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AB STRACT

A novel method for fabrication non-Bring ceramics have been proposed uslng

mechanochemically assisted chemical solidification. This methodallows the activate surface

of powderand control of the properties of powder not only by varylng meChano-chemical
●

conditions butalso by managlng'the chemical solidification process with alkaline activation

O)inding).After drying at 25oC for 3 days, the ceramic green body was obtained. The

mechano-chemical treatment of solid is one of the common and widely used operations. At

the present, mechanムーChemical
treatment has awide range of application potemial. Mechano-

chemical treatmentsare used to modifythe properties of materials, activate surface of

particles, enhance the reactivity of materials and produce advanced materials. When materials

are subjected to intensive
,milling,

the surfaceand microstructure characters of material

change widely. Then, ceramic green body (non-firingceramic) was obtained &om chemical

reaction of alkaline binding ln Chemical solidification process. This study is particularly

taking advantage of mechanochemically assisted chemicalsolidification for the solidification

timeand strength of ceramic gr鉾n body. The use of X-ray di飴action line broadening

measurements, BET, PSD, FTIR, Raman, ICP, TG-DTA, SEM, TEM, mechanical strength

and etc., have been proved to be useful in the characterization of microstructureand structural

cbaracteri stics.

The objective of this study lS tO investlgate the innuence of mechano-chemical

treatment by the milling operation variables on the microstructureand interface surface

changes of particles. The innuence of the three variables, rotation speed, milling time and

diameter of balls, through an experimental design was investigated uslng different

characterization. The study is mainly organized as the followlngS.



chapter 1 presents the applications mechano-chemical process assisted chemical

solidification on fabrication of non-firing ceramics･ Accordingly, the Grins ceramics has been

disadvantageous in termof highcostand harmful to the environment･ Low Temperature Co-

firing Ceramic, Cementand Geopolymer have been proposed･ The negative in且uence of these

methods on the hydration reaction based binders requlreSfurther study in order to optimize

the characteristics of these binders. The possible of mechano-chemical process assisted

chemical solidification to reduce costand丘iendly to environment were suggested･ Based on

such disadvantageous, the goal of this study was conceptualized･

chapter 2 investigates the innuence of mechano-chemicaltreatment, rotation speed,

milling time and diameter of balls on the interf&ced surface of alumina particles for

fabrication green ceramic bodies･ The results revealed that mechano-chemical treatment of

alumina brings about great changes in interfaced surface between particles and

microstructuralcharacteristics with increasedthe mechano-chemical intensity, whatever

milling methodsare applied･

chapter 3 investigates the composition ratio of alumina-silica system assisted by

mechano-chemical treatment on fabricated ceramic green body. Because of alumina-silica

system lS Probably the most important binary oxide system both in teclmology and science･ It

was found visually that the mechano-chemicaltreatment has a great effect on alumina surface

better than silica surface.All the compositions can be solidified at ambient temperature and

pressure, the higher alumina contents resulted in lower solidification time and mechanical

strength･ The alumina-silica system is of great importance and utility･

chapter 4 describes the fabrication of non-firing ceramics &om paper sludge ash by

mechano-chemical treatment uslng Planetary ball mill･ It was indicate that the mechano-

chemical treatment of planetary ball mill affects the fabrication of non-firing ceramics when

the rotational speed and milling time were varied･ The chemical reaction depends on several

ll



factors such as the particle size distribution, mineral composition of paper sludge ash, kinds

and concentration of the activator, reaction time, reaction temperature, etc.

Chapter 5 illustrates the fabrication porous ceramics uslng Waste materials by non-

firing process. It was00nfirmed that the addition tire ash innuenced the gas generatlng ln

slurry. The mechano-chemical treatmentwith alkaline activation was used as a chemical

synthesis of ceramic particles to form porous structureand porosity of solidified specimen by

gas generating. The porous structureand mechanical strength, developed丘om mechano-

chemical conditions, concentration of KOH, amount of tireash and etc.

Chapter 6 de'scribes the overall conclusions of present workand thefuturc directions

for research. The novel technique presented in this study easy for operation, low costand

飢endly to environment･ This technique has an attractive route for shaping materials into

ceramics without firing process.
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PREFACE

This thesis presents the scientific work done during my PhD studies in Intelligent

Processlng Group, Ceramic Research Laboratory Divisions, Department of Frontier Material

at Nagoya Institute of Technology, &om April 2008 until March 201 1. The work has been

aimed at achievlng control surface of particles, ln Particularcrystalline phaseand amorphous

phase formation and stability. This goal was approached by combination of experimental

studies of mechano-chemical process to obtain activated particlesand chemical solidification

process to obtain non-firing ceramics (ceramic green body). The thesis consists of three

published papers and three papers on processlng Preceded by an introduction part. The work

was financed throughthe Ministry of Education, Culture, Sports, Science and Technology

(MEXT), Project "Cooperation for Innovative Teclmology and Advanced Research in

Evolution AreaM.
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Ⅰ. INTRODUCTION

I often get asked, ul want to start doing ceramics, what do I need?n This thesis Iwill talk

about the fabrication of non-firing ceramics by mechanochemically assisted chemical

solidification and howanunderstanding of the mechano-chemical treatment produces the

activated particle uslng Planetary ball mill leading to a better understanding of reaction form

new bonding during milling,.understanding the mechanism on surface activation of particles

by surface characterizationand chemical bonding &om alkaline activation (binding)during

chemical solidification to obtain ceramic green body. Research on non-firing ceramic is

involved with mechano-chemical process which's a subfield of mechanochemistry･ Therefore,

itis appropriate to review the history of mechanochemistrty･

1.I Nob-rIring ceramics: history and development

The history of ceramic processlng teClmology lS Very Interesting ln that both simple processes

developed in ancient times for natural materials, and recently developed, relatively

sophisticated processes dependent on synthetic materials are used extensively near the end of

the 20thcentury･ Handing mlXlng, handing building,and scratchand slip decoratlng Of

earthenware date back to before 5000 BC. The nrst formlng machine was probably the

potter's wheel, which was used earlier than 3500 BC for throwlng Plastic earthenware body

and later for turnlng SOmeWhat dried;leather, hard body. Shaping by presslng material in fired

molds and firing ln a Closed kiln were subsequent developments･

Ceramics processlng commonly begins with one or more ceramic materials, one or more

liquids, and one or more special additives called processlng aids･ The starting materials or
●

batch system may be beneficiated chemically and physically using OPerations such as

crushing, milling, washing, chemical dissolving, settling,且otation, magnetic separation,

dispersion, mlXlng, Classification, de-alrlng,filtration,and spray-drying･
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View as a science, ceramics processlng is the sequence of operations that purposefully and

systematically changes the chemical and physicalaspects of structure, which we call the

characteristics of the system･ The properties at each stageare afunction of the characteristics

of the system at each stageand theambiefd pressure aJld temperature, as is shownin Fig･ 1･1･

Batching

Bene丘ciatiom

Formlng

Chzmcteristics Chmcteristics ChBLraCteris也cs

Imi也alMaterials 触ess System Body

Drying

Firing

Characteristics Cbamcteristics

Uhfircd Product Final Product

ngure l･1 Processing develops the characteristics of the耶tem.

Principles of processing science can provide insightsintofundamentalcauses of behavior,

procedures for modifying and controlling materials and processes, and avenues for improving

manufacturlng PrOductivity･ The role of ceramics processlng science in ceramic

manufacturing will surely increase.

Ceramic productsare used in applications where the performance and reliability of the

product must be predictableand assuredand the product must be fabricated successfully in a

productive manner･ The manufacture of these products &om a complex batch containing

ceramic materials and processing additives into a finished product involves many operations･

All of the materials and operations must be carefully controlled･ Principles of science should

be used in addition to empirical tests f♭runderstanding, 1mprOVlng, and controlling ceramics

prOCeSSlng･

Products that have been dried and surface finished, traditionally called ugreen products,mare

heat treated in a kiln or furnace to develop the desired microstructure and properties･ This

process, called firing, proceeds in three stages: (1) reactions preliminary to sintering, which
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include organic burn outand the elimination of gaseous products of decompositionand

oxidation; (2)sintering; and (3)cooling, which may include thermal and chemical annealing.

Nowadays, with background of lively activity there is large demand in ceramic industry.

Firing ceramics is one of the most common techniques in fabrication porous or dense

materials [1].However, this method has been disadvantageous in term of high costand can be

harmful to the environment because the coal which is burnt asfuel emits, CO2, SOxand NOx,

ash dust during the burnlng Process.

CO2 is inevitably created by burnlngfuels like e.g. oil,natural gas, and diesel during bumlng

process. Carbon dioxide emissions therefore are the most important cause of globalwarming･

The emissions of col have been dramatically increasedwithin the last 50 years and are still

increasiI唱eaCh year 【2】.

