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IN TR O D U C TIO N
Chapter

1.1. M A T E R IA L S  S C IE N C E

T he past three decades have witnessed a phenomenal development in the global scenario of 
materials research. It was the rapid and revolutionary development that the concept of 
semiconductors in the electronics industry, beginning in the eady 1960s, which gave materials 

science its first major impetus. Having discovered that non-metallic materials such as silicon could be made to 
conduct electricity in ways that metals could not, scientists and engineers devised ways of fashioning thousands 
of tiny integrated circuits on a small chip of silicon. This then made it possible to miniaturize the components of 
electronic devices such as computers. Figure 1,1, shows a the relative dimension of a F-100 processor chip. 
Multidimensional directions opened up new avenues in the area of new materials to achieve this.

In the late 1980s, materials science research was given renewed 
emphasis with the discovery of ceramics that display superconductivity at 
higher temperatures than metals. If the temperature at which these new 
materials become superconductive can be raised sufficiently, new 
applications, including magnetic levitation trains and superfast computers 
may be possible. Although the latest developments in materials science 
have tended to focus on electrical properties, mechanical properties are 
also of major and enduring importance. Materials are anything from which 
products can be made. Materials science is the study of the properties,

--------------------------------------- structure and processing of materials. Properties of materials are the
/. /. inicgta/ed characteristics of materials that determine their suitability for specificF-100 microprocessor, only 0.6 cm ’ ^ropr

scfuare and small enough to pass 
through the eve of a needle (from 
ref 2)

applications.

Starting from clay, metals, alloys, ceramics, polymers, to composite materials and glasses, there are varieties of 
materials of interest in the modern materials research. However, the present work is going to deal only about 

the ceramic materials that are prepared using an unconventional route for im proved applications. This 
chapter would discuss about the ceramics science and its evolution to a versatile field of importance on today's 
R&D. Also, it will recapitulate various processes involved in ceramics processing. It is more meaningful to 
understand the distinction of the special route, which was followed in this work. As this is an applied materials
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work, it is needed to know the major applications of these advanced ceramics, especially the microelectronic 
packaging substrate application, as the materials of our interest are very useful in these areas. It is very 
interesting to view the conventional materials and the speciality of alternative materials. A preliminary idea about 
the ceramic science and its evolution will help to understand the issue better.

1.1.2. CERAMIC SCIENCE AND ITS EVOLUTION

Wood and stone are few of the very early materials human could make use of, for diversified purpose from simple 
tools and weapons to buildings and sculptures. Among the earliest materials to be put to use by human beings 
were ceramics, in the form of the clays used in pottery. Archaeologists date early civilizations by the pottery 
associated with them. Ceramics is one of the oldest technologies, with a history of about 10,000 years behind it. 
In fact, it is from the pottery that he left behind him that we learnt much of what we know of prehistoric man, The 
survival of pottery over many years illustrates one of the greatest advantages that they have, the better durability 
over other materials. Nevertheless, those survived are mostly not the whole pieces but only fragments. This 
illustrates the brittleness of the material. Though these twin characters are still there today and expected to be in 
future too, there are studies as on today for making these materials ductile'. Ceramics (Greek keramos, “potter’s 
clay”), originally the art of making pottery, now a general tenn for the science of manufacturing articles prepared 
from pliable, earthy materials that are made rigid by high-temperature treatment. Ceramic materials are non- 
metallic, inorganic compounds, primarily oxides, but also carbides, nitrides, borides, and silicides. Ceramics 
includes the manufacture of earthenware, porcelain, bricks, and some kinds of tile and stoneware. Ceramic 
products are used not only for artistic objects and tableware, but also for such utilitarian items as sewer pipe and 
building wallŝ .

The engineering properties of a polycrystalline ceramic are controlled by the microsfructure, which in turn 
depends on the processing method used to fabricate the body. It is often stated that material science is a field at 
the interface of the physical sciences (physics, chemistry and mathematics) and the engineering (such as 
electrical, mechanical and civil). In this point of view the understanding of the fundamental issues about the 
production of such microstructure with desired properties is a must. The approach of this research work 
presented in this thesis has been based on this intention. Because, the process needs more understanding, when 
the fabrication methods involve new modification.

1.1.3. CONTEMPORARY CERAMIC SCIENCE

Along with the ceramic materials, polymers and their composites are having a great deal of interest as well as 
applications. In the materials point of view, the whole of modern infonnation and communication technology 
depends on semiconductors. These may be elements, such as silicon, or compounds, such as gallium arsenide, 
that have just enough electrical conductivity to make them useful for controlling and amplifying electrical signals. 
Silicon is universally used for digital switching devices such as those that are used in computers. For more 
difficult jobs, such as converting electrical signals to light or vice versa, semiconductoring compounds are used, 
and it is possible to tailor the properties of components by growing alternating layers of different materials.
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Desirable properties of more than one material can be combined in composites. Giass-fibre-reinforced 
composites (fibreglass) are widely used to give high strength and stiffness without the fragility usually associated 
with glass. Many composites use carbon or polymer fibres in an epoxy matrix (the matrix is the material in which 
fibres or particles are embedded). Advanced composites are being developed that consist of ceramic fibres and 
different ceramic or metal matrix materials.

