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ABSTRACT 

The sintering of aluminum nitride in a microwave 

induced plasma was investigated. The plasma furnace 

consisted of a quartz tube inserted into a waveguide 

connected to a 2450 MHz microwave generator. After 

evacuating the tube to about 1.33 mbar, nitrogen gas was 

introduced, generating a steady plasma. Processing 

parameters such as gas pressure, power level, and time were 

optimized to yield maximum densification of aluminum 

nitride. 

Sintering of pure and doped A1N compacts was 

performed in the nitrogen plasma at temperatures up to 

2000§C. Undoped specimens reached densities of only 81% 

theoretical, while densities in excess of 95% theoretical 

were achieved for yttria doped specimens in less than 15 

minutes. Microstructural investigations revealed a smaller 

grain size in the plasma sintered specimens (about 2/*) than 

are present in A1N conventionally sintered at comparable 

temperature (about 8/x) . 
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CHAPTER 1. INTRODUCTION 

Aluminum nitride, A1N, has many properties which make 

it attractive for a variety of applications. It has good 

corrosion resistance to acids, carbon, and molten metals, 

and good high temperature mechanical properties. In 

addition, it has electrical properties which are desirable 

for packaging applications, including high thermal 

conductivity (up to three times that of aluminum oxide), 

high electrical resistance, and a low thermal expansion 

coefficient (close to that of silicon). 

Aluminum nitride is a covalently bonded substance which 

crystallizes in the hexagonal wurtzite structure. As in 

other covalently bonded materials such as silicon nitride or 

silicon carbide, the atomic mobility of aluminum nitride is 

too low to accomplish densification at low temperatures. 

At higher temperatures, between 1580-1705°C, A1N decomposes 

congruently, and will sublimate at around 2450°C instead of 

melting under normal (non-oxidizing) pressure. These 

properties make full densification of A1N very difficult, 

and usually a combination of additives, high temperature, 

and/or high pressure is necessary to obtain a high density 

solid. 
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High temperature plasmas have been successfully used to 

sinter oxide ceramics to near theoretical densities. It is 

thought that the rapid heating rates and high temperatures 

involved activate the diffusion mechanisms which lead to 

densification before low temperature coarsening can take 

place and lower the driving force for densification. To 

date, however, work with plasma sintering has dealt mostly 

with oxides, and very little with non-oxide ceramics. No 

plasma sintering studies have been reported for aluminum 

nitride. 

The objective of this work was to study the 

sinterability of pure and doped aluminum nitride powders in 

a microwave induced plasma. The main goals were to 

identify and optimize the key operating parameters involved 

in the rapid densification process, and to characterize the 

microstructure of the sintered products. 
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CHAPTER 2. BACKGROUND INFORMATION 

2.1. Plasmas and Discharges 

The terms "electrical discharge" and "gas discharge" 

describe the passage of electricity through a gas and the 

wide variety of physical phenomena which accompany such a 

discharge. Because of the unusual properties of these gases, 

Crookes in 1879 suggested that such discharges could be 

regarded as the fourth state of matter.1 Langmuir, in 

1926, was the first to use the word "plasma" to describe the 

inner region of an electrical discharge.2 Later, the 

definition was broadened to define the state of matter in 

which a significant number of the atoms and/or molecules are 

ionized. 

In this thesis "plasma" refers only to partially 

ionized gases, although according to the above definition 

solid state plasmas and liquid state plasmas also exist. 

In a solid state plasma the positive ions are fixed in the 

solid, but the electrons are mobile. Likewise, a salt 

solution in which the positive and negative ions move 

separately may be referred to as a liquid plasma.2 

The electrical conductivity of a gas in its normal 

state is extremely low and controlled largely by the rate of 
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electron and positive ion production in the gas by the 

incidence of cosmic rays and local radioactivity. When a 

sufficiently large electric field is established in the gas, 

however, the conductivity can increase by many orders of 

magnitude in an extremely short time, and the gas becomes an 

almost perfect conductor. This condition is known as 

breakdown. A much smaller electric field is thus required 

to maintain the current through the gas than to start it. 

The conductivity in a discharge is due to ionization of 

the gas molecules by collisions. Collisions may be either 

elastic or inelastic. In an elastic collision, only 

translational kinetic energy is exchanged3 and no excitation 

or ionization results. Because only kinetic energy is 

involved, the atomic or molecular structure is unchanged. 

Inelastic collisions, on the other hand, lead to excitation, 

fragmentation, or ionization of the molecule. An inelastic 

collision involves the interchange of the internal energy as 

well as the kinetic energy. Thus, a collision in which the 

potential energy of one particle is increased at the expense 

of the other is an inelastic collision. In every case, the 

rate of collisions per unit volume of gas is directly 

proportional to the gas pressure and the electron density. 
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2.1.1. Types of Discharges 

Discharges may be produced as a result of the 

bombardment of molecules by particles of any nature or 

origin or by quanta of electromagnetic energy, provided 

sufficient energy is available to provide the required work 

of ionization and excitation of the neutral species.1 

Examples include thermal energy, shockwaves, chemical 

actions of high specific energy, nuclear reactions, and 

irradiation by alpha or gamma rays. Common laboratory 

discharges include the direct current discharge and the high 

frequency discharge. 

When a direct current electriG field of sufficient 

strength is applied across a tube containing a gas, the 

electrons and ions are accelerated to very high speeds and 

collide with the gas molecules, causing ionization and 

generating more electrons which are in turn accelerated, and 

so on. Electrons generally play a dominant role because 

they are accelerated more by a given field than are ions.4 

This progressive effect causes extensive breakdown of the 

gas, the current rises, and the discharge is thus 

established. A steady state is soon reached with 

equilibrium between the rate of formation of the ions and 

the rate of recombination. The drift of the electrons in 

the field is responsible for the electrical conductivity of 
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the plasma. The contribution of positive ions generally is 

ignored since their drift velocity is low.1 

Secondary electron and ion generation by means of 

impact with the vessel surfaces are characteristic of direct 

current fields. Thus, DC breakdown may be much more 

dependent on the material and condition of the electrode 

surfaces than on the properties of the gas. 

Direct current (DC) discharges can be classified into 

three fundamental types, each having its own particular set 

of basic electrical and optical characteristics:3,5 dark 

discharge, glow discharge, and arc discharge. They differ 

from each other in current-voltage characteristics and 

intensity and distribution of emitted radiation. 

2.1.1.1. Dark discharges. 

The dark, or Townsend, discharge carries small 

ionization currents (10~7 to 10"6 A) and current densities. 

It is non-self-sustaining and requires an external source of 

initiating electrons in addition to the applied field. As 

the name implies, there is negligible visible radiation 

because the density of excited atoms which erait visible 

light is correspondingly small. If the voltage across a 

discharge tube carrying a dark discharge is increased, 

breakdown will occur and the discharge becomes self 

sustaining and takes the form of a glow or arc discharge. 
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It is the glow and arc discharges which are of interest in 

carrying out chemical reactions. 

2.1.1.2. Glow discharges. 

A DC glow discharge can be described as one in which 

the cathode emits electrons under the bombardment of fast 

ions. Thermal effects are negligible and not necessary for 

sustaining the discharge. In glow discharges, the currents 

are between 10"6 and 10"1 A.. In this type of discharge the 

gas becomes luminous and is clearly visible. 

Glow discharges occur at fairly low pressures and are 

known as "cold" discharges, or non-equilibrium plasmas. The 

energy level (and hence, the temperature) of the electrons 

is much higher than that of the ions or neutral particles, 

which may be close to room temperature, as shown in 

Figure 1. It is this non-equilibrium characteristic of the 

glow discharge which makes it useful in many materials 

processing applications, such as semiconductor fabrication. 

2.1.1.3. Arc discharges. 

DC arc discharges carry large currents, generally 

10"1 A or more. Unlike the glow discharge, they depend 

mainly on the thermionic emission of electrons from the 

cathode to sustain itself.6 As the current through a glow 

discharge increases past the point of complete coverage, the 

voltage begins to rise. The cathode temperature rises 
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rapidly, and when the temperature is high enough to generate 

a significant thermionic current, the voltage begins to 

fall. With further increase in temperature a thermionic 

current is finally attained which is sufficient to sustain a 

stable arc. Arc discharges are characterized by intense 

visible radiation and high gas temperatures (103 to 10s K) . 

Arc discharges occur at higher pressures and are known 

as thermal or equilibrium plasmas.7 Local thermodynamic 

equilibrium (LTE) is attained, and the electrons and ions 

are at the same energy level or temperature, as shown in 

Figure 1. 

Low Pressure Arc Transition HighPressur* Arc 

(electron temperature) 

(ion temperature) 

(T+a Ta) 

PRESSURE mm Hg 
I  atmosphere 

Figure 1. Electron and ion temperatures, and definition of 
local thermodynamic equilibrium. (From Szekely, 

Reference 7) 
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2.1.1.4. High frequency discharges. 

High frequency discharges are commonly used for 

chemical reaction studies or plasma sintering. The 

discharges used are non-equilibrium "cold" plasmas. The 

presence of electrodes within the discharge region is 

eliminated with these types of discharges, thus avoiding 

metal contamination. At radio frequencies either inductive 

or capacitive types of coupling are used, while at microwave 

frequencies coupling is achieved by passing the discharge 

tube directly through a section of wave guide. These types 

of coupling are illustrated in Figure 2. 

