whisker-reinforced

alumina composites was mainly due to the crack deflection

mechanism. This mechanism assumes that the crack initiates in the

matrix and expands around the whiskers. As the crack changes its
89
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direction, its orientation relative to the applied stress will change and

it will therefore require more energy to extend further, and hence

the fracture toughness of the material is increased.

Whisker debonding, whisker bridging, and whisker pullout

mechanisms were all operative in large degrees among the sintered

samples. Due to the fine grain size of the matrix, grain-bridging

toughening was also observed. It is believed that the existence of an

amorphous interphase between the whisker and the matrix

facilitates the weak bonding between them and at least at room

temperature it leads to improvement of fracture toughness of the

composites.

4.5 Characteristics of Microwave Sintering of CMCs

The observed fast sintering rate is the major attraction for

continued development of microwave processing for ceramic

composites. The short sintering time with remarkable improvement

of the mechanical properties of the materials makes microwave

sintering suitable for processing of ceramic composites.

Ultrafine grain size is a distinguishing characteristic of the

microwave sintered composite. This could be the result of (1) the

rapid heating in the microwave field, and (2) SiC whisker-inhibited

grain growth during the sintering. In this case, the second reason was

not likely due to the small amount of SiC whiskers (10 vol%) in the

matrix. The fine grain size facilitates the densification process of the

composite. The fine grain size also would affect the mechanical

properties of the materials.

The presence of a liquid phase during microwave sintering of
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the composite provides an extra benefit to the improvement of the

fracture toughness. The amorphous interface is apparently at least in

part responsible for the low values of elastic modulus of the

composite which inevitably contributes to the increase in the

fracture toughness. The liquid phase also speeds the densification

process.

4.6 Conclusions

(1) Microwave sintered silicon carbide whisker (10 vol%) reinforced

alumina matrix composite showed a significant improvement of

fracture toughness over conventionally sintered monolithic alumina.

The fracture toughness was measured by an indentation method.

(2) Crack deflection along the whiskers was the major toughening

mechanism operating in the composite. However, whisker bridging,

whisker debonding, and whisker pullout all contributed to the

increase in fracture toughness of the composite. The grain-bridging

toughening was also observed.

(3) The interfacial bonding between the whiskers and the alumina

matrix played an important role in the composite materials. The

bonding is related to either a mechanical bond caused by the thermal

expansion mismatch or a chemical bond caused by the chemical

interaction between the whisker and the alumina matrix.

(4) An amorphous interphase between whisker and matrix

contributed to a weak interface. The nature of the interphase is

thought to be an aluminosilicate glass phase.

93



(5) Strong interface interactions between the whiskers and the

alumina matrix weakened the benefits of the whisker toughening

effects. Samples sintered at 1650°C showed a 10% higher toughness

than those sintered at 1550°C where a strong interface interaction

was obvious.

(6) Without sintering aids, the microwave sintered composites

reached a high density ranging from 97 to 99.5% within 30 min.

(7) Ultrafine grain size was a characteristic of the microwave

sintered composites, which was directly related to the microwave

internal volumetric sintering mechanism.

(8) The presence of thin amorphous layers distributed uniformly

along most of the AI2O3 grain boundaries were vivid evidence of

reduction of the grain boundary melting temperature due to the

presence of the electromagnetic field. The presence of the liquid

phase during sintering facilitated the densification process and was

directly responsible for the apparent decrease of activation energy

[19]. The existence of the amorphous layer between the grains was

believed to be responsible at least in part for the low values of the

elastic moduli measured by the pulse-echo method.
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