Wide ranges of properties of different materials that are challenging today’s ceramic science are being studied 
for a spectrum of applications. Density, stiffness, strength, ductility, toughness and creep-resistance are some of 
the very vital mechanical properties that are studied on ceramic materials. Electrical conductivity, semiconducting 
properties, dielectric properties, piezoelectric properties, electro-optic properties, magnetic properties are the 
other electronic related properties. Corrosion resistance, colour and biocompatibility are some of the chemical 
properties that make the ceramics to be eligible to be used in the respective applications. Atoms and molecules 
arrange together in every material to give raise to the microstructural properties. The crystal structure plays a key 
role in giving a material its mechanical, electrical, and, to some extent, chemical properties. But here, in this 
thesis, we deal only with those properties that are required for electronic and structural applications within the 
limit of availability of the facilities.

Iron oxide particles are the active component in a variety of magnetic recording media, such as recording tape 
and the computer diskette. Ceramic insulators with a wide range of electrical properties have increasingly 
replaced conventional manufacturing materials. The electrical properties of a recently discovered family of 
copper-oxide-based ceramics allow them to become superconductive at temperatures much higher than those at 
which metals display this phenomenon, in space technology, ceramic materials and cermets (strong, highly heat- 
resistant alloys, typically made by mixing, pressing, and then baking an oxide or carbide with a powdered metal) 
are used to make aircraft and rocket nose cones and the heat-shield tiles on the space shuttle.

1. 2. CLASSIFICATION OF CERAMICS 

1. 2. 1. CLASSIFICATION

For a long time, ceramics were mainly used for plumbing or for cooking or eating utensils, but relatively strong 
engineering ceramics have now been developed with good mechanical properties, and others, called 
electroceramics, are essential for a wide range of electrical and electronic devices. These recent ceramics are 
generally called as advanced ceramics. Advanced Ceramics mark that they are relatively highly pure with more or 
less carefully controlled composition and are more readily understood than the traditional ceramics. The latter are 
made from naturally occurring, and therefore impure and inconsistent raw materials. Even so, the special 
ceramics pose many problems understanding of which might give much more complex and advantageous 
materials.

On the basis of their chemistry they can be divided into many groups. Familiar silicates like kaolinite (AbSijOs 
(0H)4) and mullite (Al6Si20i3), simple oxides like alumina (AbOj) and zirconia (ZrOj), complex oxides other than 
silicates like barium titanate (BaTiOs), and the superconducting material YBa2Cu306*5 (0 < 5 < 1) are a few of
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them. In addition, there are non-oxides such as silicon carbide (SiC) and twron carbide (B4C), nitrides such as 
silicon nitride (Si3N4) and boron nitride (BN) borides such as titanium diboride (1102), silicides such as 
molybdenum disilicide (MoSij) and halides like lithium flouride (LiF). There are compounds based on nitride-oxide 
or oxynitride systems (e.g., P’-sialons). On the basis of their applications they again fall into various 
classifications. Adiabatic engine components, heat exchangers and cutting tools are few of the applications and 
come under the classification called structural ceramics.

Electroceramics are those used as insulators, substrates, capacitors, semiconductors, magnetic ferrites, 
piezoelectric materials and superconductors. A new field opened up exclusively on electronic industry with 
materials called as electronic ceramics that are used in integrated packaging. This thesis describes the 
preparation of one such material and its characterisation for electronic application in microelectronic packaging. 
Structurally, all materials are either crystalline or amorphous (also referred to as glassy). Actually crystalline 
ceramics are polycrystalline -  they are made up of large number of small crystals, or grains separated by grain 
boundaries. The very first property, which affects the property of a ceramic, is at atomic scale i.e., the nature of 
bonding and the crystal structure. The second is at microstructure level i.e., the nature, quantity of the structural 
elements or the phases. Depending on this, ceramics may be dense, glassy or porous. Recently, the combination 
of crystalline as well as amorphous phases within a material called as solid solution is of growing interest.

1.2.2. ADVANCED CERAMICS

The intrinsic properties of a ceramic are dependent on the structure at atomic level, which are not susceptible to 
significant change by modification of the microstructure and properties like melting point, thermal expansion 
coefficient and elastic modulus. But in contrast many of the critical properties to the engineering applications are 
strongly dependent on the microstructure. Intrinsically, ceramics usually have high melting points and are 
therefore generally described as highly refractory. They are also usually hard and brittle.