Capacit ive Inductive Wave Guide 
coupling coupling 

RADIO-FREQUENCY MICROWAVE DISCHARGE 
DISCHARGE '  

Figure 2. Methods to excite high frequency discharges. 
(From Bell, Reference 5) 
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The motion of electrons in an oscillating field whose 

frequency is small compared with the collision frequency is 

identical in most respects with that of electron motion in a 

DC field. 6 In the field induced discharge, motion is 

interrupted by frequent collisions. As the field frequency 

is increased or the pressure is decreased, collisions no 

longer occur frequently enough to keep the electron-drift 

current in phase with the field. The inertia of the 

electrons causes an out-of-phase component of motion, 

causing the transfer of energy from the electric field to 

become less efficient. As the pressure is further reduced 

or the frequency increased, a condition may be reached at 

which the electrons merely oscillate out of phase with the 

field without picking up energy from the field. Thus, at 

very lo~ pressures, microwave induced plasmas will not be 

generated. On the other hand, at very high pressures, the 

collision frequency is so great that an electron gains 

insufficient momentum to ionize an atom upon collision. 8 

It is seen that an optimal pressure exists for the ignition 

and stabilization of a microwave induced plasma. 

In a microwave induced discharge, the direction of the 

field changes before the electron can travel very far. 

Therefore the electrons are not swept out of the discharge 

region by the field, but leave with relatively low speeds 
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and produce essentially no secondary effects at the surfaces 

of the container.4 

In a high frequency discharge, energy is transferred 

from the electric field by electrons produced by the 

ionization of neutral gas molecules or atoms. Free 

electrons oscillating in an alternating field cannot derive 

power from the field since their motion is 90° out of phase 

with the field.2 These electrons gain energy from the 

field only through elastic collisions with gas molecules. 

The collisions change the oscillatory motion of the 

electrons to a random one. In attempting to restore the 

ordered oscillatory motion, the field does net work on the 

electrons and thereby increases their energy, so that 

inelastic collisions, and ionization, may occur. The 

average power transferred per unit volume of gas by this 

mechanism is given by:5'6 

P = e2 E2 n v2 

2 m u2 + u>2 

where e is the electron charge, E is the maximum field 

strength, n is the electron concentration, m is the electron 

mass, v is the elastic collision frequency, and w is the 

frequency of the applied field. 

At the electron concentration and pressures usually 

encountered in microwave studies, the electron concentration 

in the plasma is directly proportional to the specific power 
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at constant pressure. As the power level is decreased, a 

value is reached at which electrons are lost to the tube 

walls at a greater rate than that at which they are produced 

by the field, at which point the plasma extinguishes. 

2.1.2. Microwave Theory 

Microwave frequencies are generally defined as being 

above 500 MHz, although there is some overlap with radio 

frequencies,9 as shown in Figure 3. Microwaves can be 

generated in the laboratory using commercially available 

electronic tubes, such as magnetrons or klystrons. 

A magnetron is a diode in which a magnetic field is 

applied at right angles to the electric field between the 

cathode and the anode. Constructionally, the magnetron is 

a high vacuum electronic valve consisting of a hollow copper 

anode incorporating a resonant microwave structure, at the 

center of which is an electron emitting cathode, as shown in 

Figure 4. The anode has a set of vanes projecting radially 

inward, forming slots between them which are approximately 

one quarter wavelength deep and therefore resonate at the 

operating microwave frequency. Thus, the magnetron is 

normally a fixed frequency generator. The slots are 

mutually coupled via a fringing field at their open ends and 

the whole structure forms a resonant circuit. 



22 

X-rays u.v. i.r. 
SHF VHF MF VLF 

EHFJUHF| HF \ LF { 
r HE 

100 A 1 

3x10' vis 

100 u 
/ r 

1 cm 

3xl0w 3x1012 3xl010 3 

1 m 

108 

lOO^m 10 km 

3x106 3x10* 

Wavelength 

Frequency (Hz) 

/ 
/ 
/ 

/ I  

/ Dielectric heating 
frequencies 

i \ 

Millimeten 

waves 

Radar bands — 

4-
Microwaves t—Radio frequencies 

Ixjsi IL 
T 

1 cm 10 cm |1m 

3x10 10 3x10 
i 
,91 3x10 8 

10 m 
I I 

3xl07 

100 m 

3x106 

|900 MHz 
I , 

2-^5 GHz 

I il3-56 MHz 
2712 MHz 

433-9 MHz 

Wavelength 

Frequency (Hz) 

principal 
frequencies 
allocated 
for industrial 
use 

Figure 3. The electromagnetic spectrum. (From Metaxas 
and Meredith, Reference 9) 
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Anode 

Output 
waveguide 

Cathode 

Figure 4. Typical magnetron structure. (From McTaggart, 
Reference 1) 

The theory of operation is based on the motion of 

electrons in combined electric and magnetic fields. When 

these are mutually perpendicular, electrons leaving the 

cathode, instead of being accelerated towards the anode as 

they would be under the influence of the electric field 

alone, tend to travel in cycloidal paths and on the average 

do not change their kinetic energy. In addition to the 

steady electric field furnished by the DC voltage between 

anode and cathode, there will be an alternating component 
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provided by the oscillation of the tuned circuits. This 

alternating field between the anode segments may either 

increase or decrease the angular velocity of an electron 

depending on its relative position. Electrons that acquire 

energy are accelerated and soon re-enter the cathode; those 

that lose energy are decelerated and drift toward the anode. 

Thus, the electrons absorb energy from the DC component of 

the field and deliver it to the alternating component, 

thereby sustaining the oscillation of the tuned circuits. 

Since the magnetron radiates energy from its anode in 

all directions, a means to contain and transmit the energy 

is required. Waveguides are metal tubes, most commonly of 

rectangular cross section, employed to transfer microwave 

energy. The electromagnetic waves are confined within the 

guide by refection from the walls. Such reflections can 

take place from smooth surfaces of conductors with very 

little loss.6 

Below a certain frequency known as the cut off 

frequency, a waveguide of a given size cannot transfer 

energy. The cut off wavelength, A, is given by A= 2b, 

where b is the dimension shown in Figure 5. In most guides 

b is made 0.7 A instead of 0.5 A to allow for small 

variations in frequency and to ensure a safety margin. 



SIDE VIEW A END VIEW C 

TOP VIEW B 

Figure 5. Electric fields in a waveguide. (From 
McTaggart, Reference 1) 
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In any waveguide two fields exist- the electromagnetic 

or magnetic "H field" and the electrostatic or electric 

"E field". The existence of an electric field between two 

conductors indicates that there is a difference in the 

number of electrons on each; the field itself consists of 

stress in the dielectric, represented by arrows in Figure 5. 

The magnetic field consists of lines of force caused by the 

movement of electrons in the conducting material, 

represented by (closed loops in Figure 6. At every half 

wavelength along the guide there is a position of maximum 

electric field that exists across the narrow a dimension and 

is most intense along the fa dimension. If a short is 

introduced into the guide at a position that causes 

virtually total reflection of the energy travelling down the 

guide, standing waves will be set up. This is a simple 

resonant cavity. Such a resonant system, since it localizes 

the electric field at well defined regions, is well suited 

to the production of plasmas in gases, by inserting a tube 

carrying the gas at a point of maximum E field. 

Plasma tubes are typically of silica or Vycor, which 

have low dielectric loss at microwave frequencies and hence 

do not absorb appreciable power, and have high melting 

points. 
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2.1.3. Plasma Temperature 

The term plasma temperature is often used but one 

temperature rarely, if ever, exists in a laboratory plasma. 

Kinetic theory establishes the relationship between 

temperature and mean translational energy of the molecules 

of a gas, so that temperature becomes an expression of 

energy. Molecules also possess other forms of energy, for 

example rotational and vibrational. A plasma consists of 

positively charged particles (ions of molecular or atomic 

mass) and negatively charged particles (mostly electrons). 

Since electrons are much smaller than the positive ions or 

neutral atoms and molecules, they move much faster and will 

have a much higher temperature than ions and molecules. 

The ions will also tend to have higher temperatures than 

neutral species. Hence, "plasma temperature" has no 

definite meaning, but usually refers to the electron 

temperature. For a Maxwellian distribution of electron 

energy, the electron temperature may be defined as: 

E = 3/2 KT = 1/2 mV2 

where K is the Boltzman constant, V the random velocity, and 

T the absolute temperature. Electron temperatures vary 

considerably, from about 15000°K in a mercury vapor 

rectifier to 25000°K in a "neon-sign" tube and up to 

100,000°K in other plasmas.2 



28 

2.1.4. Possible Reactions in a Plasma 

In a high frequency discharge the distribution of 

electron density is closely Maxwellian, and electrons in the 

high-energy tail of the distribution are those that bring 

about ionization and excitation.1,2 Where electrons of a 

wide range of energies are involved, a number of potentially 

reactive species is possible. For example, electrons of 

higher energy than that required to produce a given species 

may produce that species with correspondingly higher kinetic 

energy. The atoms resulting from the dissociative 

mechanism will also be excited by electron collision to 

higher states or may form metastable states which are 

comparatively long-lived and decay only by further 

collisions which raise or lower their energy to values that 

permit radiation. 

Table 1 lists possible reactions occurring in a plasma 

and at the interface between a plasma and a solid surface.10 

Electron-impact collisions may be either elastic or 

inelastic, and can result in excited states, ionization, or 

dissociation, as shown in Table la. The species produced by 

these electron impact reactions can react further either 

with each other or with gas molecules to yield a variety of 

new ionic and free radical species. Possible reactions are 

listed in Table lb. In addition, a wide range of 

heterogeneous reactions, listed in Table lc, can occur at 
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Table 1. Possible reactions in a plasma. (From Bell, 
Reference 10) 

Excitation 
(Rotational, Vibrational, and Electronic) 

e + A2 -* Aa + e 

Dissociative Attachment 

e+ Aj —> A- + A+ + e 

Dissociation 

e + Aa 2A + e 

Ionization 

e + Aj -> Aj + 2e 

Dissociative Ionization 

e + A2 -> A+ + A + 2e 

a. Electron-impact reactions. 