Ceramic industry today requires low cost ceramic fabrication, while at the same time

demanding excellent performance. Recently, Low Temperature Co-fired Ceramics (LTCCs)

[3],cement [4]and geopolymer [5]have been intensively studied for these applications･

Low temperature co-fired ceramic (LTCC) is a well-established multi-layer technology which

has been in use for many years in the microelectronics packaging
industry. Each of the layers

are processed in parallel and only brought together inanaccuratelyaligned stack immediately

pr10r tO firing･ This is the key differentiator to serially produced multi-layer structures such as

thick film hybrid interconnectand components such as ceramic capacitors･ LTCC teclmology

is especially beneficial for RF and high一片equencyapplications･ In RF and wireless

applications, LTCC technology lS also used to produce multilayer hybrid integrated circuits,

which can include resistors,inductors, capacitors, and active components in the same package･

LTCC hybrids have a smaller initial("non recu汀ing")cost
as compared with ICs, making

them an attractive alternative to ASICs for small scale integration devices. This teclmology

presents advantages compared to other packaging technologleS Such as HTCC: the ceramic is
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generally血ed below lOOOoC due to a special composition or the material･ This permits the

co-firing with highlyconductive materials (silver,copper and gold).LTCC also features the

ability to embed passive elements, such as resistors, capacitorsand inductors into the ceramic

package minimlZlng the size orthe completed module.

In the most general sense of the word, cement is a binder, a substance that setsand hardens

independently, and can bind other materials together･ Cement used in construction is

characterized as hydraulic or non-bydraulic･ Hydraulic cements (e.g.Portland cement) harden

because of hydration chemical reactions that occur independently of the mixture's water

content; they can harden even underwater or when constantly exposed to wet weather. The

chemical reaction that results when the anbydrous cement powder is mixed with water

produces hydrates that are not water-soluble･ Non-hydraulic cements (e.g.lime and gypsum

plaster)must be kept dry in order to retain their stTength･The most important use of cement is

the production of mortar and concrete - the bonding of natural or artiBcial aggregates to form

a strong building material that is durable in the face of normal environmental effects.

Concrete should not be confused with cement because the termcement refers to the material

used to bind the aggregate materials of concrete. Concrete is a combination of a cementand

aggregate.

Geopolymer is a term covering a Class of synthetic aluminosilicate materials with potential

use in number of areas, essentially as a replacement for Portland cement and for advanced

high-tech composites, ceramic applications or as form of cast stone･ The name Geopolymer

was first applied to these materials by Joseph Davidovits in the 1970s, although similar

materials had been developed in the fわrmer Soviet Union since the 1950s, onglnally under the

name ㍑soil cement乃･ However, this name never fわund widespread usage in the English

language, as itis more o鮎n applied to the descrlptlOn Or soils wbicb are consolidated with a

small amount of Portland cement to enhance strength and stability･Geopolymer cements are

4



anexample of the broader class of alkali-activated binders, which also includes alkali-

activated metallurgical slags and other related materials. Much of the drive behind research

carried out in academic institutions is to investigate the development of geopolymer cements

as a potential large-scale replacement for concrete produced &om Portland cement. This is

due to gcopolymer's lower alleged carbon dioxide production emissions, greater chemical and

thermal resistance and better mechanical properties at both ambientand extreme conditions.

On the other side, industry has implemented geopolymer binders in advanced hightech

composites and ceramics for heatand fire-resistantapplications, up to 1200 degrees C. There

is some debate as tb whether geopolymer cement has lower CO2 emissions compared to

Portland cement. Calcination of limestone in production of Portland cements is responsible

for CO2 emission (one ton of cement produced releases one ton CO2), While some processes

of formation of lye also release CO2. Mainly it's the ratio of CO2 reduction that is under

debate, and itsprocess depends.

However, at present, there cost is high and remain in the release of CO2. Non-firing ceramics

by mechanochemically assisted chemical solidification has been proposed. Mechano-

chemical treatment as a novel method involving the mechanical activation [6],a process for

introduction of additional energy to the system applies worldwide. During the treatment,

various structural changes of the materialare taking place. These structuralchanges of the

material cause itsproperties changes (chemical,electrical,thermal, mechanical, etc)as well as

its reactlVlty Improvement. The most populardevices, 1n Which mechano-chemical processes

can be conducted are vibratory, planetary and attritorball mills. They differ in their capacities,

efrlCiencies of milling and additional arrangements such as cooling. In all these devices, the

ground material is periodically throwninto zones of ball collisions. Energy transfer to the

powdered particles takes place by shearing and/or impact action of the balls [6,7].Mechano-

chemical treatment by planetary ball mill is now recognized as a powerful tool for the

5



synthesis of materials, such as amorphousalloys [7],nanocrystalline metals and alloys [8]and

ceramic materials [9]･ This method is very simple and economic for the production of

powders of very small size･ The use of丘ne starting materials and mechano-chemical

treatment by efrlCient activationare the key deps in this process･ Therefore, this study

ex-amined whether mechano-chemicaltreatment of starting materials uslng ball milling

activation can reduce the sintering temperature of solid state reacted [10- 1 1].

1.2 Mechano-chemical treatment

A. Mechano-chemical process

A variety of methods exist for the synthesis of ceramic powders･ Mechanical methodsare

generally used to prepare powders of traditional ceramics &om naturally occurrlng raw

materials･ Powder preparation by mechanical rhethods is fairly maturearea of ceramic

processlng ln Which the scope for new developments israther small･ However, in recent ye打S,

the preparation offine powders of some advanced ceramics by mechanical methods involving

milling at highspeeds has received a fair amount of interest.

In comminution, our interest lines mainly in achieving Certain physical characteristics, such as

particle size and particle size distribution･ However, the exploitation of chemical changes

during milling for the preparation of powders has received some interest in recent years･

Grinding enhances the chemical reactlVlty Of powders･ Rupture of the bonds during particle

&acture results in surfaces with unsatisfied valences･ This combined with the high surface

area favors reaction between mixed particles or between the particles and their surroundings･

Powder preparation by high-energy ball milling of elemental mixtures is referred to by

various terms, including mechano-chemical synthesis, mechano-synthesis, mechanical driven

synthesis, and high energy milling･ We will use the ten mechano-chemical process in this

thesis.
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Mechano-chemical process can be carried out inside batch reactors, the grinding of powder by

ball milling consists in a series of impacts during which powder particles become trapped

between the external surfaces of two colliding bodies. Considerable efforts are currently

devoted to a deeper understanding offundamentals of mechanically driven processesand to

the optimization of ball milling devices, whichare intimately connected. Indeed, the nature

and the rate of structuraland chemical transformations depend on both the powder properties

and the ultimate limit of structuraland thermodynamic stability reached during the

mechanical processlng. The latter one, in turn, should be related to the severlty Of the force

acting on, or to the ehergy transferred to, the powder trapped dming a collision [6111].

Anadvantage of mechano-chemical process is that the easy method for preparation of ceramic

powders, solid state reaction is activated due to mechanical energy Instead of the temperature

that the chemical reactlVlty Of startlng materials could be improved significantly after

mechano-chemical activation and subsequently, the calcinations temperature was reduced

【12】.The mechanism of mecbano-chemical process is not clear. One possibility is the

occurrence of the reaction by a solid state difRISion mechanism.

The model and fabrication route of non-firing ceramics via mechanochemcally assisted

chemical solidification were shownin Figure 1.2and Figure 1.3, respectively. Key concept of

non-flring ceramic, providing ceramic green body with an improved mechanical strength,

wherein the ceramic green body is faもricatedby activating ceramic powder throughmechano-

chemical treatment and solidifying the activated powder through alkali treatment. Activated

ceramic powder having mecbanocbemically activated suぬces is obtained by milling ceramic

powder using planetary ball mill (mechano-chemical process),and ceramic green body i$

obtained by adding alkali water solution containing alkaline metal hydroxide to the powder

(alkalitreatment process).
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Non-firing ceramics fabricated &om mechanochemically assisted chemical

solidification

Figure 1
･3

Fabrication routes ofnon firing ceramics
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B. Planetary ballmills

The material is crushedand tornapart in two or four grinding bowls by grinding balls. The

grinding balls and the material in the grinding bowl are acted upon by the centrifugal forces

due to the rotation of the grinding bowl about its own axis and due to the rotating Supporting

disc.

The grinding bowland the supporting disc rotate in opposite directions, so that the centrifugal

forces alternately act in the same and opposite directions, This results in, as a舟ictional effect,

the grinding ballsrunnlng along the manner wall of the bowl, and as an impact effect, the

balls impactlng against the opposite wall of the grinding bowl･ The impact effect is enhanced

by the grinding balls impactlng agalnSt OneanOther･

Loss-&ee grinding, even in the case of grinding of suspensions, is guaranteed by a hermetic

seal between the grinding bowl and the cover.

All samples in this thesis were milled uslng a Fritsch Pulverisette 5 Planetary Ball Mill･

Movements of working part and ball in planetary ball mill were shownin Figure 1
･4･
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Figure 1
･4

Movements of working partand ball in planetary ball mill [6]

1.3 Chemical solidirICation

Alkaline activation of ceramics powder uslng alkaline hydroxide and/or silicate solutions can

be used to synthesis inorganic geopolymeric binders, oralkali-activated cements, displaying

excellent physical and chemical properties [13].Experimental evidence suggests that the

prlnCIPal binding phase within geopolymers, where activated powder obtain &om mechano-

chemical treatmentare used, is ceramic green body consisting of &amework of activated

powder linked by K+ alkali metal cations and sharedAl, Si, 0 atom during chemical

solidification.
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l.4 Ceramic materials

Powder production is an important step ln the synthesis of ceramics for structuralas well as

functional materials. The alumina-silica system, Including the end members of the pure oxides,

is probably the most important binary oxide system both in technology and science.Alumlna,

silica,and aluminosilicate compoundsare widely used high-temperature materials,are

important in mineralogy and geology, are basic material in glasses, and have many specialty

applications. Then the compound mullite (3Al203.2SiO2),Which isthe only stable unhydrated

compound in the alumina-silica system, 1S COnSidered.