I. 3. PROCESS INVOLVED IN ADVANCED CERAM IC PROCESSING

1.3.1. INTRODUCTION

In traditional ceramic processing, the raw material was mostly a plastic mixture of natural clay with water, which 
on thermal treatment agglomerates into a cohesive, useful product. There are two main processes involved in this 
procedure. One is to find or prepare the fine particles, shape them, and then stick them back together by heating. 
The second is to melt the material to form a liquid and then shape it during cooling and solidification; this is most 
widely practiced in fonning glasses. This section will review various methods, which are reported in the literature.

1. 3. 2. CERAMIC FABRICATION PROCESSES

The basic ceramics fabrication process involves selection of suitable starting material, making it into a desired 
solid shape and then heating at high temperature to get a condensed ceramic solid. The types of raw materials
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found in nature are controlled mainly by the abundance of ffie elements and their geochemical characteristics. 
Since oxygen, aluminium and silicon together account for 90% of the elements in the earth crust, mostly silicates 
and aluminosilicates are the basic raw materials in traditional ceramic manufacturing. Although most traditional 
ceramics formulations are based on the use of natural mineral materials which are inexpensive and readily 
available, an increasing fraction of specialised ceramic ware depends on the availability of chemically processed 
materials. This may or may not directly start from mined products in which the particle size characteristics and 
chemical purity are closely controlled. The chemically processed materials give raise to new compositions that in 
turn convert to new phases after heating, with exciting new properties. The hunt for the new processed materials 
opened up new research in various natural and synthetic raw materials. The new methods can be basically 
divided into three groups depending up on the nature of the raw materials such as gas- phase reactions, liquid 
precursor method and solid powder fabrication. It would be more useful to have glimpses of these techniques. 
This work is on a novel preparation o f the rav\\m ateriajs using zeolites as precursors for the ceramic 

fabrication. However, the ceramic fabrication from me precursors follows the very widely used, “sintering of the 
compacted solid powders" method. The uniqueness of the preparation using zeolites may be well understood if 
one has an overview about the other existing techniqlies for both raw materials and the ceramic fabrications.

1.3.3. GAS PHASE REACTIONS

Any gaseous starting material may have reactions between the gas and gas, gas and liquid and the gas and 
solid. The most important gas to gas reaction is Chemical Vapour deposition (CVD)̂  where the reaction occurs 
between the gaseous species. The fabrication process involving the gas liquid reactions has been shown to offer 
some promise only recently and is referred to as directed metal oxidation. Reaction between a gas and a solid 
referred to as reaction bonding, has been used mainly for the production of Si3N4 and SiC.

1. 3. 3. a. Chem ical vapour deposition

CVD is a well-established technique for the production of thin films, thick films and even monolithic bodies. A 
variety of chemical compositions, consisting of nonoxides as well as oxide compositions, can be fabricated by 
CVD. Few important reactions used for fabrication of ceramics are given in Table 1.1. along with the temperature 
and their applications''.

Table I.l Some important CVD reactions for ceramics fabrications

Reaction Temperature (K) Appiication

T1CI4 + O2 —> TiOa + 2 Cl2 1200-1500 Films for electronic devices

3SiCl4 + 4NH3->Si3N4+12HCI 1200-1800 Films for semiconductor devices

W(C0)6 -> WC + CO2 + 4C0 600-1100 Coatings

CVD method provides a distinct advantage of fairly low fabrication temperatures for ceramics and composites 
with high melting points that are difficult to prepare by other routes or need very high fabrication temperatures.
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However, the major disadvantage is that the material deposition rate by CVD is too low (» 1-100 m̂/h). Another 
disadvantage usually encountered during the monolithic fabrication is that they form microstructure consisting of 
large, columnar grains, which leads to fairly low intergranular strength. So these problems limit CVD for the thin 
film and coating works,

1. 3. 3. b. D irected m etal oxidation

Usually the reaction between a gas and liquid becomes difficult because of the formation of the solid protective 
coat in the interface and thereby stopping the reaction. However, a novel method involving a directed oxidation of 
a molten metal by a gas has been used by the Lanxide Corporation for the production of porous and dense 
materials as well as composites®.

1 .3 . 3. c. Reaction bonding

Reactions between a gas and a solid are well known for the production of SiN4 and SiC. For example, the 
production of SiN4 involves first the shaping of silicon powder (by slip casting, die pressing or injection mold) then 
preheating at 1200 ° C. After machining into the desired shape, it is heated, usually in nitrogen atmosphere at 
temperatures around 1200 -1400 ° C, where the reaction bonding occurs to produce 'reaction bonded silicon 
nitride' (RBSN). The advantage is that RBSN bodies with a high degree of dimensional accuracy and with 
complex shapes can be prepared readily without the need for expensive machining after firing as these bodies 
shrink (porosity * 20%) very less. However, they are less strong than the dense Si3N4 prepared by other routes 
(e.g., hot pressing).