Penning Dissociation 

M* + Aj -» 2A + M 

Penning Ionization 

M* + As -» A2 + M + e 

Charge Transfer 

M+ + A, -> A, + M 

M" + A2 -• A, + M 

Coliisional Detachment 

M  +  A a - ^ A a  +  M  +  e  

Associative Detachment 

A- + A A2 + e 

Ion-Ion Recombination 

M- + Aj —> A2 + M 

M- + A3 -» 2A-+ M 

Electron-Ion Recombination 

e~ + A2 -> 2A 

e~ + A2 + M -*• A2 + M 

Atom Recombination 

2A + M A5 + M 

Atom Abstraction 

A + BC —> AB + C 

Atom Addition 

A + BC + M -»• ABC + M 

b. Inelastic collisions between heavy particles. 



30 

Table 1 (continued) i Possible reactions in a plasma. 

S—a solid surface in contact with the plasma 

Atom Recombination 

S — A + A S + Aj 

Metastable Deexcitation 

S + M* -* S + M 

Atom Abstraction 

S - B  +  A - > S  +  A B  

Sputtering 

S - B  +  M + - * S +  +  B  +  M  

c. Heterogeneous reactions. 

surfaces in contact with the plasma. Energy carried by 

atoms is released as heat when heterogeneous recombination 

occurs at the surface of the reaction vessel or a solid 

reactant, causing localized heating. It is also possible 

for the reacting ion te cause sputtering of the surface 

material. 
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Changes in 

pore shape 

Change in shaqe 

and shrinkage 

• A L  

Figure 7. Changes in pore shape during sintering, with and 
without shrinkage. (From Kingery, et al, Reference 11) 

2.2. Sintering 

Ceramic processing usually involves compacting the 

ceramic powders into a desired shape and firing at a high 

temperature to develop the desired final properties, such as 

density. Changes that occur during the firing process are 

related to changes in grain size and shape, changes in pore 

shape, and changes in pore shape.11 Sintering is the 

bonding of adjacent surfaces of particles in a mass of 

powder or a compact by heating, usually at a temperature 

between one half and one third of the absolute melting 

temperature.12'13 This process may occur either with or 

without shrinkage, as shown in Figure 7.11 



32 

2.2.1. Sintering Theory 

The major driving force for sintering is the decrease 

in surface area and lowering of the surface free energy by 

the reduction of solid-vapor interfaces.11,13 Also possible 

is a driving force arising from release of energy stored in 

the particles (as dislocations and elastic stresses) from 

prior deformation, or from gradients in chemical composition 

that are produced during sintering.13 

The surface energy of a liquid-vapor interface is given 

by: 

7lv = dG/dA 

where 7 is the total free energy of the liquid and A is the 

surface area. A relationship exists between surface 

curvature, surface energy, and equilibrium as given by the 

Kelvin equation, developed for a flat surface and a small 

droplet: 

(2 7lv v)/r = RT In (P/PJ 

where 7lv is the surface energy of a liquid- vapor 

interface, v is the molar volume, r is the iroplet radius, p 

is the vapor pressure in equilibrium with the droplet, and 

Po that in equilibrium with the flat surface. This 

equation describes the way that the vapor pressure and 
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solubility of a droplet increases with decreasing size, and 

applies equally to small solid spheres.13 

During sintering, the shape of the powder particle 

changes. Sharp corners are rounded off, and necks form 

between the particles. The origin of the driving force 

that acts tp transport matter into the neck region between 

particles is the difference in equilibrium vapor pressures 

or chemical potential. The vapor pressure over a convex 

surface is greater than that over a flat surface, which in 

turn is greater than that over a concave surface. 

Therefore, over surfaces of different curvature a difference 

in chemical potential will exist that can be reduced if 

matter is transported from a small to a large particle, or 

from a convex to a concave surface. The process of necking 

substitutes grain boundary area for surface area, with a net 

reduction in total interfacial energy.14 

Sintering has been divided into three stages.13 The 

first or initial stage describes the growth of necks between 

particles. The separate particles maintain their 

identities during this stage and relatively little shrinkage 

occurs. In the second or intermediate stage, the contacts 

grow so that the initial particles lose their identities. A 

considerable amount of grain growth and most of the 

densification occurs at this stage. The porosity is 

visualized as a network of interconnected channels lying 
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along the grain edges. This stage ends when the pore 

network starts to break up into small chains of closed 

pores. In the final stage, the pores are isolated, either 

on the grain corners or totally enclosed within the grains 

as a result of moving grain boundaries sweeping by them. 

Other phenomena which may occur during sintering 

include normal grain growth, exaggerated grain growth (where 

some grains discontinuously grow much larger than the 

others), pore entrapment, phase changes, decomposition, 

crystallization, or chemical reactions. The considerable 

differences in sintering behavior among various systems are 

due in part to the different mechanisms of material 

transport involved; evaporation/condensation, viscous flow, 

surface diffusion, grain boundary or lattice diffusion, and 

plastic deformation are among the possible mechanisms. 

Not all of the above mechanisms will result in 

shrinkage or a decrease in porosity. The transfer of 

material from the surface to the neck by surface or lattice 

diffusion, or by vapor diffusion, does not lead to any 

decrease in the distance between particle centers, thus no 

densification occurs. Only the transfer of matter from the 

volume of the particle or from the grain boundary between 

particles causes shrinkage.11 
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2.2.2. Liquid Phase Sintering 

During liquid phase sintering, one or more of the 

components melt, yielding a liquid phase which wets the 

solid. Rapid densification then occurs by the movement of 

solid particles from their initial positions towards a final 

arrangement of higher degree of space filling.1S The 

sintering process passes through several stages depending on 

the relative amounts of liquid and solid present, and 

whether or not the solid dissolves in the liquid.13 A 

liquid that does not wet the solid will either have no 

effect on, or will inhibit, the sintering process. 

For densification to occur rapidly, it is essential to 

have an appreciable amount of liquid phase, an appreciable 

solubility of the solid in the liquid, and wetting of the 

solid by the liquid.11 Liquid phase densification has been 

classified into three stages:15 particle rearrangement, 

solution-reprecipitation, and skeleton sintering. 

In the first stage, the liquid flows between the solid 

particles, separating them with a lubricating film. The 

particles rearrange by sliding, reducing the porosity and 

improving their packing arrangement. The driving force is 

derived from the capillary pressure of the liquid between 

the fine solid particles which tends to pull them together. 
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In the second stage, matter is transported from 

particle to particle by diffusion through the liquid, being 

dissolved from one surface and reprecipitated onto another. 

The driving force arises from the increased solubility of 

portions of the solid surface with decreasing radius of 

curvature (as given by the Kelvin equation). This results 

in the shrinkage of small particles, the growth of larger 

ones, and the rounding of sharp corners. 

When (and if) a solid skeleton is developed by particle 

coalescence, liquid phase sintering stops and sintering 

proceeds in a manner similar to that which would occur if no 

liquid was present. 

2.2.3. Sintering of Aluminum Nitride 

In order to achieve desired properties such as high 

thermal conductivity (theoretically 320 W/mK), a high 

density must be obtained in aluminum nitride ceramics 

(theoretical density is 3.26 g/cc). A1N and other 

covalently bonded materials were long regarded as being 

"unsinterable". Self-diffusivity in covalently-bonded 

solids is poor, surface and grain boundary diffusion is 

correspondingly slow, and these compounds dissociate rather 

than melt at normal pressure. At low temperatures the 

atomic mobility is therefore too low for densification and 
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at high temperatures where appreciable atomic mobility is 

obtained, decomposition is a problem.16 

In achieving high density (>99% of the theoretical 

value) aluminum nitride by conventional sintering, it has 

been found that the starting characteristics of the powder 

are critical. The rate of sintering increases with 

decreasing particle size.17 High purity (>98%) and small 

particle size (<1^) are generally needed, although they do 

not guarantee successful sintering. Several reports 

indicate difficulties in sintering even pure, fine powders 

of A1N.18,19 This poor sintering behavior has been 

attributed to coarsening of the particles due to 

surface-to-surface atomic transport.18 

Hot pressing has been widely used to fabricate high 

density A1N.20"22 However, this technique has the 

disadvantage that only simple shapes can be produced, at 

high cost.23 Almost complete densification of pure A1N has 

not been achieved without hot pressing, and even then a 

residual porosity of less than 15% is difficult to 

achieve.24 

Pressureless sintering of A1N has been achieved only 

through the use of additives. Many additives have been 

used to promote densification in aluminum nitride ceramics, 

including rare earth oxides such as Y203 and alkali esrth 
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oxides such as CaO.25 These additives promote 

densification by forming a liquid phase in the AIN-oxide 

system which allows liquid phase sintering to occur. The 

formation of secondary phases at the grain boundaries, 

however, generally results in lowering of the thermal 

conductivity of the material. 

Trontelj and Kolar26 used small additions (up to 2 wt%) 

of nickel to activate the sintering process of very fine 

grained A1N powders and achieved densities >99.5% 

theoretical. Higher amounts of nickel or larger grained 

A1N resulted in lower densities. High strengths were 

obtained, due to formation of elongated A1N grains. 

Komeya, Inoue and Tsuge27 reported that Y203 is a good 

densification aid and grain growth promoter, while the 

addition of Si02 causes formation of fibrous pseudo-polytype 

phases (groups of sialons). These polytypes are unwanted 

for high conductivity applications, but tend to increase the 

high temperature flexural strength needed for structural 

applications. 