The science of alumina(Al20,) [14] is old and tremendous amounts of research work have

been done over the years.Alumina wasknown long before that. The properties of aluminaare

described in this section.

A. AlⅦmina

Aluminum, oxygen, and hydrogen form three crystalline compounds: A203,Al00H,and

Al(OH)3. Pure, stoichiometrically defined aluminum oxide occurs in the crystalline

modification corundum, α-A203. Two crystalline fわrms ofAl00H exist: diaspore, α-Al00H,

and boehmite, †-Al00H. Bayerite, α-Al(OH)3;gibbsite, †-Al(OH)3;and nordstranditeare the

three trihydroxides.

A comparison ofnomenclatures &om Ref. 14 isglVen in Table l･ 1
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Table 1.1. Comparison ofNomenclatures

MineralName
Chemical

Composition

Accepted

Crystallographic

Designation

Alcoa(1930)

Gibbsite Aluminum

y-Al(OH)3

Alphaalumina

Hydrargi1lite trihydroxide tribydrate

Bayerite
Aluminum

trihydroxide
α-〟(OH)3

Betaalumina

trihydrate

Nordstrandite
Aluminum

trihydroxide
Al(OH)3

Boehmite
AluminumoXide

hydroXide
γ-A100H

Alphaalumina

monohydrate

Diaspore
AluminumoXide

hydroXide
α-A100H

Betaalumina

monohydrate

Comndum AluminumoXide α-A1203 Alphaalumina

Alumina has many properties which makes the material interestlng for
･applications

in many

different areas･ For example, itis hard, stable, insulating, transparent, beautiful, etc.Alumina

exist in a number ofcrystal phase, three of the most important b'eing †,0, and α･

The α structure is thermodynamically stable at all temperature up to its melting polnt at

205loC, but the meta stable phase (e.g.,† and 0) stillappear &equently in alumina growth

studies for reasons that are discussed in the followlng SeCtions･ All alumina phase are

involved in transfわrmation sequences, which all have in common that they end in the α phase
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at high temperature. The transformations to the α phaseare irreversible and typically take

place at above lOOOoC･

The α form of aluminum oxide is alsoknown as corundLm (the name comes丘om the

naturally occurring mineral corundum, which consists of pure a-Al203).
It is transparent and

uncolored and is knownin itsslnglecrystal form as saLPhire.

Corundum, a-Al203, is the only thermodynamically stable form of aluminum oxide. It is a

common mineral in Igneous add metamorphic rocks; large, clear specimens have been used as

gemstones f♭rmany centuries.

Corundum is one of the most important ceramic raw materials. Up to the 1960s,
metallurgical

alumina used in the Hall-Heroult process contained highamounts of α-Al203. In today's

practice, lower calcinations temperatures.are used to obtain a product which is only partially

transformed to the stable oxide.

Corundum is very hard, its hardness exceeded only by that of diamondand a few synthetic

compounds having the diamond structure･AlphaAl203 Crystallizes in the hexagonal-

rhombohedral system. Its structure was firstinvestlgated by Brags and Brags and by Pualing

and Hendricks. The latticerepresents a hexagonal closest packing of oxygen ions. EachAlion

is octahedrally coordinated by SIX OXygenS. A model of structure is shown in Figure 1
･5.
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Figure 1
･5

Unit cell ofa-aluminum oxide (corundum). Black spheres representaluminum

and gray spheres co汀eSpOnd to oxygen atoms. Reprinted丘･om [AトAbadleb and Grassian

(2003)],Copyright 2003,with permission &om EIsevier

Jl. Silica

Silicon dioxide (SiO2) has a variety ofstructuralfbrms. The building block of silica stmctures

is the silicon-oxygen tetral1edron･ Each silicon atom is surrounded by four oxygen atoms;

each oxygen atom is bonded by two silicons･ This tetrahedralconfiguration is remarkably

stable and forms the elemental unit of structure in all silicates･ In the pure silicas, these

tetrahedral are bonded in a three-dimensional network, which has great chemical and

mechanical durability. When the crystalline silica melts, the three-dimensional network is

retained, sothat the molten silica has a structure close to the crystalline. The result is a low

heat offusion and low-energy differences between different structures, leading to many

structures･ Above about 1350oC silicabegins to vaporize by the reaction to silicon monoxide:

siO2-SiO･ io2
The SiO exists only in the vapor; it forms amixture ofSiO2 and silicon on a solid surface as

shown in Figure I.6.
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Figure 1.6 Unit cell ofSilica. Blue spheres represent silicon atom

and red spheres correspond to oxygen atoms･

C. Alumina-Silica System

The only stable unhydrated compound in thealumina-silica system is mullite (3Al203.2SiO2)

as shown in Figure 1.7. Mullite has beenwidely used in refractory brick and other high-

temperature applications. It is often made by heating natural clays such as kaolinite, which is

a hydrated aluminosilicate:

3Al203.2SiO2.2H20 - 3Al203.2SiO2 + 4SiO2 + 6H20

kaol inite mu I1ite

Asmined, the kaolin includes impurities, especially oxides of alkali and alkaline earths and

ion. Thus mullite made in this way lS impure; because of the excess silica,a glassy silicate

phase usually formsI This glassy phase Bows at temperatures above 1200oC, 1imltlng the

usefulness ofmullite made丘･om the usualraw materials.

Mullite cannot be easily sintered to high density frommixed powders of silica and alumina;

usually highporosityand a glassy silicate phase result A dense, pure mullite can be made by

sol-gel methods, for example, &om mixtures of colloidal, hydratedalumina,and tetraethyl

silicate or aluminu血and silicon alkoxides. This mullite has superior high-temperature

15



properties; it shows much better creep resistancethan polycrystalline alumina at temperatures

丘om 1400 to 1650oC.

Mullite has a complex orthorhombic crystal structure containing Chains ofaluminum ions six-

and fbur- coordinated to oxygen, and tetral1edralof silica. Both silicon and aluminum ions can

move into
normally unoccupied tetradedraisites, which is one reason for the solid-solution

and nonstoichiometric phase boundariesI The unit cell can be represented by the formula

Al(4'2x)Si(2-2x)0(10･吉),in which x is the number of oxygen vacancies per unit cell. Values of x

斤om 0.25 to 0.4give mullite-alumina solid solutions飢)mAl203 tO SiO2 ratios斤om 3:2 to

2: 1･ Mullite is chemically durable in acid metal slags and most gases at hightemperatures as

shown in Figure 1
18･

It has a low thermal expansion coefficient, glVlng lt good themlalshock

resistance. The value of mullite as a quality high-temp?raturematerial appears to have been

underestimated in the past; it has excellent intrinsic
properties,and the above and new

methods of synthesis should make mullite to be one of the most important "advanced" high-

temperature oxides.

?
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Figure 1
･7

Unit cell ofMu11ite･ Blue spheres represent alumina atom, red sphere represent

silicaatom, and black spheres co汀eSpOnd to oxygen atoms.
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Figure 1.8Alumina-silica phase diagrams 【15]

4. Objective of this work

The goalof this thesis is to studies the innuence of the operational conditional conditions

(rotationspeed, milling time, size of ball, and etc) using planetary ball mill on the

introduction ofmicrostructure characteristics and chemicalbonding between intcrface臥Irface

of particles during mechano-chemical treatment on alumina,alumina-silica composite and/or

waste materials.Another goalof this thesis wasalso to establish appropnate conditions for

fabricatlng nOn-firing ceramics by mechanochemically assisted chemicalsolidification.As

part of this study, the chemical bonding between interface surfaces of particles are confirmed

on the mechanochemical1y activated particleswith solidification mechanism by surface

characterization. Accordingly, the determined conditions are used for fabricatlng nOn-rlring

ceramics by mechano-chemicaltreatment. This thesis isexpected to contribute new method to

fabricatlng nOn-Bring ceramics, which a low cost, simple method and reduce sintenng

temperatures to environment-&i endly.
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The thesis is organized as fわllows:

In Chapter 2, Investlgation surface activation of alumina by mechano-chemical treatment and

solidification mechanism･ The goal of the present study to describe the influence of mechano-

chemical treatment on the interfaced surface changes of alumina (corundum) and

solidification mechamim during alkaline activation (chemicalreaction),as well as to visualize

howanunderstanding of mechano-chemical treatment produces the activated powder uslng

planetary ball mill leading to reduce the sinterlng temperature, improved the mechanical

strength of ceramic green body and produce the non-firing ceramics.

In Chapter 3, Preparation alumina-silica composite assisted by mechano-chemical treatment.

In this present study to investigation the effect of composition ratio between alumina-silica by

mechano-chemical treatment wbicb should lead to new applications or ceramics.

In Chapter 4, Fabrication of non-firing ceramics &om paper sludge ash by mechano-chemical

treatment uslng Planetary ball mill. In this study, the effects of the operational conditions in

the MC treatment process such as rotational speed, milling time and size of ball on the

mechanical properties of the solidified body were investlgated to fabricate non-Bring ceramic

products.

In Chapter 5, Fabrication porous ceramics uslng Waste materials by non-firing process･ This

present study is focuslng On the development of pore structure of BPSA by presence of the

tire composite, mecbano-chemical e飴ct and addition or alkaline solution at various reaction

temperatures to fabricate porous ceramics material.