1. 3. 4. LIQUID PRECURSOR METHODS

The process of transforming a solid material from a liquid is another way and is often referred to as liquid 
precursor method. One of such method, that has attracted interest since the mid-1970s is the sol-gel process^. 

Another process that attracted a fair degree of interest for the past two decades is the polymer pyrolysis^ in 
which nonoxides (mainly Si3N4 and SiC) are produced by the pyrolysis of suitable polymers.

1. 3 .4 . a. Sol-gel process

A solution of metal compounds or a suspension of very fine particles in a liquid (referred to as sol) is converted 
into a semirigid mass (the gel). Two different sol-gel processes can be distinguished, depending on whether a sol 
or a solution is used. Figure 1.2. gives a schematic flowchart of this process.
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Solution
( o f  metal alkoxides)

f jyd rolysis  and 
Condensation

Hydrolysis

Figure 1.2. Flow chart for Sol-Gel preparation using (a) a solution and (h) a suspension

Metal alkoxides have a general formula M(OR)x, where M is the metal and R is the alkyl group. The hydrolysis 
and condensation are done (usually around 50-90°C and) with suitable concentration of the reactants and pH, 
For a tetravalent metal, the reactions may be expressed as follows.

Hydrolysis:

M(0R)4 + H2O -> M(0 R)3 0 H + ROH

Condensation:

M(0R)30M + M(0R)4 ^  (R0)3 -M-0-M-(0R)2 + ROM

( p o ly m e r )
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As a fabrication route the sol-gel process has a number of advantages. Due to the ease of purification of liquids
(as the starting materials for the process), materials with high purity can be produced. The homogeneity through
this route is in molecular level. This leads to highly pure and dense product. Another advantage is the lower 
densification temperature. However, the disadvantages are also real. The starting materials (eg., metal alkoxides) 
can be fairly expensive. There are common problems like cracking, warping and considerable shrinkage during 
the conventional drying. The enormous amount of shrinkage during the drying and firing process (volumetric 
shrinkage of more than 90 %) is a big problem for works like monolithic preparations.

1. 3. 4. b. Polym er pyrolysis

Polymer pyrolysis is another route similar to sol-gel but the difference is that polymerisation occurs inside the 
liquid solutions and the product is formed after pyrolysis of the polymerised material unlike the formation of the

gel containing metal-oxygen bonds in sol-gel route. This is 
mostly applicable to Si3N4 and SiC. Si3N4 may be produced by 
the pyrolysis of polysilazanes (a), in which the Si has a direct 
bonding with nitrogen in the polymer backbone itself. The 
polycarbosilanes (b) are having the CHj-Si bonds in the polymer

1 ' 1
— Si — IV — — S i— CI^—

1 n ' 1 ' ^

(») (fc)

backbones, and so even Si3N4 can be prepared from polycarbosilanes after suitable nitridation. Usually this 
polymer is used for the production of SiC. The steps involved are as follows,

Na 470° C 1200 °C
(CH3 )2 SiCl2 ------ ►[—SI(CH3)2—]n-------► (—SiCHiCHj—)„ --------► SiC

I
M

The product formation through this technique is anywhere from 20 to 80 % after pyrolysis of the poylmer 
depending on the chemistry of the polymer. So, the inherent nature of major mass loss and considerable 
shrinkage makes this process extremely unfit for monolithic preparations. However, this route is good for making 
films and fibers (commercially for SiC fiber)®.

1. 3. 5. SOLID POWDER FABRICATION

The basic process is to fabricate ceramic by heating finely divided solid matter (powder). There are two major 
classifications viz., (i) melt casting and (ii) firing compacted powders but they have the origins from ancient 
civilisations.

1. 3. 5. a. M elt casting

There are not many developments in the recent years in the conventional melt casting technique. Scholes and 
group have described the various processes involved elsewhere®. New developments have come in this 
technique for special applications like making precursors for bismuth type superconducting materials. The casting

8
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involves pouring the material melt into a mold segmentally. The casting process effectively reduces the size of its 
expensive Pt crucible for melting the material. Melt casting involves melting a batch of powdered raw materials,

Powder Mixture Solid Glass 
Product

heating

Melt

Nucleation and 
crystal growth

C o o l in g  and fortning Glass Ceramic
Product

Solid Glass 
Product ( a ) ( b )

Figure. L3. Flow char! for production of (a) glasses and (h) glass ceramics by niell casting

followed by cooling and forming to produce a finished body (Figure. 1.3.). The mechanism includes solidification 
of the melt accompanied by the rapid nucleation and growth of crystals (grains). The major draw back of this 
technique is the uncontrolled crystal growth, which leads to a low strength for the product. Many ceramics either 
have high melting points (eg., Zr02, m.p.» 2600°C) or many times the precursors decompose before they reach 
the melting point (e.g., Si3N4). This limits this technique for the fabrication of glasses.