Prochazka and Bobik18 reported on the addition (1 wt% 

and 3 wt%) of several additives. They found that BeO, 

Be3N2, and ZnO showed no effect on the sintering of A1N 

powders. BaC03 and NiO showed a slight positive effect, 

although densities were below 70% theoretical. Ca3N2, 
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CaC03 and SrC03 strongly promoted densification and 

densities of over 90% theoretical were obtained. A liquid 

phase which crystallized into CaAl-iOr (or SrAl407) was 

identified. 

Komeya, et al,28 reported that 5.0% CaC03 resulted in 

full densification of AIN at 1750°C while at 1800°C only 

0.5% CaC03 was necessary. 

Schwstz, Knoch and Lipp19 studied the addition of 1 wt% 

of various oxides to partially oxidized submicron AIN 

powders. The addition of MgO, talc, B203, Si02, NiO, 

Cr203, and Y203+Si02 showed improved densities, with Cr203 

and Y203+Si02 yielding the highest densities. Y203+Si02 

also gave high yield strengths. The structure was two 

phase, consisting of AIN and an AIN polytype, A1903N7. 

Additions of Li203, CaO, and Y203 also resulted in full 

densification, yielding a two phase structure of AIN and a 

cubic spinel oxynitride. 

Kuramoto and Taniguchi reported the fabrication of 

transparent AIN ceramics, both by hot pressing and by 

pressureless sintering.29 Hot pressing was achieved both 

with and without additives. Pressureless sintering was 

accomplished with the addition of 0.5 wt% CaO. It was 

found that small additions of CaO or Y2O3 improved the 

transparency of the AIN, and that the existence of metallic 
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impurities such as Ti, Fe, and Nb drastically cut down the 

transmittance. 

Sakai and Iwata30 reported that a small amount of 

oxygen (about 2%) is necessary for densification. 

Lecompte, et al,31 agree, and reported that the addition of 

oxygen as A1203 did not significantly affect the rate of 

densification, but when oxygen was present as an oxide layer 

on the particle surface, densification increased 

significantly. 

Oxygen, however, is also the main impurity influencing 

the thermal conductivity of A1N substrates, with only a very 

small amount resulting in a rapid decrease in 

conductivity.32 This oxygen is usually present in the 

aluminum nitride raw powder, either from processing or due 

to surface oxidation. The oxygen is liable to dissolve 

into the powder to form solid solutions so that it often 

exists not only on the surface but within the inner part of 

the powder.33 When the powder is sintered at high 

temperature, the oxygen remains in solid solution or is 

converted to a spinel-like compound which lowers the thermal 

conductivity. 

Some additives serve to reduce the amount of oxygen 

present in the fired product, thus lowering the thermal 

conductivity. Kurokawa and associates have reported that a 
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reductant such as CaC234 or an acetylide35 of calcium, 

strontium or barium, reacts with the oxygen in the powder 

during the sintering process and serves to remove it from 

the final product either as a gas or as part of a liquid 

phase which is localized at triple points between grains. 

The high thermal conductivity obtained is attributed to the 

drastic disappearance of thermal barriers caused by oxygen 

impurities at the grain boundaries.36 

2.3. Review of Plasma Sintering of Ceramics 

The earliest reports of plasma sintering were by 

Bennett, McKinnon, and Williams37 in 1968 and Bennett and 

McKinnon38 in 1969. They used a microwave induced plasma 

to sinter undoped alumina and hafnia to greater than 90% of 

theoretical density and observed improved properties in the 

plasma sintered materials as compared to conventional 

sintering. These included increased densification rates, 

smaller grain size, higher mechanical strength (alumina) and 

lower sintering temperatures (hafnia). They found that the 

gas atmosphere influenced the efficiency of the heating, but 

that final densities were similar for different gas types. 

Several hypotheses were proposed to explain the 

observed rapid densification. First, it was suggested that 

an increased driving force existed due to increased surface 

energy associated with the cleaning of particle surfaces by 
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release of adsorbed gases and precursor residues by ionic 

bombardment. Secondly, the diffusion rate increased due to 

the creation of vacancies and other defects by ionic 

bombardment and by local increases in temperature inside the 

pores, perhaps primarily in regions adjacent to interfaces. 

Both of these hypotheses assumed that the plasma is created 

within the pores of the compact. 

The first hypothesis was subsequently ruled out, since 

once the adsorbed gases were removed and a rapid sintering 

rate established, the material should continue to sinter 

comparably in a conventional furnace. However, experiments 

showed that this is not so. A specimen sintered in the 

discharge at 1300°C for 20 minutes reached 74.4% of the 

theoretical density. The specimen was then placed in a 

conventional furnace at 1300°C for 100 minutes but 

experienced only a slight increase in density, to 74.7%. 

When returned to the plasma again at 1300° for 100 minutes, 

densification resumed. A density of 83.1% was achieved, 

only slightly higher than that expected from 120 minutes of 

plasma sintering alone. Similar results were obtained at 

higher temperatures. These results indicate that there are 

positive effects throughout all of the plasma sintering 

process, not just in the beginning. 

In 1972, Cordone and Martinsen39 used a DC glow 

discharge to sinter alumina. They achieved linear 
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shrinkage of 15% and bulk densities of 96% theoretical in 

less than five minutes sintering time at 1370°C. 

Thomas, Freim, and Martinsen40 next applied this 

technique to urania and achieved densities of greater than 

90% theoretical in less than five minutes for small pellets 

(0.63 cm diameter by 0.95 cm high). Larger pellets 

(1.12 cm diameter by 1.27 cm high) required about 10 

minutes. Beyond about 1090°C no increase in density was 

observed. They explained the rapid heating by the de-

excitation energy of fast electrons bombarding the surface. 

In 1980 Johnson and Rizzo41 used an induction coupled 

plasma (ICP) to sinter a lithia-stabilized beta alumina. 

Tubes were sintered in both static and flowing atmospheres, 

but improved properties were obtained with the static 

atmosphere, probably due to reduced sodium losses. The 

microstructure of the specimens varied with sintering times 

and power level. Complete conversion from p' to p'' A1203 

was achieved. 

Kim and Johnson42 used the same ICP to sinter tubes of 

undoped A1203 to 96% and MgO to greater than 99% theoretical 

density in less than two minutes. Surface melting 

occurred in the undoped specimens more readily than in the 

doped specimens. It was also observed that the temperature 

of a green specimen inserted into the plasma was greater 
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than that of a sintered specimen under the same conditions. 

If the translation movement was stopped during sintering, 

the specimen would cool down about 800°C. They concluded 

that the temperature achievable in the plasma is a function 

of the porosity, or parameters related to the porosity, of 

the specimen. 

Johnson and Kim43 also reported rapid zone sintering 

studies which suggest that rapid densification accompanies 

rapid heating of any sort, not just in the plasma. 

Johnson, Kramb, and Lynch44 observed the same heating 

effects reporied by Kim and Johnson. In addition, they 

noticed that the maximum temperature reached increased as 

the translation rate of the specimen was increased. They 

investigated the role of porosity by using specimens which 

remained porous throughout the firing cycle. Specimens 

were prepared by adding 40 volume percent of an organic 

binder or particulates. Sintered specimens containing 

interconnected porosity within a normally dense matrix were 

obtained. In these porous specimens, no spontaneous cool 

down was observed and sintered specimens could be reheated 

to the sintering temperature. Therefore, they concluded 

that the transient heating effects are related to the 

porosity and that porous specimens can be heated to higher 

temperatures than nonporous ones. Thus, at higher 

translation rates, the specimen would be carried further 
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into the plasma before the porosity shrunk to small values, 

attaining higher temperatures relative t.o more slowly 

translated specimens. Likewise, MgO doped specimens would 

densify faster, and not attain the higher temperatures 

needed for melting, as did the undoped alumina specimens. 

Two possible reasons45 were suggested to explain the 

above observations: If the plasma is excited within the 

pores of an unsintered specimen, the energy transfer from 

the plasma to the specimen would be enhanced over simple 

surface contact, resulting in higher temperatures in porous 

compacts. However, this would necessitate ionization in 

the extremely small volumes of the pores, which was thought 

to be unlikely. The second cause could be that the heating 

is related to surface phenomena such as recombination of 

ions and electrons or surface de-excitation of excited gas 

atoms or molecules. The amount of heat transferred to the 

specimen would thus be related to the surface area, and 

again the porous specimens would receive higher energy input 

and achieve higher temperatures. 

Pfender and Lee46 analyzed the heat transfer process in 

plasma sintering and concluded that at least three heat 

transfer mechanisms are involved: conduction within the 

sample, convection/conduction to the sample in the plasma 

region and from the sample in the colder regions, and 
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radiation from the sample to the environment. They 

neglected radiative heating of the specimen. 

Using a one-dimensional situation with a plasma 

generated from a monatomic gas, the heat transfer process 

was analyzed using a numerical simulation. They concluded 

that: i) The heat transfer from the plasma to the sample 

depends strongly on the catalytic properties and on the 

surface area. In the case of a non-catalytic surface, the 

negative surface charge gives rise to an electric field 

which increases the rate and energy of the ions arriving at 

the surface. This results in a substantial increase in the 

heat transfer compared to a catalytic surface. ii) The 

high heating rate in combination with the low thermal 

conductivity of the green specimens explained the high 

surface temperatures. iii) The high rate of sintering 

reduces the heat flux to the sample, causing the increased 

temperature noticed with increased propagation velocity of 

the green specimen. iv) The maximum temperature which a 

sintered specimen reaches is lower than that of a green 

specimen because the heat transfer to a fired sample is 

substantially lower than to a green sample. v) The surface 

temperature drops when a specimen is stopped in the plasma 

due to reduced heat transfer. 