Finally, in Chapter 6, the concluding remarks of the present work were stated and the future

directions orthis research work were recommended.
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II. INVESTIGATION SURFACE ACTIVATION OF ALUMINA BY

MECHANO-CHEMICAL TREATMENT AND SOLIDIFICATION

MECHANISM

2.I Introduction

Recently, Mechano-chemical treatment as a novel method involving the mcchani腿1

activation [1, 2],a process for introduction of additional energy tothe system applies worldwide.

Duringthe treatment, various structural changes of the material are taking place. These structural

changes of the material cause its properties changes (chemical,electrical,thermal, mechanical,

etc)as well as itsreactivityimprovement. The most popular devices, in which mechanoIChemical

processes canbe conducted are vibratory, planetary and attritor ball mills･ They differ in their

capacities, etrlCiencies of milling and additional arrangements such as cooling. In allthese

devices, the ground material is periodically t.hrown into 2:OneS Of ball collisions. Energy transfer

to the powdered particles takes place by shearing and/or impact action of the balls [3,4].

Mahano-chemical treatment by planetary ball mill is now recognized as a powerful tool for the

synthesis of materials, such as amorphousalloys [5],nanocrystalline metalsand alloys [6]and

ceramic materials 【7].This method is Very simpleand economic for the production of powders of

very small size. The use of fine startlng materials and mechano-chemical treatment by efrlCient

activation arethe key steps inthis process. Therefore, this study examined whether mechano-

chemical treatment of startlng materials uslng ball milling activation can reduce the sintenng

temperature of solid state reacted [8].
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Powder production is an important stepinthe synthesis of ceramics for structural as well as

functional materials･Alumina (Aluminum oxide; α-Al203)
has advantages such as its thermal,

chemical, and physical properties when comparedwithseveral ceramic materials. It's awide

variety of application.Alumina ceramics are also well known for their low electricalandthermal

conductivity, refractory bricks, electrical insulating components abrasives andintegrated circuit

(IC)packages 【9】･Thereby lending也emselves to many practical叩plications. B∝ause of也eir

technological importance,their non-firing ceramic processlng by chemical bonding from

mechano-chemical treatment deserves investlgation.

The goal of the present study to describethe influence of mechano-chemical treatment onthe

microstructure and interfaced surface changes of α-alumina, as well as to visualize howan

understanding of the mechano-chemical treatment produc飴the activated powder uslng planetary

ball mill lead to a better understanding of reaction form new bonding during millingand

so lidi丘cation.

2.2 E‡perimental Procedure

2･2･ ) AdivatedpowdeTfrom mechat(o<hehat Lreabwtlt

The experimentalflowchart of non-firing ceramic was presented in Figure 3. 1. The α-

alumina,Al203 0r corundum (Al-160SG4 Showa-denko Co., Japan) of 0.6 pm mean particle

size (D50),Was used as starting material･ Planetary ball mill (pulverisettle5, Fritsch, Germany)

was used for mechano-chemical treatment under air at room temperature･ To investlgate the

effect of milling conditions, controlled milling was performed in sheanng mode, wherethe

powders experience mostly shear forces, and in the higherimpact mode, where signi丘cant impact

forces are produced via ball-ball and ball-mill collisions. The mechano-chemical conditions were
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varied as follow.

2.2.L ) RoLaLb〝 speed

Each milling was carried outwitha 100 g sample in a 500 ml capacity ceramic zirconia potwith

400 g zirconia balls of 10 mm in diameter. The mill was rotated at different periods of rotate

speed interval up to 300 rpm at 60min.

2.2.I.2 MiLLit(g LitrAe

Each milling was carried out witha 100 g sample in a 500 ml capacityceramic zirconia potwith

400 g zirconia balls o'f10 mm in diameter. The mill was rotated at differenttime spoed interval

up to 60 min at 300 rpm.

2.2. ).3 D血mdw ofbqu

Each milling was carried outwitha 100 g sample in a 500 ml capacity ceramic zirconia potwith

400 g 2:irconia balls.The mill was rotated at rotation speed 300 rpm and milling tlme 60 min･ The

diameter of ball was varied &om 1-1 5 mm, respectively.

2.2. ).4 LbLL Lo PmdeT We1'ghL TaJわ

Each milling was carried out sample in a 500 ml capacity ceramic zirconia potwith400 g

zirconia balls. The mill was rotated at rotation speed 300 rpm, milling tlme 60 minand diameter

ofbal1 10 mm. The ball to powder weight ratio was varied from 2:1 to 40:1, resp∝tively.

All milling parameter of mechano-chemical conditions using planetary ball mill were shownin

Table.1.

2.2.2 Cwa〝I虻gTeen body
●

Then, activated alumina powder was mixedwith3 mol dm-3 ofKOH at 2,000 rpm for 5 minwith

an electric mixer. After mlXlng and reacted, the slurry was pour intothe mold at 25oC for 50%

relative humidityuntil itbecomes solid, and demolding. Finally,the specimens were dried in the

steam oven until 3 days to obtain ceramic green body.
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Figure 2. 1 Non-firing ceramicflowchart by mechano-chemical treatment

Table 1 Milling parameters of planetary ball mill

Planetary ban mill Rotation speed Milling tme Diameterofballs
Ball to Powder

weight rado

Totalpowder mass (g) 1(氾

Ball to powder weight ratio 4 :1

Ball material

Vialmaterial

Vial capacity (ml)

Rotation speed (rpm)

Mil血g time (min)

Diamctq of balls (rrm)

Zirconia Zircwia

Zircomia Zircon ia

500 500

100-3(X) 3(X)

10-200

2:l
-40:1

Zirconi a Z血ia

Zircomia Zirconi a

500

300

60

ト15

5(X)

3(X)

60

10
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2.2.3 AwLicaLbn mechq〝L>ChemkaL LreaLmenL wkh LtJWerenLaLumina

The raw material was a-Al203 (AA-04) of 0.5 pm mean pardcle size舟om Sumitomo Chemical

Co., Ltd, and KOH pellets (JIS K 8574).Planetary ball mill冊S uSed for mechano<hemical

treatment of startlng material. The mill was rotated at 300 rpm and different milling tlmeform 0

to 60 min. A鮎r being mixed with-3 mol dm-3 ofKOH (alkalitreatment)at 2,000 rpm for 5 min

with an electric mixer,the slurty was poured to Teflon mold and kept at room temperatureundl

solidification. A丘er demolding,the specimens were dried at 25oC, 50%RH for 3 days inthe

steam oven to
obtain占eramic green body.

23 Results and Discussion

2.3.) EHed o/TOLaLib〝speed

2.3.1.1.XRD Characten'2ation
ofactivatedpwder

One of the phenomena of interaction of X-rayswithcrystalline matter is its diffraction, produced

by the reticular planesthat form the atoms. of the crystal. A crystal diffractsanX-ray b飽m

passingthough_itto produce beams at spocificangles dqpending onthe X-ray wavelength,the

crystal orientationandthe structure of the crystal.

Inthe macroscopic version of X-ray diffraction, a certain wavelengthof radiationwill

constructively interface when partiallyrenected
between surface (i.e.,the atomic planes)that

produce a path difference equal to anintegral number of wavelengths. This condition is described

by the Br喝g law:

2dsine -

nl

Where n is an integer,九is the wavelengthofthe radiation, d is the spacing betwe蝕Su血ces and

0 isthe angle betwecnthe radiation andthe surfaces. This relation demonstratesthat interference

effects are observable only when radiation interacts with physical dimensionsthat are
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approximatelythe same size asthe wavelengthof the radiation. Sincethe distanc窃between

atoms or ions are onthe order of 10-10 m (1Ao),di飴action methods require radiation inthe X-ray

reglOn Ofthe electromagnetic spectrum, or bc&ms of elcctrons or neutrons withsimilar

ⅥⅦveleng也.

So, throughX-ray spectra one can identifyandanalyse any crystalline matter. The degree of

crystallinity or oFderwill conditionate the quality of the obtained result. In order to dothis, a

diffractometer is needed. Basically, an X-ray di飴actometer consists
inanX-ray generator, a

goniometer ans sample holderandanX-ray detector, such as photographic丘1m or a movable

proportional counter. The most usually employed instrum孤t tO generate X-rays are X-ray tubes,

which generate X-rays by bombarding a metal targetwithhighenergy (10-100KeV) electrons

thatknock out core electrons･ Thus,anelectron in
rl Outer Shell fillsthe holeinthe inner shell

and emitsanX-ray photon. Two common targets are Mo and Cu, which have strong Ka X-ray

emissions at 0.71 073and 1.5418 Ao, resp∝tively.