Another alteration to this is the g/ass ceramic process'^. Raw materials are fonned into glass (by melt casting) 
then heated in two steps, one for nucleation and the other for growth of crystals. The best example is the 
magnesium aluminosilicate system, cordierite (2 Mg0 .2 Al2 0 3 .5 Si0 2 ) which is one of the two systems studied in 
the present work.

1. 3. 5. b. Firing compacted powders

This method is widely used for the production of polycrystalline materials, which involves compaction of the mass 
of fine particles (powders) into a porous, shaped, consolidated form and then heating to high temperature to form 
the dense product. Figure 1.4. shows the basic steps.
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P o w d e r

M ix in g  and 
consolidation

i
S h a p e d  P o w d e r  f o r m

and a d d it iv e s

firing C o n s o l i d a t i o n  -  d ie  c a s t in g ,  s lu rr y

c a s t in g ,  p la s t ic  f o r m i n g  o r

1r
in je c t io n  m o l d i n g

D e n s e  P o l y c r y s t a l l i n e

P r o d u c t

Figure. 1.4. Flowchart for steps involved in production of polyctystalline ceramic by firing compacted 
powers

Being the most widely used method, this process of production of polycrystalline ceramics from powders has 
been a constant interest for many ceramic researchers for a long time, which yielded extensive studies and that 
can be reflected by the large volumes of reports'' Excluding the preparation of precursors, for ceramic 
preparation, this work also adopts this same method.

1.3 . 5. c. Comparison between various methods o f ceramics fabrication

After looking into different methods for ceramic fabrication, an overall summary of various methods is given in 
Table 1.2

Table 1.2. Common ceramics fabrication methods*

Starting materials Method Product

Gases Chemical vapour deposition Films, Monoliths
Gas-Liquid Directed metal oxidation Monoliths
Gas-Solid Reaction bonding Monoliths
Liquids Sol-gel process Films, fibers

Polymerisation Films, fibers
Solids(powders) Melt casting Monoliths

Sintering of powders Films and monoliths
( * From Ceramic Processing and Sintering, M. N. Rahaman, Marcel Dekker, nc.. New York, 1995)
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1. 4. APPLICATION OF ADVANCED CERAMICS

The ceramics have a wide variety of applications starting from household utensils to nuclear fuels depending on 
their nature. Various ceramic applications are discussed in literature'̂  Out of all these applications, the structural 
and electronic ones are the most fascinating area of recent research. Also, the ceramics prepared and analyzed 
in this current work have the main interest in these two applications. And hence, it must be appropriate to have an 
idea about the practicability of these applications and their demand worldwide.

1. 4 .1 . Structural applications

High mechanical strength at high temperatures and attractive properties, including wear and corrosion resistance, 
stiffness and low density, are expected to promote the use of crystalline non-silicate ceramics in applications 
ranging from automobile engines to dental implants. These special ceramics are coming under structural 

ceramics. They are used to form monoliths, composites and coatings for engine components, cutting tools, wear 
components, heat exchangers and aerospace components. Demand for materials based on alumina, titania, 
carbides, nitrides, borides and other mineral fibers accounted for $ 171 M in 1987 and should grow to $ 2.65 bn 
by 2000 in US. Japan leads in the world's advanced structural ceramics business, and has commercialized many 
applications. The demand for structural ceramics in industrial applications and wear parts is expected to reach $ 
720 M by 2000. Cutting tools represent another massive end use and is expected to reach $ 500 M by 2000’®.

Catalytic converter is a device incorporated into the exhaust system of a motor car that reduces the quantities of 
pollutants in the exhaust gases. A catalytic converter contains small beads or monolithic honeycombs that are 
coated with metals such as palladium and platinum. When exhaust gases pass through the catalytic converter, 
these metals act as catalysts, encouraging chemical reactions, such as the oxidation of carbon monoxide and 
certain hydrocarbons, into less harmful carbon dioxide and water. Unleaded petrol must be used in cars that have 
catalytic converters; otherwise, the noble metals in the honeycombs will be poisoned by lead and will cease to 
function properly. All new cars in many countries including India are equipped with catalytic converters. Monolithic 
substrates for coating catalysts in auto-exhaust emission control devices are the recent areas of research in 
special application for ceramics'̂  As the exhaust gases are carrying temperature ranging from 200 to 800 “C in 
different places'® of the exhaust, the ceramic monolith should have very high thermal shock resistance and the 
thermal expansion coefficient should be very less. Monoliths should have very high melting points and high 
thermal conduction. While metal-based monoliths many times fail in these properties, ceramic monoliths are most 
suited'̂ .