Kemer47 and Kemer and Johnson48 used a microwave 

induced plasma (MIP) to further study MgO doped alumina and 
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to optimize and characterize the key plasma sintering 

process variables. Their results can be summarized as 

follows: Smaller diameter tubes yielded significantly 

higher sintering temperatures for a given set of process 

conditions, resulting from an increase in power density in 

the plasma. Nitrogen gas was best in terms of high 

sintering temperatures and plasma stability. Oxygen and 

hydrogen displayed similar stability but lower sintering 

temperatures. Argon yielded lower sintering temperatures 

and displayed instability at lower pressures. In addition, 

the spontaneous cool down described by Kim and Johnson was 

only observed in the argon plasma. Sintering temperature 

passed through a maximum with increasing pressure, but high 

densities were obtained over most of the pressure range. 

They also noted surface effects, indicating some form of 

plasma etching. 

The rapid sintering obtained with the MIP was explained 

by a combination of the high temperatures attained (probably 

around 1900°C), and high heating rates (as high as 100°C per 

second). The rapid heating to high temperature may 

activate grain boundary and lattice diffusion before surface 

diffusion can coarsen the microstructure and lower the 

driving force for densification. 

Kemer and Johnson considered the possibility of the 

plasma chemically interacting with the particle surfaces to 
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enhance densification but concluded that it was unlikely 

that the plasma would exist within the pores. They also 

cited rapid zone sintering studies to suggest that rapid 

rates to high densities are not peculiar to plasma sintering 

but are characteristic of rapid heating in general. 

However, the evidence of plasma etching could not be 

explained, and lends support to the possibility that the 

plasma is more than just a rapid heating source. 

Several papers compare the sintering of alumina in the 

different plasma types.45,49 While alumina can be sintered 

in gas plasmas generated by direct current (DC), radio 

frequency, or microwave excitation, some differences were 

observed. The pressure range for optimum heating was least 

for the DC glow discharge (around 50 Pa) , intermediate for 

the MIP (5300 Pa), and greatest for the radio frequency ICP 

(up to atmospheric pressure). The anomalous heating effects 

were most pronounced in the argon ICP, and were explained by 

the presence of water in the specimens. When specimens 

which had little water present were inserted into the argon 

plasma, they could not be heated sufficiently for 

significant densification to occur. However, the addition 

of polyatomic gases, including 02, N2, H2, and H20, resulted 

in higher temperatures. This was explained by the greater 

enthalpy of molecular plasmas as compared to noble gas 

plasmas. Thus, while the pure argon plasma did not provide 
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sufficient heat, the naturally occurring water was 

sufficient to raise the temperature if the specimen was 

translated fast enough to maintain an adequate water vapor 

concentration in the plasma. 

Dopants added to the alumina reduced the specimen 

temperature, with more easily reduced dopants having the 

greatest effects. 

Upadhyaso$sl used a radio frequency ICP to sinter A1203 

and partially stabilized Zr02 to greater than 99.7% 

theoretical density He found that the final density of the 

alumina specimens reached a peak at a translation speed of 

3 cm/min and decreased at higher speeds, but the density of 

the zirconia specimens increased with translation speed at 

all rates studied. This anomaly was attributed to the 

difference in the specific surface areas of the two powders. 

One of the first reports of plasma sintering of a non-

oxide ceramic was by Kijima52 who, in 1985, used a radio 

frequency ICP to sinter silicon carbide, Sic. Using 0.5 

weight percent boron and 1.0 wt% carbon as sintering aids, 

densities of 96-99% theoretical were obtained in about two 

minutes in the plasma, with a resulting fine grain 

structure. Fracture occurred between the grain boundaries. 

A change from surface diffusion to volume diffusion was 

given as the probable cause of the rapid sintering. 
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Porter,53 in 1987, used a radio frequency ICP to study 

the sinterability of additive-free a-SiC. It was hoped that 

the oxide-contaminated surfaces of the compacts exposed to a 

plasma would be effectively cleaned at a low temperature and 

result in an increase in the sinterability. Substantial 

morphological alterations and coarsening were observed in 

the plasma exposed samples, but little if any shrinkage. 

The absence of shrinkage was explained by several factors, 

including the higher activation energy required for 

densification and the possibility that oxide layers existed 

in the contacts between particles, thus limiting the ability 

of the grain boundaries to act as a source for vacancies and 

a sink for atoms diffusing from the contact volume. 

In 1988 Pan, et al,54 used a radio frequency ICP to 

heat amorphous silicon nitride, Si3N4. They observed grain 

growth, crystallization, and high weight loss but no 

densification. Compacts with high green densities showed 

structural changes at the surface only; the interior 

remained unaffected. At high heating rates, the morphology 

change began not only from the outer surface but also from 

the interfaces near small pores. 
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CHAPTER 3. EXPERIMENTAL PROCEDURES 

3.1. Equipment Setup 

A schematic representation of the microwave induced 

plasma (MIP) sintering apparatus used in this study is shown 

in Figure 8. A magnetron power source consisting of a 2.45 

GHz microwave generator (Model GL 102, Gerling Laboratories, 

Modesto, CA) supplied variable power from 0 to 3 kW. Power 

was delivered through a waveguide to an aluminum microwave 

applicator into which a quartz tube had been inserted. A 

three port circulator (Model GL 401) diverted any reflected 

power to a third port where it was absorbed by water 

circulating through the dummy load (Model GL 402), 

protecting the power source from any reflected radiation. 

A dual power meter simultaneously measured the power flowing 

in both directions in the waveguide; thus, the power 

absorbed by the plasma and sample could be determined. 

Reflected power was minimized by use of a four stub tuner 

(Model GL 404) . The four stubs are separated by 1/8 

wavelength, and permit the synthesis of a compensating 

impedance. To tune the system, the stubs were each moved 

in or out until the lowest reflected power reading was 

obtained. 

The plasma reactor consisted of a quartz tube (12 mm 

OD) inserted into the microwave applicator and connected to 
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a pressure regulating system. Nitrogen gas was admitted at 

one end of the tube via a flowmeter, and was drawn out 

through the other end by a mechanical vacuum pump. 

Pressure was regulated by the use of a needle valve in 

series with the vacuum pump. A second needle valve could 

be opened to atmosphere to facilitate opening the system. 

Cooling was accomplished by several blowers directed 

onto the applicator and tube. Small holes drilled into the 

applicator allowed the cooling air to flow freely around the 

tube. A piece of tubing welded to the applicator allowed 

viewing and temperature measurement of the plasma without 

allowing stray microwaves to escape. 

3.2. Sintering Procedure 

Samples were inserted into the plasma system via a 

vacuum tight aluminum fixture placed at the bottom of the 

microwave applicator, as shown in Figure 9. An alumina rod 

(99.8% A1203) inserted through the fixture held a boron 

nitride (BN) sample holder which contained the A1N sample. 

The sample support rod was rotated and moved up into the 

plasma through the use of the device illustrated in Figure 

10. The two gear motors were controlled separately. One 

motor provided rotation of 0 to 50 rpm to the alumina rod, 
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Figure 8. Schematic of microwave induced plasma apparatus. 
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while the other provided rotation to two threaded rods which 

moved the plate supporting the rod up or down at a 

controlled rate up to 6 cm/min. 

Before sintering, the system was repeatedly flushed 

with nitrogen. The sample was held below the plasma zone 

until the plasma was ignited. To ignite a plasma, the 

pressure was first reduced below 1 Torr (1.33 mbar), then a 

small gas flow was admitted into the tube and the power 

turned on. A plasma would sometimes spontaneously ignite 

if the system was tuned correctly; otherwise, sparking the 

side of the tube with a tesla coil was necessary to ignite 

the plasma. Gas flow and pressure were then increased to 

desired levels, and the sample brought up into the plasma 

zone. To sinter at high pressures (greater than 40 Torr 

(53.2 mbar)), the sample was brought into the plasma at 

about 20 Torr (26.6 mbar) and then the pressure was 

increased. Otherwise, without the sample present, the 

plasma would extinguish at a lower pressure and could not be 

brought to the desired pressure for sintering. In most 

cases the sample was brought into the plasma zone and held 

at the center of the plasma for a desired length of time. 

Nitrogen gas (ultra high purity grade) was used in this 

study for several reasons. It was the logical choice for 

sintering nitrogen ceramics, since a non-oxidizing 
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Figure 9. Fixture for introducing the sample support rod 
into the vacuum system. 
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Figure 10. Sample translation and rotation device. 
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atmosphere is needed. Preliminary experiments indicated no 

significant differences between argon or nitrogen in this 

work. Also, previous plasma sintering work had shown 

nitrogen to be better than argon or other gases in terms of 

stability and the higher temperatures achieved.49 A gas 

flow rate of about 15 cc/minute was used in this study. 

Varying the gas flow slightly did not affect the sintering 

process, but higher flow rates caused the plasma to become 

unstable. 

The nitrogen plasma changed visually as the pressure 

and temperature were increased. At low pressure, when the 

plasma was first ignited, the plasma was a dark purple color 

and occupied the whole length of the quartz tube. As 

pressure was increased, the plasma became concentrated in 

the center of the tube where the microwave energy entered, 

and the color changed from dark to light purple, then to 

yellow/white as the temperature increased. An increase in 

power likewise caused an increase in brightness. The 

sample became red hot and continued to glow after the plasma 

was extinguished. 

When a specimen was sintered in the plasma without 

being rotated, the side toward the microwave power sintered 

faster and the specimen tended to warp. Dipping in dye 

showed that the side toward the power became nonporous, 

while the other side remained porous. For this reason, 
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specimens were rotated in the plasma to ensure uniformity. 

Rotation speed was not shown to affect fired density, so a 

constant speed of around 10 rpm was used. 

A microwave detector (Model H1501, Holaday Industries) 

was used to check for leaks in the system. The microwave 

level was always well below the OSHA specification (ANSI 

C95.1) of not greater than 5 mW/cm2 at a distance of 5 cm. 