The most interestlng X-ray diffraction techniques for this work arethose related totheanalysis of

polycrystalline materialsand mainly of powders. Inthis casethe powder provides allthe possible

orientations of the small crystals glVlngrise to a large number of diffraction cones, each one

corresponding to a family of planes satisfyingthe
Bragg's law. For large grains,rings are

discontinuousand formed by small pots.Asthe size of the grains diminishes,the spots are closer

and for an optlmum Si2:e a COntinuous rlng lS Obtained, which is transferred into a peak when

workingwithgraphic registers or linesina photographic register.For lower grain sizesthe clarity

of rings is lost agaln andwide peaks or band appear.Whenthe crystal is not randomly but

preferentially orientedtheintensity of the different rings and along each ring is not uniform.
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The determination of the size of the crystals in a powder canbe carried outthanks to

measurementsthat must be made on the profile of the diffractionpeaks. One ofthefunctionsthat

best d銭Cribesthe powder diffraction profiles isthe Voigtfunction. This00nsists in a convolution

product of a Lorentzianand Gaussianfunction. Model size ¢orentzian component)and strain

(Gaussian component) line-broadehing contribudons simultaneously. Separate instrummtal and

specimen contributions tothe diffracted line profile. Instrumental broadening is due to causes as

slitwidths, sample size, penetration inthe sample, imperfect focuslng, etC･

h practice, however, 'if one canneglect the micro-strain effects, whichinaddition sometimes

glVe rise to mistakes andincongrucncies inthe evaluation of graln Si2X!,the above formulation

reduces tothe well-knoⅥm Scherrer formula. Scherrer showedthat the average dimension of the

crystalsthat compose a crystalline powder is relatedwiththe pro丘1e of the peak by means of the

equation :

βcosβ

Where K is a proportionality00nstant approximatelysimilar totheunit, Pthe FWHM ofthepeak

in radians (theoreticallycorrected from the instrumental broadening),Dthe size of crystal inthe

directionperpendicular tothe reflecting planesand九the wavelengthof the X-rays used･ This is

the most usual and simple equationthat allows tothe evaluate grain size.

The raw and activated alumina powders were characterized by X-ray di飴action (m). h order

to determinethe crystal size change of the treated alumina at different rotational speed uslng

planetary ball mill was picked up at regular intervals for X-ray di鮎ctionanalysis in丘gure 2･2

(a)corresponds to 0, 100, 150, 200, 250 and 300 rpm at 60 min, respectively･ The di鮎ction

peaks at different20 correspond to the (0 1 2),(1 0 4),(1 1 0),(1 1 3),(0 2 4),(1 1 6),planes,

respectively･ No changesinⅩRD pattems were observed･ The raw powder presents sharppeaks
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indicatingthe highcrystallinityof the sample. The results after treated by mechanochemically

indicatethattheintensity p飽ks broaden slightlywithincreasing rotational speed up to 300 rpm.

Sincethe mechano-chemical treatment creates defects or leads toamorphisation of crystalline

sizewithplanetary ball mill. However, there is no measurable shiftofthese peaks after 300 rpm

in rotation speedand 60 min in millingtime, even forthe peakswithhigh2e values, when

00mpared tothe peak positions in Xm pattem forthe alumina startlng powder.

The effect of KOH addition on ceramic green body synthesis was invesbgated uslng activated

samples at different mechano-chemical treatment of rotation speed. Figure 2.2(b)shows皿

pattems of solidified alumina at different rotation speed of activated powder. Onlythe p飽ks

associatedwithAl203and KOH were observed inthe pattems of startlng materials. A鮎r

chemical reaction, only typical Potassium alanate.PH4) peaksinrange 2e - 28-32o were

detected,indicatlng thatthe reactionAl203
+ KOH lead to new bonding and new composition as

equation

Al203 + KOH -I KAA. It also canbe deducedthatthe mechanical strengthdepend on total

number of bonding from mechano-chemicaltreatment.
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Figure 2･2 Ⅹ皿pattems of mechano-chemical treated alumina by planetary ball mill at different

rotation speed for 60 min; (a)activated powder, (b)ceramic green body

The Xm measurements of the alumina powders showedthatthe X皿1ines become

substantially broadened upon rotation speed (Fig, 2.2). This broadening canbe ascribed to

crystallite-sizereduction and introduction of lattice strainas shown in next sections. From Figure

2.2, it can be further observedthat mechano-chemical condition (300 rpm and 60
min)

brings

about much broader peaks and it is expected to yield smaller crystallite size and higher lattice

strain. The quantitative comparison of line breadths (FWⅧM) is depicted in Figure 2.3for
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sampleswithdifferent rotation speed of planetary ball mill. It can be observedthatthe mechano-

chemical condition (300 rpm and 60 min) brings aboutthe maximum broadening of reflection

peaks. The broadening for the samples milledwithplanetary ball mill differs primary; the milled

product (300 rpm and 60
min) shows slightlylarger broadeningthanthe raw material. These

indicate the changes in crystallitesi-zeand latticestrain in different milling environments.

㌔ o.3

=

匡..2

20 30 40 50 60 70

20/o

Figure 2･3 The changes ofphysical FWHM for activated alumina in different mechano-chemical

treatment at different rotation speed for 60 min

Upon close examination ofa powder diffraction patternone should notice that as 20 increases the

peaks become broader･ There are a number of reason for this, includingthe focusmg of the X-

rays ontothe sample,theangular aperture of the detector, the nature of the sample itself,and of

course the nonlinear relationship between d-spacmgand 20. The followlng equation is o洗en used

to characterizethis broadening for Cauchy profiles
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FFf7uc -

utane+

V

cosβ

While for Gaussianprofilesthe equation is

FfPTLWG- utan2c+vtane-w

h bothcase u,vand w are constants determined byfittingthewidths of peaks &om a line-widdl

standard･ Oncethe instrumental broadening Bis, Of a difhctometer has been determined one can

extractthe pure sample broadening Bm.ze.s,,m･"from the measured sample broadening Bob. ･
h each

B refers tothefull-width-half-max of the peak, and for the Cauchy profile

Bs.･2e.S,,a.･n- Bobs - B.･d

While for Gaussianprofile

B3･ze.s,,m･n
=

BLs
- B,･2s,

The Scherrer equation

Bs,･2e-
Kl

Lwl COS eB

offers a simple relationship between crystallite sizeand peak broadening. Here 1 isthe

wavelengthofthe X-ray, Bm.leis dlewidth(in radians)of the peak due to size effects, K is a

constant whose value is approximately O･9, and eB is the Bragg angle･ Thi芦equation represents

broadening that is due to the finite size of the crystal where for very small crystalstheintensity of

X-rays at close to, but not exactly,the Bragg condition is not zero･.Andthewinnerwill all be an

individual

Lattice strain is due to imperfectionswithin the crystalline lattice, including vacancies,

dislocations, stacking免ults, and others. The 2 e dependence of lattice strainon peak broadening

lS
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Bs,nip -

q tame

Where J7 is the s廿ain

The pure sample broadening contains bothstrain and size broadening

Bsize.s,,ab,- Bs,.,e+ Bs,,ai"

Bplze.s,,aim
Kl

Lvo] cos eB
+q tame

A丑erward,the crystalline sizeand lattice strain were obtained by fitting tothe Williamson-Hall

equation

Bsize.s,,a,･"COS e
Kl

=丁'qsine

Which is of the form y
- b + mx where q would bethe slope ofa line on a sine-

Bn･ze.s,,qi"COS e Plot･ Oncethe value of q isknownthen B加in and c弧be determined and also

L"I.

The crystalline size of the powder was calculated by peaks of XRD pattemsuslng Williamson-

Hall and Scherrer formula. From Williamson-Hall plot curves it G弧be estimatedthe crystalline

size (interceptat sine -Oo),and
lattice strain (slope).By Figure 2･4 showthe evolution of

crystalline size at different rotation speed･ The crystalline size slightly docrcaseswithrotation

speed, whilethe behavior of lattice strain increases is the opposite･ This sugg岱tS thatthe lattice

and size contributions exist simultaneously ln activated samples. The increase of physical

broadening vs. rotation speed indicatesthat intensive milling extend great defects and

deformations in materials.
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Figure 2.4 X-ray peaks broadening (P)as afunction ofBraggangle (e)forthe milled sampleand

Evolution of crystalline size and lattice strain obtained from Williamson-Hall method at different

rotation speed for 60 min

Also, we have determinedthe crystalline si冴tnSlngthe Scherrer formula. Figure 2.5 show

average crystalline size at different rotation speed obtained by boththe Williamson-Hall and

Scherrer methods
is compared. By average crystalline size were slightlydetFeaSewithmechano-

chemical treatment. The crystalline sizes calculated by Scherrer formula are higher than those

obtained by Williamson-Hall plot. This difference could be due tothe act of peak broadening

associated to lattice stainis not consideredinthe Scherrer model 【15].

Crystallite size
- 0.9L / PcosC

Thewidthβ is usually m飽Sured, in radians, at intensityequal to half the maximum intensity

伊WI別),九isthe wave lengthofthe x-ray radiation and 0 isthe Bragg angle.
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Figure 2･5 Comparison of the evolution of crystalline size betweenthe Scherrerand Williamson-

Hall methods at different rotation speed for 60 min

2.3.1.2 BET and Mean particle size characlen.zation ofactivatedpwder

The physical adsorpt10n Ofgas molecules on solid surfaceand serves asthe basis for an important

analysts teClmique forthe meぉurement onthe speci丘c surface area of a material were explain by

BETtheory. The BET equation gives reasonable valuesinthe range of relative pr6Sure (Pno)

丘om 0.05 to 0.35. They concludethat inthe range ofrelative pressure, monolayer is formed･ The

specific surface area of the powders was measured by nitrogen adsorption at 77 K PET method)･

Before BETanalysisthe powders were heated to 200oC in air for 2 h to removethe moisture

丘omthe particle surface･ On the other hand, the mean particle size of powder aaer mechano-

chemical activated by ball milling was observed by dynamic light scatterlng Particle size analysis

PLS). Dynamic light scattering particle si2:eanalyzers are used to measurethe size of very small
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particles (0.6nm to 6 um)
in solution. This class of particle sizeanalyzer

interprets particles'

sizes丘omthe nuctuations in scattered laser lightcreated by the particles'Brownian motion.