Structural ceramics are important in the aerospace applications. Advanced ceramics have been developed for 
use in structural engineering applications. Silicon nitride and silicon carbide are used to produce ceramic-matrix 
composites (CMC), which are more durable than monolithic ceramics. The National Aeronautics and Space 
Administration (NASA) is one of the major users of advanced ceramics, primarily for the heat resistant layers 
required to protect the spacecraft upon re-entry. Commercial production of continuous fiber reinforced CMCs is 
carried out by Textron Specialty Metals. The company is conducting research and development work on hot gas
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filters that have a high strength, enhanced durability and are environmentally acceptable. Thermal protection 
used by the NASA include high-lemperature reusable surface tiles, fibrous refractory composite tiles, low- 
temperature reusable surface tiles, advanced flexible reusable surface blankets and flexible reusable surface 
blankets. Total demand for CMCs in the US in 1990 was worth $ 130,8 M. This is likely to grow by 14.6 % to $
509 M in 200020.

1. 4. 2. ELECTRONIC APPLICATIONS 

1. 4. 2. a. Introduction

Electronics will be one of the most successful industries in the new millenium as the dependence of human life on 
it grows exponentially. The global electronics industry is in search of more reliable, alternative and cost effective 
raw materials. In the field of advanced ceramics, electronic ceramics are expected to constitute a major share of 
the advanced ceramic markets atleast till 2000 AD̂ '. The industry analysis division of the US Department of 
commerce indicates markets worth $1825 million for advanced ceramics in the year 1985 out of which about 
$1700 million is for electronic ceramics. The predicted figure in 2000 AD is $ 3485 million for electronic ceramics 
out of a total of $ 5895. A report̂ ,̂ which forecasts the trend of utility of advanced ceramics, shows that the total 
ceramics applications, 79% are for electronic and 14 % are structural applications. Circuit miniaturization and cost 
reduction are the two aspects at which most of the developments in electronic ceramics are aimed̂ l As 
described in Table 1.4, the ceramics have wide range of electronic applications.

1. 4. 2. b. Various branches o f electronic ceramic applications

Dielectric resonators, varistors, multilayer capacitors, piezoelectric materials and semiconductor applications are 
the frontier areas in this. Dielectric and optical matenals were reviewed by Subbarao et aP'*. More applications are 
described elsewherê ®̂  The main R&D
areas of interest for electronic 
packaging are the development of low 
dielectric constant ceramics with 
thermal expansion matching to that of 
silicon and a process capable of finer 
resolutions for printing the conducting 
patternŝ ®. The present work is more 
focussed on the microelectronic 
packaging (MEP) applications. Later 
part of this chapter describes various 
aspects of MEP technology.

C o n d u c t i n g

p a t h w a y s
I C  c h i p

V i a

I n s u l a t o r

(substrate)

Figure 1.5. Schematic repre.seiitalion of a typical microelectronic 
packaging (MEP) subs/rale assembly

1 2



C H A P T E R  I - IN T R O D U C T IO N

1. 4. 2. c. M EP and its developments

The continuing desire for faster and denser electronic microcircuits leads to the challenges in materials 
engineering on both the atomic and micrometer scale. The integrated circuitry (1C) on a silicon chip is the central 
component of all login and memory functions on which today's computers and other electronic systems are 
based̂  ̂ Figure. 1.5. shows a schematic diagram of a multilayer microelectronic packaging which has been 
formed by screen printing insulating layers and conducting pathways into rigid substrate. The term 
microelectronic packaging refers to the assembly of functions that support, protect, provide power to and transmit 
signals from 1C chip. The chip is bonded on the top of the multiple layer of insulating layers of ceramic-glass thick 
film paste that have been screen printed and sintered into a rigid substrate (like alumina). The Figure 1.5. shows 
a schematic representation of a multilayer microelectronic packaging.

Generally, the substrate materials can be divided into three major classes: Ceramic based, Polymer based and 
structures built on metal core. For high performance packages in which excellent thermal stability and 
impermeability are essential, ceramics-based packages are preferred. Several authors have described the 
evolution of ceramic package technologŷ ® por example, IBM has developed various such ceramic modules In 
due course, viz., Solid Logic Technology (SLT) in 1964, Monolithic Systems Technology (MST) in 1970, 
Metallised ceramics (MC) in 1975, Multi-chip modules (MCM) in 1979 and Thermal conduction modules (TCM) in 
19803'.

The general manufacturing process of ceramic packaging towards the use of co-fired multilayer structures 
consists of different steps such as production of ceramic by doctor bladed wafers, metallisation, lamination, and 
simultaneous sintering of the insulating layer and conducting components. Figure 1.6. shows a schematic 
representation of these processes. The most widely used substrate material is a-alumina. Table 1.6. illustrates 
the most wanted properties for a better substrate material. However, the merits and demerits of the existing 
substrate materials are discussed and analysed in the later part of this chapter.