3.3. Temperature Measurement 

Temperature measurement in a microwave induced plasma 

is very difficult due to several factors. A bimetallic 

thermocouple cannot be used since it would channel the 

microwave energy out of the plasma. Therefore, apparent 

temperature was measured using a disappearing filament 

optical pyrometer focused on the sample. Temperature 

measurement is hampered by the luminescence of the plasma, 

the buildup which occurs on the inside of the quartz tube, 

and clouding of the tube due to devitrification. It has 

been estimated47 that true temperatures are as much as 300°C 

higher than the pyrometer readings. Temperature readings 

reported in this work are estimates that are useful for 

comparison purposes. 
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3.4. Sample Preparation 

The A1N powders used in this investigation were 

supplied by Keramont Research Corporation. Powder D 

(Denka) was used for most of the work and contained the 

following impurities: silicon (0.14 wt%), iron (0.015 wt%) , 

carbon (0.22 wt%), and oxygen (1.2 wt%). The specific 

surface area was around 3.10 g/m2, with an average particle 

size of 1.02 /x, and a size distribution from 0.35 to 4.5 p. 

Powder T (Tokuyama soda) contained slightly less impurities: 

silicon (0.001 wt%), iron (0.003 wt%), carbon (0.039 wt%) , 

and oxygen (1.35 wt %). The specific surface area was 3.46 

g/m2, and average particle size was 1.08 n with a range from 

0. 55 to 1.92 /i. 

Powder K was a blend of powder D doped with 2 wt% 

yttria. This is a common sintering aid for A1N and has 

been shown to achieve high densities. Powder preparation 

was carried out using industrial equipment, and included wet 

milling with 2 weight percent binder and 2 wt% plasticizer 

followed by spray-drying. The resulting spray-dried powder 

is shown in Figure 11. 
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Figure 11. Powder K, spray dried particles (top) and 
green compact fracture surface (bottom)o 
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Undoped Powders D and T, and Powder D doped with other 

additives besides yttria were milled in acetone with binder 

and plasticizer in a 1000 milliliter polypropylene jar with 

A1N grinding media for two hours. The resulting slurry was 

air dried and screened through 100 mesh. 

Cylindrical pellets 0.63 cm in diameter and about 2.5 

cm high were uniaxially pressed in a steel die at 20000 psi, 

yielding a green density of about 2.2 g/cc (67% of 

theoretical) for powders D and K, and about 1.87 g/cc (57% 

theoretical) for powder T. The binder was burned out in a 

tube furnace at 600°C under flowing nitrogen gas. Samples 

were stored with desiccant under nitrogen atmosphere to 

avoid oxidation. 

3.5. Density Measurements 

Density was measured using two water immersion methods. 

Apparent density was measured using the boiling water method 

(ASTM C 20) . However, since many of the specimens were 

porous, bulk density was also measured using the wax 

immersion method (ASTM C 914). Instead of wax, nail polish 

was used to coat the specimens. This provided for a quick 

drying coating which was easily removed with acetone. The 

density of the polish was determined by measuring a specimen 

with known density. Bulk density values were less than 

apparent densities, but generally yielded more consistent 
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results. For porous samples, the apparent density 

measurement gave unreasonably high density values. 

3.6. Scanning Electron Microscopy 

Specimens were prepared for scanning electron 

microscopy by mounting on an aluminum stub with colloidal 

carbon and then sputter coating with gold/palladium. An 

ISI Super III-A scanning electron microscope was used for 

the microstructural examinations. 

CHAPTER 4. RESULTS AND DISCUSSION 

4.1. Density Versus Power 

A plot of bulk density vs. power is shown in Figure 12. 

For the given conditions, a higher input power resulted in 

higher densities. Below 0.4 kW, no densification was 

observed; a power level of at least 0.6 kW was necessary to 

obtain greater than 90% theoretical density. At around 1.0 

kW, the quartz tube and sometimes the alumina rod would melt 

even with air cooling of the system, so most samples were 

sintered at 0.6 or 0.8 kW. 

It has been shown55 that as the applied power is 

increased, more power is absorbed by a MIP. Thus, the 

electron concentration and plasma density are also 

increased. If heating is the result of recombination or 



Bulk Density vs. Power 
3.0 

o Powder K 

2.9 

D) 

2.8 

• 

2.7 
QQ 

60 Torr, 7 min 

2.6 j. j. j. 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 

Forward Power (kW) 

Figure 12. Bulk Density versus Applied (Forward) Power. 
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other phenomenon on the sample surface, the increased number 

of molecules available for reaction would cause increased 

temperature, and thus higher densities. 

4.2. Effect of Gas Pressure 

4.2.1. Temperature Versus Pressure 

The apparent temperature of a sample was measured at 

various gas pressures, and as seen in Figure 13, higher 

temperatures were obtained at the higher pressures. Again, 

the greater number of molecules available for reactions 

would explain the higher temperatures. Elastic collisions 

result in an increase in translational energy, and thus in 

the gas temperature.10 Another factor may be the decreased 

plasma volume at higher pressures which would result in 

increased power density. Although higher temperatures 

could be obtained at higher pressures, sintering was 

difficult since the plasma became unstable as atmospheric 

pressure was approached. 

The effect of tube size is also shown in Figure 13. 

This confirms previous findings47 that higher temperatures 

are reached in a smaller diameter tube. The smaller tube 

confines the plasma to a smaller volume, and thus increases 

the power density. Since high temperatures are necessary 

for densification of aluminum nitride ceramic, the smaller 

tube was used in this work. 
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Figure 13. Sample Temperature versus Nitrogen Pressure, 
for two different tube diameters. 
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4.2.2. Apparent and Bulk Density Versus Pressure 

Figure 14 shows a plot of bulk and apparent density 

against gas pressure. With both methods of measurement, 

the density achieved is directly proportional to the gas 

pressure, the limit being the ability to sustain the plasma. 

At higher pressures, the plasma extinguishes. 

Apparent density uses the volume of the impermeable 

portion of a specimen, while bulk density uses the volume of 

both the permeable and impermeable portion. Hence, bulk 

density includes open pores and is lower than the apparent 

density. At high densities, as the sample becomes non-

porous, the difference between bulk density and apparent 

density becomes smaller. 

Increasing density with higher pressures can be 

explained by two reasons. First, as shown in Figure 13, 

higher temperatures are obtained at higher pressures. 

Secondly, thermal decomposition of nitrogen ceramics is 

known to decrease with high nitrogen pressure,56 and the use 

of high pressure is, of course, one method of producing high 

density components. Thus, at lower pressures, increased 

decomposition would be expected to take place, resulting in 

lower densities. Weight loss measurements in general 

confirm this theory, although growth of oxide layers and/or 
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loss of layers through flaking can cause the weight loss 

measurements to be variable. 

4.3. Effect of Time in Plasma 

The density versus time plot is shown in Figure 15 for 

Powders K, D and T. Powder K, which has two percent 

sintering aid, achieved higher densities, which would be 

expected. Note that at 0.6 kW input power, the density 

achieved was less than at 0.8 kW (see Figure 14). Although 

the undoped powders achieved lower densities, they did 

experience slight densification. Most densification took 

place within the first 15 minutes in the plasma. 

Shrinkage, shown in Figure 16, was calculated from 

diametral measurements taken at the tip of the sample before 

and after sintering. Percent shrinkage was then calculated 

as (do - df)/do x 100, where do is the original diameter 

and df the final diameter. Undoped specimens shrank only 

about 5%, while the yttria doped specimens shrank up to 11%. 

Powder T shrank more than powder D. This would be expected 

due to its larger specific area and smaller size 

distribution. However, it would also be expected to have 

the higher densities, which it does not. The greater fired 

densities of powder D are possibly only due to the higher 

green densities. 
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Weight loss did not increase significantly with time, 

and was generally less than 1%. 

4.4. Effect of Oxygen in Atmosphere 

Since at very low pressures, microwave induced 

discharges cannot be sustained,6 only a rough vacuum is 

needed for plasma work. The ultimate, or the lowest 

attainable, pressure in the system used in this work was 

slightly less than one Torr (1.33 mbar). Air leaking into 

the system can bring the ultimate pressure even higher. 

While this has no effect on the ability to spark or sustain 

a plasma, leaks were shown to have major effects on 

sintering behavior. A small amount of oxygen in the 

atmosphere tended to increase the fired density, but also 

caused the formation of a thick oxide layer on the specimen, 

with resulting weight gain. This effect was studied by 

allowing air to leak into the system through a loose 

connection. Before taking density measurements, the oxide 

layer was removed, usually quite easily be flaking. 

4.4.1. Growth of Oxide Layer 

Figure 17 shows the growth of an oxide layer 

(identified by X-ray diffraction) with time. These 

specimens were sintered in a nitrogen plasma, but air was 

allowed to leak into the system, corresponding to an initial 

pressure of 3 Torr (4 mbar). The oxide layer grew rapidly 
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in the presence of air and tended to flake off easily. The 

corresponding weight gain is nearly linear, as shown in 

Figure 18. Figure 19 shows the corresponding densities, 

which increase with time up to about seven minutes in the 

plasma, but start to decrease if held longer. Micrographs 

of the surface of the compact sintered for 12 minutes, as 

well as the middle of the compact, are shown in Figure 20. 

The surface is very porous, showing the non-protective 

property of the oxide layer. The middle of the compact, 

however, is fairly well sintered, with some small pores 

present. The surface porosity may be due to plasma 

reactions with the compact as the oxide layer flakes away, 

or to thermal decomposition, resulting in the lower overall 

density of the compact. 