Dynamic light scatterlng analysts is used in medical, biologlCal research and materials science

applications, and is alsoknown as photon correlation spectroscopy or quasi-electron light

scattering. Bythe BET surhce area increases but average particle size (d50)decreases during

mechano-chemical treatment of rotation speed. Higher levels of speci丘c energy lnPut favor the

production of great surface area. The specific surface area slightly
increases up to 1.2 times after

consummg the energy of 0.0045 kJ.g-1 uslngthe planetary ball mill･ The generation rate of

surfacearea at lower level of energy input is larger thanthe higherlevel of energy input. This can

be ascribed to the血ct that the breakage rates. The mean particle size of alumina powder

decreased from 0.619 FDn tO 0.467/㈹, respectively, after 300 rpm and 60 min of treatment

condition.
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Figure 2.6 BET surface area and Mean particle size of alumina treated by planetary ball mill at

different rotation speed for 60 min

2.3. ).3 ICP chwacおn'2ak'on ofactiⅦ[edpwder

Flamesand electrical discharges have beenanimportant part of chemical analysis for a long t皿e.

h these teclmiques,the sample is decomposed by Intense heat into a cloud of hot gas銭

containing丘ee atoms and ions of the e.1ement of interest･ In optical emission spectrome叫(OES)

the sample is
subjected

to temperatures highenough to cause not only dissociation into atoms but

to cause significant amounts of collision excitation (and ionization)of the sample atoms to take

place. Oncethe atoms or ions are intheir excited states,they can decay to lower
statesthrough

thermal or radiative (emission)energy transitions. Thus,the intensityof the hght emitted at

specific wavelengths
is measuredand used to determinethe concentrations of the elements of

interest. One of the most important advantages of OES results from the excitation properties of
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the hightemperature sources used in OES, becausethey can populate a large number of energy

levelsthat c肌emit, andthis resultsintheflexibility to choose丘om several different emission

wavelengths for an elementandinthe ability to measure emission丘om several different

elements concurrently. ICP analysis is one of the most popular elementalanalysis teclmiques,

generally a trace analysis technique which utili2:eSdilute solution of dissolved analys岱aSPlrated

into high- energy plasma to generate measurable emission signals for precision analysis･ Most

samples begin as liquidsthat are nebulized intoanaerosol, a very fine mist of sample droplets,in

order to be introduced into the ICP. The aerosol isthen amied intothe centre of the plasma by an

argon flow. Thefirstfunction of the hightemperature plasma is to removethe solvent &omthe

aerosol, usually leavlngthe sample as microscoplC Salt particles･ The next steps involve

decomposingthe salt particles into a gas ofindiv享dualmol∝ules (vaporization)thatarethen

dissociated into atoms (atomization).Afterwards,the sample is excitedand noised･ The gas

temperature inthe centre of the ICP is about 8000K, so highas to reduce or eliminate many of

the chemicalinterferences foundinflamesandfurnaces. One way to correct matrix interferences

is intemal standardization, 1.e.,the potential for calibrationwithsymthetic standards, which is a

major advantage of ICP-OES, as it avoidsthe need to use chemically analyzed secondary solid

standards. Intemal standardization is commonly usedina genuine effort to improve performance

at high concentration levels. Normally, the intemal standard element is introduced at some stage

of the dissolution procedure.Althoughno universal choice of intemal
standard can be made,an

internal standard must satisfythe
following conditions: (i)The internal standard element should

not be present in the samples; (ii)Chemical compatibilitywi'th the sample must be maintained;

(iii)Spectral interferences should not be significant onthe intemal standard line, asthe intemal

standard concentration is usually qulte low.
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ICP analysts revealed several interestlng trendsinthe chemical composidon of material. Results

in figure 3.7 showlng quantitative evolution ofaluminum ion due to mechano-chemical treahent

were carried out at different rotation speed which con丘ms leaching of concentration of

aluminium ion increases slgni丘cantlywithmechano-chemical activation･ For All+ in the sample

with rawand MC-tr飽ted (300rpm land 60 min) of milling, whose cono飢tration was 2.3and 67

ppm, respectively. The low cono飢trations of solutions were measuredwithgood reproducibility･
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Figure 2.7 Elution behavior of the alumina by planetary ball mill

at different rotation speed for 60 min
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2.3. ).4 TG-DTA analysis

TαDTA 8120, Rigaku Thermo Plus, Japanwas used exclusively inthe present research. The

analyses could be carried out in oxygen atmosphere･ Ramp rateSand gas mixtures were varied

depending uponthe experiment being performed･ Exothermic and endothermic curves from DTA

measurements dcmonstratedthe heat expelled bythe sample or h也t lost from surroundings,

respectively, which provided information for temperatures of crystallizationand/or temperatures

at which structural transitions may be occumng. This information could be compared to known

thermal property data to assistwiththe characteri2:ation of samples, as well as to determine a

process of heat treatments forthe bulk sample. TG measurements providedinformation on mass

loss due to water content in certainhydrated samples produced inthis r岱earCh. The heatlng rate

was at 20oC/min until 1000oC with flow of oxygen.

Thethermogravimetric (TG)and differentialthermalanalysis (DTA) curves for milledalumina

powder beforeand after solidified of mechano-chemical treatment at different rotation speed for

60 min are showninfigure 2.8andfigure 2.9, respectively. Tt canbe observedthat DTA peaks of

the startlng A1203 are related tothe loss
weightandare

due tothethermal decomposition. The

abs飢Ce Of a dehydration effect has about lOOoC in green00ーamic body･ Atthis temperaturethe

dehydration of alumina takes pla舵. Probably,the water content in alumina system is completely

taken. According to the TG analysisthe total loss of weight for mechanochemically activated

alumina before solidified raw, 100-60, 150-60, 200160, 250JO and 300-60 respectively, are 0.30,

0.21, 0.45, 0.34, 0.20and 0.35%.And alumina after solidified raw, 100-60, 150-60, 200-60, 250-

60and 300-60 respectively, are 3.63, 4.23, 3.98, 3.68, 4.06 and 4.01%. Weight loss of solidiGed

alumina has greaterthanactivated alumina due to relationship of water contentinAl203-KOH

system. This weight loss reglOn is mainly attributed tothe oxidation of alumina su血cewith

content decreaslng Withmechano-chemical treatment. Their corresponding oxidation reactions
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are exothermic. Apparently, mechano-chemical dehydration occurs predominantly with

increaslng Of rotation speed.
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2.3.1.5 MicnstnLCture
OfactivaおdLX)Wder

Principle of operation, a field-emission cathode inthe electron gun of a scannlng electron

microscope provides nauower probing beams at low as well as highelcctronenergy, resultingin

bothimproved spatial resolutionand minimized sample charglngand damage. For applications

which demandthe highest magni丘cation possible, Secondary Electronlmaging showsthe

topography of surhcefeatures- afew nm across. Films and stains asthin as 20 nm produce

adequate-contrast images. Materials are viewed at useful magniflCations up to 100,000xwithout

the need for extensi寸e sample prq)aration andwithout damagingthe sample. Even higher

magnificationsand resolution are routinely obtained by our Field Emission SEM.

In order to studythe microstrucbral and morphological changes of all activated particles by

planetary ball mill, the small amount of activated powder was taken and investigated by SEM

micrographs. Figure 3.10 shows SEM images of the activated powders for different rotation

speed. Sincethe m飽n Particle si2:eOf activated particles slightlyd∝reasqswithrotation speed, it

was somehow different to verifythechange o.fsu血ce area, morphologyand powder particle size

distribution throughplanetaryball mill丘omth窃e SEM images.
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Figure 2. 10 Microstructural evolution of activated alumina at different mechano-chemical

treatment; (a)raw, O))100-60, (c)150160, (d)200-60, (e)250-60, (i)300-60
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The microstructural and morphologlCalchanges of samples during solidi五cation at different

rotation speed are shown in figure 2.1 1. The agglomeration of particles formed a允er alkaline

reaction. This is be組uSe Of new bonding were formed during solidi丘cation.SEM images did not

show any notic飽bleincrease丘omthe value ofsolidi丘ed body measur由丘om SEM images･
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Figure 2.1 1 Microstruch)zal evolution ofsolidiRed body at different mechano-chemical

b'eatment; (a)raw, (b)100-60, (c)150-60, (d)200･60, (e)250160, (i)300JO

2･3･ 1･6且)Jidlja7Lionh'me andBendirlg StnngLh

The TeAon moldwithten rectangular cavities, havingal1 surhces coatedwithreleasJng agent

Ⅳaseline white, Yonehama Chemical Company, Japan) as shown in Figure 2.12, to form

mechanicaltesting baJS･ The green ceramics body of mechanochemicallyえctivated alumina was

shown in Figure 2.13.
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Figure 2, 12 Tenon moldwithten rectangular cavides

Figure 2. I3 Mechanical testing bar

55



A production of good qualitynon-血ing ceramicwithhigher mechanical strengthand

solidi五cation time depends on severalparameters like kindand concentration ofKOH, mechano-

chemical condition, cunng tlme and cunng temperature, etc. Fig. 2. 14 repr塔CntS, Which
illustrate

the relationship between solidification timeand bending strcngthof products by mechano-

chemical treatment at different rotation speed. The solidiGcation time of MC-treated was clearly

prolongedthannon-MC-treatedand bending strengthof MC-treated was clearly stronger non-

MC-treated and bothsigni丘cantly increasewithincreaslng Of rotation speedand milling time･

This is due tothe MC treatment enhances surface activationand chemical reaction between

inteJfaced surfaces of products layer bonding between adjoiningparticles.
It払n be confirm this

reason by ICPanalysis as the previous mcntionedthatAl3+ elute can form to new bonding and

strong bonding depending on mechano-chemical treatment. Onthe other hand, mechano-

chemical treatment also effectively retardthe solidificationtime. It can be dcscribethe specific

surface area of particle increasewithmechano-chemical treatm飢t, SO it takes time to

solidification. Due to BET surface areaincr鞄Se, bindering betwem alkaline solutionand small

particles also increase.