1. 4. 2. d. Hurdles in MEP materials

The technology for preparing microelectronic packaging is making a remarkable and rapid progress to meet 
existing needs for materials with more precision, high performance and with better cost effect. Though high purity 
aluminas (AI2O3 = 96 to 99.5 %) are used for thin and thick film application widely, other materials like BeO, SiC 
and AIN are also used quite frequently. Different materials and their material properties are given in Table 1.3.
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Table 1.3. Ceramics currently used in packaging and substrate applications.

Material Dielectric
constant

Thermal
expansion
(10-6/°C)

Thermal
Conductivity

(W/mK)

Strength
(Mpa)

Alumina 96% 10 7.1 21 280

Alumina 92% 9.5 6.9 17 320

Alumina 90% 8.5 7.0 17 280

Alumina 55% + glass 45% 7.5 4.2 4.2 300

SiC 40 3.4 33 280

BeO 7.0 8.0 25 170

MICROELECTROIVIC PACKAGIl^fG TECHIVOLOGY

Aluminosilicate based ceramic substrate materials iiave fascinated the attention of the advanced ceramic society, 
as they have many advantages over the conventional materials like a-alumina, BeO, AIN etĉ .̂ These 

conventional substrates require very high sintering temperatures in addition to, some of them being toxic and 
result in inhomogeneous sinterinĝ l For example, a-alumina being a better dielectric material, requires a higher 

sintering temperature (above 1873 K) to form a good dense phase and the usage of expensive high refractory 
metals like W, Mo, for printing the conducting patterns on the substrates becomes inevitable. Many trials have 
been made to substitute the widely and traditionally used ceramics like a-alumina with aluminosilicate-based
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ceramics like cordierite (l\/Ig2Al4Si5 0 i8), anorthite (CaAbSijOs), mullite (AleSiOis) and p-spodumene (LiAISi206) 
which have appealing properties. For a better substrate material, one should have a low dielectric constant, 
thermal expansion match with that of silicon, high thermal conductivity, thermal shock resistance, good 
mechanical strength, and low temperature processability^^^-'. Schwartz suggested a list of ceramic packaging 
materials that are currently in use (Table 1.3.) and those under consideration for the future (Table 1.4.)35

Table 1.4. Ceramics for future use in substrate and packaging

Material
Dielectric
constant

Thermal
expansion
{10-6/°C)

Thermal 
\ conductivity 

(W/mK)

Strength
(Mpa)

Aluminium nitride 8.8 4.6 84-240 360

Silicon nitride 6.0 32. 33 590

Glass-ceramics 4.5-6.5 2.5-6.5 0.84-2.1 241

Mullite 6.1 4.5 2.1 210

To pass through every step of the MEP, the raw material needs to possess some important properties. The 
preparation of the wafers or casted tapes needs a good powder property. Uniform particle sized powder gives a 
better strength and smoothness to the surface. The process of compaction and pressing needs a well-bonded 
powder with good binding capacity.

1. 4. 2. e. The dem and based synthesis pathway

From consolidation to firing of the green body, the effect of characteristics of the powder is remarkable. As a 
result, the powder preparation is very important to produce the desired microstructure. Let us first define what are 
the desired properties for a ceramic body and then define what is important for the electronic (MEP) and the 
structural applications. Table 1.5. gives a list of such parameters and expected properties.

Table 1.5. Desirable powder characteristics for advanced ceramics

Powder characteristics Desired property
Particle size 
Particle size distribution 
Particle shape 
State of agglomeration 
Chemical composition 
Phase composition

Fine (< ~ 1. i-im)
Narrow
Spherical or equiaxial 
No agglomeration or soft agglomeration 
High purity 
Single phase

Advanced ceramics must meet very specific property requirements and therefore their chemical composition and 
microstructure must be well controlled. Careful attention must be paid to the quality of the starting powders. For 
advanced ceramics, the important powder characteristics are the particle size, particle size distribution, shape
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state of agglomeration, chemical composition, and the phase composition. The structure and chemistry of the 
surface are also important. Each characteristic has its own influence on the ceramic processing. Table 1.5. shows 
the general desirable powder characteristics for advanced ceramics. However, they may change according to 
needs for a special application. In MEP the desired property requirements are listed in Table 1.6. However, none 
of the existing materials meets all the desired properties. Although AI2O3 is the most widely used material for 
fabrication of packages, BeO. SIC and AIN are also used quite frequently. Various alumina materials with different 
% of alumina are listed in the Table 1.3. AIN especially, has been increasing in popularity recentlŷ ®. Generally, 
for electronic packaging substrate application, the materials are expected to have properties as given below in 
Table 1.6.