According to the literature,57 oxidation of A1N starts 

at around 700°C, but the effect of oxygen is slight up to 

about 1400°C due to the formation of a protective oxide 

coating. At 1700°C, however, the rate of oxidation becomes 

rapid, and the oxide coating tends to crack, no longer 

protecting against further oxidation. The effect of 

oxidation is much more pronounced for porous materials than 

for very dense materials. The cracking is thought to be 

due to the appreciable difference in the thermal expansion 

between the A1N and A1203. Since cracking of the oxide 
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Figure 20. Micrographs of specimen sintered 12 minutes in 
the presence of air. Edge of specimen, showing non
protective oxide layer (top), and middle of specimen, 

showing sintered material (bottom). 
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layer was observed in this work, it can be assumed that 

temperatures of at least 1700°C were reached in the plasma. 

4.4.2. Effect of Varying Amounts of oxygen 

The amount of air present in the system was also shown 

to influence the sintering behavior, as shown in Figure 21. 

The x-axis shows the best initial pressure the system 

attained. Less than one Torr was "no leaks", while the 

higher pressures were obtained by loosening a connection to 

allow air in. The presence of air caused an initial 

increase in density over the specimen sintered in nitrogen 

only, while an increased amount of air caused the density to 

lower again. The initial increase in density may be due to 

incorporation of the oxygen into the structure, since oxygen 

is known to increase the sinterability of A1N, or due to 

heating effects caused by the dissociation of the 02 or H20 

molecules present. The lowering of the densities would 

again be explained by excessive growth of an oxide layer 

which would crack and expose the A1N, resulting in thermal 

decomposition or other plasma reactions such as sputtering. 

Figure 22 shows the weight change corresponding to 

these samples. With no air present, the specimen 

experienced a weight loss, while with air present, a weight 

gain occurred, due to the formation of the higher density 

oxide layer. 
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4.4.3. Effect of Residual Binder 

The elimination of all of the binder is an important 

factor in the sintering of ceramics. The binder burn-out 

of one set of compacts in this study was apparently not 

complete even though weight loss measurements indicated that 

the binder was gone. A black soot-like coating was present 

on specimens plasma sintered at pressures below 60 Torr (80 

mbar) . Above 60 Torr, the soot was not present, and the 

specimens achieved higher densities, as shown in Figure 23. 

If air was present, no soot was observed at the lower 

pressures, and the densities were higher than for the pure 

nitrogen atmosphere. However, at higher pressures, the 

density dropped. 

The high temperatures at higher pressures can account 

for the absence of the soot. Assuming that the residue 

contained carbon, the presence of air would cause rapid 

oxidation of the residue and it would be swept out of the 

system. 

4.5. Other Dopants 

Two other additives were studied for their effect on 

the plasma sintering of A1N. Beryllia has been used in the 

production of high thermal conductivity SiC.58 Since the 

BeO has limited solubility in the SiC, it segregates at the 

grain boundaries and leaves very pure SiC grains. If the 
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BeO addition resulted in dense AIN through plasma sintering, 

it was thought a high conductivity might also be obtained. 

The other additive was an Al-Oxynitride glass (composition 

by weight percent: 24.4 Al, 26.4 Ca, 2.8 Mg, 12.0 Ba, 32.8 

O, 1.6 N) which was ground with mortar and pestle and 

screened through a 100 mesh sieve before being added to the 

AIN and mixed for several hours. It was thought that this 

addition would promote liquid phase sintering at a lower 

temperature, without greatly affecting the final 

composition. No binders or other additives were used in 

these samples. 

Results of beryllia additions are shown in Table 2. 

Only a very small increase in densification was observed for 

up to two percent BeO addition. This is similar to 

results18 of no increased densification reported for 

conventional sintering of AIN with BeO addition. 

Table 2. Effect of Beryllia Additions on Density. (100 
Torr, 0.8 kW input power, 5 minutes in plasma.) 

Amount BeO (wt%) Bulk Density (a/cc) 

0 . 0  2.58 

0.5 2 . 6 0  

1.0 2 . 6 6  

2.0 2.69 
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Two weight percent of the Al-O-N glass did promote 

densification to an extent, as shown in Table 3. Since the 

melting point of this glass is around 1400°C, lower 

pressures and input power were used to see if densification 

would result at lower temperatures. It was found, however, 

that the best results were again obtained at high pressure 

and power. 

Table 3. Effect of Al-O-N Glass Additions on Density. 
(Five minutes in plasma.) 

Pressure (Torr^ Input Power fkW) Bulk Density (q/cc) 

40 0.4 2.59 

40 0.8 2.75 

80 0.8 2.78 

100 0.8 2.88 

4.6. XPS Results 

X-ray photoelectron spectroscopy (XPS) results of a 

microwave induced plasma sintered specimen (powder K) is 

shown in Figure 24 and, for comparison, that of a 

conventionally sintered specimen (sintered at 1810°C under 

N2 pressure for 4 hour hold, 98% theoretical density 

achieved). Analyses were performed on freshly broken 
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surfaces. The patterns are similar for both, but the 

plasma sintered specimen shows higher oxygen peaks, which 

suggests that some oxygen contamination is entering the 

structure. 

XPS analysis was also performed on the buildup on the 

quartz tube which occurs during plasma sintering. The 

trace is shown in Figure 25. Many elements are present, 

including yttria and carbon. The presence of yttria on the 

tube suggests that it is being lost, either through 

decomposition or perhaps by a sputtering reaction. The 

loss of sintering aid may be contributing to the low 

densities obtained. Carbon may be an impurity found in the 

original powder, or residual binder or other additive. 

Aluminum may be from either the alumina rod or the aluminum 

nitride sample, again either from decomposition or 

sputtering. Obviously, reactions are occurring in addition 

to sintering. 

4.7. Microstructure 

One of the major advantages of plasma sintering is the 

finer grain size in comparison with conventionally sintered 

specimens. Figure 26 shows SEM micrographs of the fracture 

surface of a plasma sintered doped AIN sample (powder K) and 

that of the same powder conventionally sintered. The 
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micrographs clearly show that grain size in the plasma 

sintered specimen is about one fourth the size 

seen in the conventionally sintered specimen (about 2 n 

versus about 8 ft) . The microstructure of the plasma 

sintered specimen is uniform, with fracture occurring 

through the grains, and small pores are also clearly 

present. 
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Figure 26o Micrographs of plasma sintered AlN (top) 
versus conventionally sintered AlN (bottom) o 
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CHAPTER 5. CONCLUSIONS 

1) Microwave induced plasma densification of yttria doped 

aluminum nitride resulted in a density greater than 95% 

theoretical. Undoped aluminum nitride achieved only 81% 

theoretical density. The powder used in this study achieved 

only 98% theoretical density using conventional techniques. 

2) The presence of oxygen in 

influences the sintering and 

sintered aluminum nitride, 

oxygen, a non-protective oxide 

off easily. 

the plasma atmosphere greatly 

oxidation behavior of plasma 

In the presence of excess 

layer is formed which flakes 

3) The microstructure of the doped AIN consists of fine, 

uniform grains about one fourth the size of grains in 

conventionally sintered AIN (98% theoretical density). 



90 

REFERENCES: 

1 F.K. McTaggart, Plasma Chemistry in Electrical Discharges. 
Elsevier Publishing Company, Amsterdam, 1967 

2 H.V. Boenig, Plasma Science and Technology. Cornell University 
Press, Ithaca, 1982 

3 A.M. Howatso n, An Introduction to Gas Discharges. 2nd edition, 
Pergamon, Oxford, 1976 

4 A.D. MacDonald, Microwave Breakdown in Gases. John Wiley and Sons, 
New York, 1966 

5 A. Bell, "The Physical Characteristics of Electric Discharges", in 
The Application of Plasmas to Chemical Processing." edited by R.F. 
Baddour and R.S. Timmins, The MIT Press, Cambridge, 1967 

6 R.F. Baddour and P.H. Dundas, "Chemical Reactions in a Microwave 
Discharge", in The Application of Plasmas to Chemical Processing, edited 
by R.F. Baddour and R.S. Timmins, The MIT Press, Cambridge, 1967 

7 J. Szekely, "An Overview of Plasma Processing," in Plasma 
Processing and Synthesis of Materials: Mat. Res. Soc. Symp. Proc., 
Vol.30, edited by J. Szekely and D. Appelian, pp. 1-11 (North-Holland, 
New York, 1984) 

8 A.T. Zander and G.M. Hieftje, "Microwave Supported Discharges," 
Appl. Spectroscopy, 35[4] 357-371 (1981) 

9 A.C. Metaxas and R.J. Meredith, Industrial Microwave Heating. IEEE 
Power Engineering Series 4, Peter Peregrinus, London, 1983 

10 A.T. Bell, "An Introduction to Plasma Processing," Solid State 
Techno1., 4, 89-94 (1978) 



91 

11 W.D. Kingery, H.K. Bowen and D.R. Uhlmann, eds., Introduction to 
Ceramics. 2nd edition, John Wiley and Sons, New York, 1976 

12 W.W. Perkins, ed. , Ceramic Glossary. American Ceramic Society, 
Inc., Columbus ,1984 

13 J.E. Burke and J.H. Rosolowski, "Sintering," GE Report No. 
73CRD268 (1973) 

14 D.L. Johnson, "Solid State Sintering Models," in Sintering 
Processes: Mat. Sci. Res., vol. 13, edited by G.C. Kuczynski, pp. 97-106 
(Plenum, New York, 1979) 

15 J. Weiss and W.A. Kaysser, "Liquid Phase Sintering," in Progress 
in Nitrogen Ceramics, edited by F.L. Riley, pp. 169-186 (i-Iartinus 
Nijhoff Publishers, Boston, 1983) 

16 K. Mitchell and A. Hendry, "Sintering of Non-Oxide Ceramics," in 
High Tech Ceramics, edited by P. Vincenzini, pp. 901-910 (Elsevier, 
Amsterdam, 1987) 