From this result, one cananalyzedthatthe mechano-chemical treatment could be powerful

technique for activated particles lead to producingthe non-firing ceramics in near future.
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Figure 2. 14 Relationship between solidificationtime and Bending strength

by planetary ball mill at different rotation speed for 60 min

2.3. 2 EnecL ofmiLh'ng
Li'me

2.3.2.1ズRD Characten'2ation
ofactivatedpwder

h order to determinethe crystal size change of the treated alumina at different milling tlme uSlng

planetary ball mill was picked up at regular intervals for X-ray diffraction analysis in figure 2.1 5

(a)corresponds to 0, 10, 20, 40and 60 min at 300 rpm, respectively. The di缶actionpeaks at

different20 correspondtothe (0 1 2),(1 04), (1 1 0),(1 1 3),(02 4),(1 1 6),planes, respectively.

No changes in Xm pattems were observed. The raw powder presents sharp peaks indicatlngthe

highcrystallinityofthesample. Onthe other hand, the effect of KOH addition on green body

synthesis wasinvestlgated uslng activated samples at different mechano-chemical treatment of

milling time are shown in Figure 2.15(b).The trend of graphs, m pattems, FWHM, crystal
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sizeand lattice strain have simi1aritywith according to rotation speed conditions as previous

mentioned.
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Figure 2. I5 Ⅹm pattems of mechano-chemical treated alumina by planetary ball mill at

different milling tlme at 300 rpm; (a)activated powder, (b) ceramic green body
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2.3.2.2 BET and Mean particle size characおn'zation ofactiwおdpwder

This丘gure show relationship BETand me弧Particle size at different mechano-chemical

treatment of milling time. Bythe BET surface area increases but average particle size (d50)

decreases during mechano-chemical treatment. The trend of graph has similaritywith according

to rotation speed conditions as previous mentioned.
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Figure 2. 19 BET surface areaand Meanparticle size ofmechano-chemical treated alumina

by planetary ball mill at different milling tlme at 300 rpm

2.3.2.3 ICP cha和Cten'2ation ofactiva[edpowder

Figure 2･20 showlng quantitative evolution of aluminum ion at different milling time which

confirms leaching of concentration of aluminiumion incr飽SCS Slgnificantlywithmechano-

chemical treatment. The trend of graph. has similaritywith according to rotation speed conditions

as previous mentioned.
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Figure 2.20 Elution behavior of the alumina by planetary ball mill

at different milling tlme at 300 rpm

2.3.2.4 TG-DT:A analysis

Thethermogravimetric (TG)and differentialthermal analysis (DTA) curves for milled alumina

powder before and a氏er solidified of mechano-chemical treatment at different milling time for

300 rpm are shown in figure 2.21 and figure 2.22, respectively. According to the TGanalysisthe

total loss of weight for mechanochemically activated alumina before solidified raw, 300-1 0, 300-

20, 300140 and 300-60 respectively, are 0.30, 0.14, 0.29, 0.17 and 0.35%.And alumina after

solidified raw, 300-10, 300-20, 300-40 and 300-60 respectively are 3.63, 3.72, 2.78, 3.92 and

4.01%. The trend of graph has similaritywith according to rotation speed conditions as previous

mentioned.
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Figure 2.22 TG-DTA of solidified body at different mechano-chemicaltreatment;

(a)raw, (g)300-10, (h)300-20, (i)300-40, (り300160

2.3.2.5 MicrlOStmChLre OfactivatedLDWder

Figure 3.23 shows SEM images of the activated powders at different milling time. Since the

meanparticle size of activated particles slighdy decreases withmilling time, it was somehow

different to
verifythechange of surface area, morphology and powder particle size distribution

throughplanetary ball mill &om these SEM images. The trend of graph has similaritywith

ac00rding to rotation speed00nditions as previous mentioned.
I
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Figure 2.23 MicrostructLlralevolution ofacdvatedalumina at different mcchano-chemical

treatment; (a)raw,也)
300-10, (h)300･20, (i)300-40, (i)300-60

Themicrostructural and morphologlCal changes of samples during solidi点cation at different

milling time are shownin点gure 2.24. The agglomeration of particles formed aReralkaline

reaction. This is b∝ause of new bonding were formed during solidi丘cation.SEM images did not

show any noticeableincrease丘omthe value of solidified body mcasured丘om SEM images･ The

trend of graph has simi1aritywithaccording to rotadon speed condidons as previous mentioned･
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Figure 2.24 Microstrucbzal evoludon ofsolidi丘ed body at different mechano-chemical

treatment; (a)raw, (g)300･1 0, (h)300-20, (i)30040, (i)3(氾-60

2.3.2.6 SolidljationL7'me and Bending s加nglh

Fig, 2.25 represents, which illustratethe rehdonship betw朗n SOlidification time and bending

strengthof products by mechano-chemical treatment at different mining time, The trend of graph

has similaritywithaccording to rotation speed conditions as previous menti6ned･
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Figure 2.25 Relationship between solidificationtimeand Bending strengthby planetary ball mill

at different milling tlme for 300 rpm

2.3.3 EnecL ofdih〝Idel'Ofbau

2.3.3.1腰β Characおn'2ation
ofactivatedpowder

h order to determinethe crystal size change of the treated alumina at different diameter of ball

usmg planetary ball mill was picked up. at regular intervals for X-ray diffraction analysts in figure

2.26 (a)corresponds to 0, 1, 3, 5, 10and 15 mm at 300 rpm and 60 min, respectively. The

diffraction peaks atdifferent20 correspond tothe(0 1 2),(1 04), (1 1 0),(1 I 3),(02 4),(1 1 6),

planes, respectively. No changes in XRD pattems were observed. The raw powder presents sharp

peaks indicating the highcrystallinityofthe sample. On the other hand, the effect of KOH

addition on green body synthesis was investlgated
uslng activated samples at different mechano-

chemical treatment of diameter of ball is shownin Figure 2.26 (b).The trend of graphs, Ⅹm
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patterns, FWHM, crystal size and latticestrain have similaritywithaccording to rotation speed

andmilling time conditions as previous mcndoned.
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Figure 2.26 Ⅹm pattems ofmechano-chemicaltreated alumina by planetary ball mill

at different diameter of ball; (a)activated powder, (b)ceramic green body
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Figure 2･29 Comparison of the evolution ofcrystalline size betwcenthe Scherrerand

Williamson-Hall methods at different diameter of ball

2.3.3.2 BET andMean prticle size characten'zation ofactivatedpwder

This figure show relationship BETand m飽n particle size at different mechano-chemical

treatment of diameter of ball. By the BET surface area increases but average particle size (d50)

decreaseswithdiameter of ball. Onthe other hand, BET sur血ce area decrease but average

particle size (d50) increases as diameter goes up (15mm)･ The results give evidence to

agglomeration of particles in intensive milling conditions, indicatlng that the agglomerates pores

remain accessible forthe nitrogen gasand probably mechano-chemical process prevails tothe

aggregation of particle･ The effect of media surface appears to be more negativethanrotation

speed and milling tlme Variables.
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Figure 2.30 BET surface areaand Meanparticle size ofmechano-chemical treated alumina

by planetary ball mill at different diameter of ball

2.3.3.3 ICP chamcten'2ah'on ofach'valedpwdeT'

Figure 2.3 1 showlng quantitative evolution of aluminum ion at different diameter of ball which

confirms leaching of concentration of aluminium ion increases slgnifi租ntlywithmcchano-

chemical treatment but decrease as diameter goes up (15mm). The results give evidence to

agglomeration of particles in intensive milling conditions as mentioned in BETand mean particle

size result that elution of aluminum ion depend on BET surface area inthe same direction.
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Figure 2.3 1 Elution behavior of the alumina by planetary ball mill

at different diameter of ball

2.3.3.4 Solidljmtiontime and Bending stllength

Fig. 2.32 represents, which illustratethe relationship between solidi丘cation time and bending

strengthof products by mechano-chemical treatment at different diameter of ball. By the

solidification time and bending lnCreaSedwithdiameter of ball but decrease as diameter from 5

mm goes up to 15 mm. It canbe d岱Cribe in termof the specific surface area of particle as

mentionedinrotation speed variable.
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Figure 2･32 Relationship between solidification timeand Bending strengthby planetary ball mill

at different diameter of ball

2.3.4 EHed of baLL b LmLkr wel'ghL TaLわ

The Xm results of the milling conditions as, rotation speed, milling tlmeand diameter of ball,

described in previous sections, indicated that no changes in XRD pattems were observed･ The

raw powder presents sharp peaksindic?tingthe highcrystallinityofthesample･ The results after

treated by mechanochemically indicatethattheintensitypeaks broaden slightlywithincreasing

rotation speed, milling tlmeand diameter of ball. The Xm results suggestthat milling durations

are required to activate particle or complete reaction in shearlng mOde･ If this process were to be

used for commercial production, such extended milling durations or increase rotation speeds

would not be a commercially viable proposition. Therefore it is necessary to examine ways in

which the milling parameters can altered to allow activate surhce of powder withshorter milling