17 K. Komeya and H. Inoue, "Sintering of Aluminium Nitride: Particle 
Size Dependence of Sintering Kinetics," J. Mat. Sci., 4, 1045-1050 
(1969) 

18 S. Prochazka and C.F. Bobik, "Sintering of Aluminum Nitride," in 
Sintering Processes: Mat. Sci. Res., vol. 13, edited by G.C. Kuczynski, 
pp. 321-332 (Plenum, New York, 1979) 

19 K.A. Schwetz, H. Knoch and A. Lipp, "Sintering of Aluminium 
Nitride With Low Oxide Addition," in Progress in Nitrogen Ceramics. 
edited by F.L. Riley, pp. 245-252 (Martinus Nijhoff Publishers, Boston, 
1983) 

20 P. Boch, J.C. Glandus, J. Jarrige, J.P. LeCompte and J. Mexmain, 
"Sintering, Oxidation and Mechanical Properties of Hot Pressed Aluminum 
Nitride," Ceram. Intl., 8[1] 34-40 (1982) 

21 J. P. Lecompte, J. Jarrige and J. Mexmain, "Hot Pressing of 
Aluminium Nitride," in Progress in Nitrogen Ceramics, edited by F.L. 
Riley, pp. 293-299 (Martinus Nijhoff Publishers, Boston, 1983) 



92 

22 T. Sakai, "Hot Pressed Oxynitrides in the System AIN-AI2O3," in 
Sintering - Theory and Practice: Material Science Monographs, vol. 14, 
edited by D. Kolar, S. Pejovnik, and M.M. Ristic, pp. 591-596 (Elsevier, 
Amsterdam, 1982) 

23 Y. Kurokawa, K. Utsumi, H. Takamiza'*^. T. Kamata and S. Noguchi, 
"A1N Substrates With High Thermal Conductivity," IEEE Trans. Components, 
Hybrids, Manuf. Technol., CHMT-8[2], 247-252 (1985) 

24 N. Akaishi and Y. Horie, "Sintering of A1N Powder Compacts," in 
Defect Properties and Processing of High Technology Nonmetallic 
Materials: Mat. Res. Soc. Symp. Proc., vol. 24, pp. 319-325, edited by 
J.H. Crawford,Jr. , Y. Chen, and W.A. Sibley (North-Holland, New York, 
1984) 

25 K. Komeya, "Development of Nitrogen Ceramics," Am. Ceram. Soc. 
Bull., 63 [9] 1158-1164 (1984) 

26 M. Trontelj and D. Kolar, "Pressureless Sintering of Aluminium 
Nitride to High Density," J. Mat. Sci., 8[1] 136-137 (1973) 

27 K. Komeya, H. Inoue and A. Tsuge, "Role of Y2O3 and Si02 Additions 
in Sintering of AlN," J. Am. Ceram. Soc., 57[9] 411-412 (1974) 

28 K. Komeya, A. Tsuge, H. Inoue, and H. Ohta, "Effect of CaCC>3 
Addition on the Sintering of AlN," J. Mat. Sci. Lett., 1, 325-326 
(1982) 

29 N. Kuramoto and H. Taniguchi, "Transparent AlN Ceramics," J. Mat. 
Sci. Lett., 3, 471-474 (1984) 

30 T. Sakai and M. Iwata, "Effect of Oxygen on Sintering of AlN," J. 
Mat. Sci., 12[8] 1659-1665 (1977) 

31 J.P Lecompte, et al, "Kinetics of Densification During Hot-
Pressing of Aluminum Nitride," J. Matl. Sci., 16, 3093-3098 (1981) 

32 Y. Kurokawa, H. Hamaguchi, Y. Shimada, K. Utsumi and H. 
Takamizawa, "Highly Thermal Conductive Aluminum Nitride Substrates," 
1987 Proceedings of the International Symposium of Microelectronics, pp. 
654-661 (IEEE, 1987) 



93 

33 K. Komeya, A. Tsuge and H. Inoue, "Sintered Bodies of Aluminum 
Nitride," US Pat. No. 4,435,513 (1984) 

34 Y. Kurokawa, H. Hamaguchi, Y. Shimada, K. Utsumi, H. Takamizawa, 
T. Kamata, and S. Noguchi, "Development of Highly Thermal Conductive A1N 
Substrate By Green Sheet Technology," 36th Electronic Components 
Conference Proceedings. pp. 412-418 (IEEE, 1986) 

35 Y. Kurokawa, K. Utsumi and J. Takamizawa, "Method for Preparing 
Aluminum Nitride Ceramics Having Superior Thermal Conductivities," US 
Pat. No. 4,650,777 (1987) 

36 Y. Kurokawa, K. Utsumi and H. Takamizawa, "Development and 
Microstructural Characterization of High-Thermal-Conductivity Aluminum 
Nitride Ceramics," J. Am. Ceram. Soc., 71 [7] 588-594 (1988) 

37 C.E.G. Bennett, N.A. McKinnon, and L.S. Williams, "Sintering in 
Gas Discharges," Nature, 217, 1287-1288 (1968) 

38 C.E.G. Bennett and N.A. McKinnon, "Glow Discharge Sintering of 
Alumina," in Kinetics of Reactions in Ionic Solids, edited by T.J. Gray 
and V.E. Frechette, pp. 408-412 (Plenum Press, New York, 1969) 

39 L.G. Cordone and W.E. Martinsen, "Glow-Discharge Apparatus for 
Rapid Sintering of AI2O3," J. Am. Ceram. Soc., 55[7] 350 (1972) 

40 G. Thomas, J. Freim, and W. Martinsen, "Rapid Sintering of UO2 in 
a Glow Discharge," Trans. Am. Nucl. Soc., 17, 177 (1973) 

41 D.L. Johnson and R.A. Rizzo, "Plasma Sintering of IS" Alumina," Am. 
Ceram. Soc. Bull., 59[4] 467-468,472 (1980) 

42 J.S. Kim and D.L. Johnson, "Plasma Sintering of Alumina," Am. 
Ceram. Soc. Bull., 62[5] 620-22 (1983) 

43 D.L. Johnson and J.S. Kim, "Ultra-Rapid Sintering of Ceramics," in 
Sintering - Theory and Practice: Material Science Monographs, vol. 14, 
edited by D. Kolar, S. Pejovnik, and M.M. Ristic, pp. 573-578 (Elsevier, 
Amsterdam, 1982) 



94 

44 D.L. Johnson, V.A. Kramb, and D.C. Lynch, "Plasma Sintering of 
Ceramics," in Emergent Process Methods for High-Technology Ceramics: 
Materials Science Research, vol. 17, edited by R.F. Davis, 
H. Palmour III, and R.L. Porter, pp. 207-211 (Plenum Press, New York, 
1984) 

48 D.L. Johnson, W.B. Sanderson, J.M. Knowlton, and E.L. Kemer, 
"Sintering of a-Al203 in Gas Plasmas," in Structure and Properties of 
MgQ and A1203. Advances in Ceramics, vol. 10, edited by W.D. Kingery, 
pp. 656-665 (1985) 

46 E. Pfender and Y.C. Lee, "Heat Transfer Analysis of the Plasma 
Sintering Process," in Plasma Processing and Synthesis of Materials: 
Mat. Res. Soc. Symp. Proc, vol 30, edited by J. Szekely and D. Apelian, 
pp. 141-50 (North-Holland, New York, 1984) 

47 E.L. Kemer, "Microwave-Induced Plasma Sintering of Alumina," M.S. 
Thesis, Northwestern University (1984) 

48 E.L. Kemer and D.L. Johnson, "Microwave Plasma Sintering of 
Alumina," Am. Ceram. Soc. Bull., 64[8] 1132-36 (1985) 

49 D.L. Johnson, W.B. Sanderson, J.M. Knowlton, E.L. Kemer and M.Y. 
Chen, "Advances in Plasma Sintering of Alumina," in High Tech Ceramics, 
edited by P. Vincenzini, pp. 815-820 (Elsevier Science Publishers, 
Amsterdam, 1987) 

50 K. Upadhya, "Sintering Kinetics of Ceramics and Composites in the 
Plasma Environment," J. Metals, 39, 11-13 (1987) 

K. Upadhya, "An Innovative Technique for Plasma Processing of 
Ceramics and Composites Materials," Am. Ceram. Soc. Bull., 67[10] 1691-
1694 (1988) 

52 K. Kijima, "Plasma Sintering of Ceramic Materials," 7th 
International Symposium on Plasma Chemistry Proceedings, vol.2, edited 
by C.J. Timmermans, pp. 662-667 (1985) 

53 R.L. Porter, "Plasma-Induced Morphological Changes in a Silicon 
Carbide," J. Am. Ceram. Soc., 70 [2] C26-C28 (1987) 



95 

54 W.X. Pan, M. Sato, T. Yoshida, and K. Akashi, "Plasma Sintering of 
Ultrafine Amorphous Si3N4," Adv. Ceram. Mat., 3[1] 77-79 (1988) 

55 F.H. Dorman and F.K. McTaggart, "Absorption of Microwave Power by 
Plasmas," J. Microwave Power, 5[1] 4-16 (1970) 

56 M. Mitomo, Y. Yajima and N. Kuramoto, "Thermal Decomposition of 
Si-Al-O-N Ceramics," J. Amer. Ceram. Soc., 62[5-6] 316-317 (1979) 

57 K.M. Taylor and C. Lenie, "Some Properties of Aluminum Nitride," 
J. Electrochem. Soc., 107[4] 308-314 (1960) 

58 R.R. Tummala, "Ceramics in Microelectronic Packaging," Am. Ceram. 
Soc. Bull., 67[4] 752-758 (1988) 