85



durationsor decreasing rotation speed.When increasingthe ball to powder weight ratio (BPR)

lead to a decrease inthe milling time required forthe formation of alloying [17]･The starting

powder mass wastherefore reduced丘om 200 g to 10 g, so as to investlgate血ether increaslng

the BPR had a similar effect of rotation speed, milling time and diameter of ball･ Figure 2･33

show results aRer treated by ball milling indicate thatthe intensitypeaks broaden slightlywith

incr飽Slng BPR･ However, when milling ln Shearlng mOdewitha BPR of approximately 20:1,

small peaks were detected after milling
for 300 rpm and 60 min･ These results suggestthat, when

milling ln Shearlng mode, increaslngthe BPR signi丘cantly reduces the milling duration and

rotation speed requiredforthe formation of new material･ Increaslngthe BPR has beenwidely

reported to reducethe milling duration required to achieve a number of different milling results

【18]･lftheincrease in BPR is achieved by increa苧ingthenumber of balls, whist keepingthe

powder mass constant,thenthe number ofball collisions perunit time isincreased and so milling

process takes place鮎ter･ If as inthe case of this study, the increase in BPR is achieved by

reducingthe powder mass, whist keeplngthe number of balls constantthenthe same total

amount of milling energy lS now applied to a smaller amount of powder, which resultsinthe

changes occurrlng inthe powder as a result of the milling process take place more rapidly･ This

can also be explained by assumlngthatthe amount of powder involved in each ball collision

remains constant asthe BPR is varied. Of course, this assumption would not hold for very low

BPR. Now, glVen the assumptlOnthatthe amount of powder involved in each ball collision

remains constant, whenthe total powder mass is reduced (and hencethe BPR is increased),the

amount of powder involved in each collision as afraction of the total powder mass is increased･

This would result in a shorter milling duration being required for the entire powder mass to have

been involved in a ball collision, and so血e milling process would take place more quickly as a

result of an increase inthe BPR. The XRD result isthe preliminary characterization. Further

86



characterization should more investlgation.
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Figure 2･33 Ⅹm pattems ofmechano-chemical treated alumina by planetary ball mill

at different ball to powder weight ratio

2.3. 5
J句甲LicaLion

mechDhO-Chentical Lreq加脚I 7hh dWeTenl atMit(a

hthis part, we investigatedthe surface activation of alumina (AA-04) on mechanochemicauy

assisted chemical solidi五cation to providing ceramic green body (non-firingceramic)砧th

improved mechanical strengthL The physicaland chemical properties are determinedwith X皿･

FTIR, Raman, ICP, TEM and mechanical strength.
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2.3. 5.) Atw(vLkaL le(血〟i4〟es

X-ray diffraction (Model RINT 1000, Rigaku, Cu Kα, 40kV) was usedforthe qualitative

determination of the composition and crystalline phases present in samples overthe scan range

20-70o forwide angle Xm. Fourier TransformIn血red Spectroscopy (FT-A) was recordedin

the 4000-400 cm'1 region using a (Jasco,FTIR-6200). Raman spectra were collected inthe 750

cm･1 range uslng a Spectra Physics argon ion laser operatlng at 532 nm of power･ hducdvely

coupled plasma (ICP) isananalytical technique used for the detection of trace metals using

Plasma Spectrometer (SPS17800). Surface activation of alumina were observed inthe

micrographs obtained using TEM (JEOL-21 OOF) operating at 299kV, a洗er depositingthe powder

dispersed on carbon00ated grids. The mechanical propeny was evaluated bythree points testing

(Compression strength)using universal testing m?chine (Shimadzu AGS-G)･All tests were

performed at room temperature. The test results were recorded uslng an average Value ofthrce

m easurements.

2.3. 5.2 Res〟Lb a〝d Disc〟ssわt(

Figure 2.34 showsthe X-ray diffraction pattems of the activated alumina, Fig 2.34(a)and

ceramic green body, Fig 2.34(b).It can be seenthat no significant changeinthe Xm pattems

andthe intensity peaks slightlydecreasedand broadenedwithmilling time. This can beindicate

thatthe formation of amorphous phasewithsheanng force during mechano-chemical treatment.

Onthe other hand, as a result of alkaline activation we have confirmedthat new bonding,

PotassiumAlanate (KAlH4) in range 20 - 28-32o can be obtained &om A1203 and KOH via alkali

treatment.
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Figure 2.34 X-ray diqraction pattems of powder at different conditions;

(a) actlVated powder, (b)ceramic green body

Figure 235 shows the FTIR spectra &om 4000-1000 cm-1 of the actNated alumina, Fig 235(a)

and ceramic green body, Fig 2.35(b). The adsorption bands were sharp and shi氏with prolong

milling tlme･ The adsorpbon bands丘om 3600-3200 cm･1 correspond to OHfrom water･Asfigure

2.35(b)severalinfrared active Al-H vibrations between 2000-loo° cm~1 [19]･The 1700-1450 cm~

1
were combination bands of

Al-H and also sharp in ceramic green body･ It possible formation of
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hydrogen bonds betweenAlHx
I

and K'could be assigned tothe formation of KAl払or an

intermediate compound.
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Figure 2.35 FTR spectra of powder at different conditions;

(a) activated powder, (b)ceramic green body

Figure 2.36 show Raman spectra of powder at activated alumina, Fig 2.36(a) and ceramic green

body, Fig 2.36(b). By figure 2.36(a) show all bands of corundum compound in

mehanochemically activated powder [20]. Onthe other hand, Raman spectra in ceramic green

body in figure 2.36(b) show
broad band because effect ofOIi from H20 【21】.The new band at

1080 cm-I related toaluminate band [21122].
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Figure 2.36 Raman spectra Ofpowder at different conditions;

(a) actlVated powder, (b) ceramic green body

Figure 2.37 showsthe elution behavior of activated and unactivated alumina powders at different

mechano-chemicaltreatment･ TheAl3+ increasedwith increaslng milling tlme･ Such phenomenon

is due to non-stable on surface of aluminawithshearing force during mechano-chemical

treatment. The dissolving alumina surhcewithmechano-chemical treatmentwilltherefore be

enhanced in enriched inAl, which is consistentwith a surface reaction-controlled mechanism

【20】.
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Figure 2.37 Elution behavior of mechanochemically activated alumina

でEM masurements canbe applied for estimatlngthe composition and microstructure of samples.

A high resolution obtained in thistype of microscopy allows single grains of the samples to be

observed. The particle morphology of the raw, activated and ceramic green body samples were

shown by TEM images in Fig 2.38(a),(b) and (c)respectively. As shown in f-ig 2.38 (a)the

alumina powder consists of regularly shaped plate-like particles. The presence of amorphous

layer in the activated powder surface was confirmed in Fig 2.38 (b).The duration of milling

would
have determinedthe extent to which amorphization and temperature rise had been

interaction between ball and powder. Onthe other hand, it can be seeninFig 2.38 (c)that certain
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lattice planes are continuous acrossthe particle boundaries, which indicatesthe presen.ce of

bonding or solid bridge. The slngle oxide powder ofAl203 COnSists of solid bridge or bonding

with a reasonably narrow size distribution.
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(c)

0.2l上d)

Figure 6 Transmission electronmicrognphs of powder at different00ndi七ons;

(a)raw, O))300･60, (c)ceramic green body

Results of compression strengthof ceJamic green body were shown illFig 2.39. The strength

increasedwithmilling time. Maximal strengthwas reached, when activated for 30min. Then,

this strengthdecreased slightly
in prolongedmilling time. These early highstrengthcharacters

are noteworthy in view ofpracti血1 apphcations.
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Figure 2.39 Compression strengthofceramic green body
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2.4 Conclus ion

The results presented inthisthesis showthatthe techniques developedand used inthis study are

well suited forthe invcstlgation of the in瓜uence of mechano-chemical parameters onthe interihce

surface of particlesand properties of activated powder as well as onthe milling energy values･

Further detailed conclusions fromthe investlgatlOn Ofthe influence of mechano-chemical

variabl飴Onthe activation ofalumina are:

･Asthe rotation speed, milling timeand diameter of ball increase,the line broadening

increascs and integral intensity decreases. The lattice and unit cell volume of alumina

expanded during mechano IChemical activation.

･ Fromthe Williamson-Hall plots, itwas understood'that strainand size contributions exist

simultaneously inthe activated powders.

･ The use of higher speed, prolonged millingand larger diameter of ball lead to higher

specific surfacearea, X-rayamorphous material, physical broadening microstraln, Smaller

crystallitessize and mean particle size distribution.

･ Agglomerates during mechano-chemical treatment are formed rapidly in planetary ball

mill for highermedia surface (diameterof ball).

･ hcreaslngthe BPR also reducesthe milling duration or rotation speed required forthe

activate sur鮎e of powder orthe formation of new material.
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