Table 1.6. Property reqiiiremenl for electronic packaging material

1. Low dielectric constant
2. Low dielectric loss
3. High dielectric strength
4. High electrical resistivity
5. High thermal conductivity
6. Thermal Expansion match with that of the chip materials (Si)
7. Good mechanical strength
8. Surface smoothness
9. Hermetic
10. Low temperature processability
11. Compatibility with copper metallisation
12. Stable
13. Nontoxic
14. Low cost

All trials have been made to get materials with the possession of most of these properties to be better candidates 
for these applications. However, the present work is about the preparation of solid powders using an 
unconventional route and their characterisation for packaging substrate applications. Hence, the various methods 
of preparation of the powders would help in understanding the uniqueness of this special route. Conventional 
oxide route syntheses have been still in interest for a long time even after the evolution of the new synthetic 
routes. Synthesis of high-temperature superconducting ceramics. Yttrium barium cuprate (YBa2Cu307-x) and 
thallium barium calcium magnesium copper oxide (TIBa2Ca3-xMgxCu40y (x = 0-3)) are good exampleŝ ^̂ .̂ 
Combustion is another method. Microwave combustion is relatively a newer procesŝ .̂ It has the advantage of 
more synchronized crystallisation of fine structure. A report, authored by K. S, Mazdiyasni, reviews various 
aspects of the synthesis of single and mixed-phase oxide ceramic powders by thermal and hydrolytic 
decomposition of metal alkoxides'*®. Sol-gel based preparation is considered to be one of the efficient ways of 
getting fine ceramics. More than 170 reviews appeared on this topic in a single year, 1998 alone. Many 
publications reveal the preferred choice of sol-gel technique for ceramic powder preparationŝ '.
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1. 5. SYNTHESIS OF POWDERS 

1. 5 .1 . Introduction

The advanced ceramics science and development are on the improvement in the characteristics of those 
materials. But these properties are more dependent on the way of the raw material preparations. Since every 
preparatory route has its own chemistry and kinetics which provide different nature for the powders. It is important 
to know and understand the various aspects of the synthesis route of powders.

1. 5. 2. Classifications o f the synthesis methods

Many different methods are available for powder preparation from literature'’̂  ''̂ . Powder preparation methods can 
be broadly classified into two different classes.

1. mechanical methods

2. chemical methods

Mechanical methods are generally used for producing powders of the traditional ceramics from naturally occurring 
raw materials and are in a fairly mature area and the scope of new developments is somewhat small. However, 
recently for advanced ceramics powders, high-speed ball milling, one of the mechanical methods, has attracted 
the attention of many researchers. Chemical methods are generally used for preparing advanced ceramics from 
synthetic materials or from naturally occurring materials that have been treated chemically to a considerable 
degree. However, some chemical methods include grinding (which is a mechanical method) as a part of the 
process. In fact, the grinding process is to breakdown the agglomerated particles and to get a desired physical 
characteristic of the powder (for e.g., particle size and its distribution). An outline about each of these routes may 
be interesting to gain some idea about the various methods available for powder preparation.

1. 5. 2. a. M echanical methods 

1. 5. 2. a. 1. Communition

This process involves operations like crushing, grinding and milling. For traditional clay-based ceramics, 
machines such as jaw, gyratory, and cone crushers are used. The most common way to achieve the size 
reduction is by milling. One or more of a variety of mills may be used, including high compression roller mills, jet 
mills (fluid energy mills) and ball mills'*'’. The material is pressed between two roller mill as like conventional roller 
mill but the contact pressure is considerably higher (in the range of 100 -  300 MPa). The stock of coarse 
particles is comminuted and compacted,

1. 5. 2. a. 2. Jet mills

Generally, the operation consists of interaction of one or more streams of high-speed gas bearing the stock of 
coarse particles with another high-speed stream. Comminution occurs due to collisions between the particles. An
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inert gas like nitrogen or argon is used as the high-speed stream to reduce the possible oxidation of non-oxide 
materials. A recent review describes various aspects of the fluidized-bed jet milling of ceramicŝ ®

1.5.2. a. 3. Ball mills

Comminution roller mills and the jet mills are to achieve the comminution without grinding media. This method is 
to use balls or rods to make comminution by compression, impact, and shear (friction) between the grinding 
media and the particles. Rod milling is not suitable for fine powders whereas ball milling is. This provides powder 
size in the range from 10 |.im to as small as a fraction of a micrometer. Ball milling is suitable for wet and dry 
milling. However, the rate of grinding depends on various factors

1. 5. 2. a. 4, Mechanosynthesis

Especially with prolonged milling or milling under vigorous conditions, both physical and chemical characteristics 
of the particles can undergo significant changes. Mechanosynthesis is one of the best examples of such 
conditions. Grinding in fact enhances the chemical reactivity of the powder. Rupture of the bonds during the 
particle fracture results in surfaces with unsatisfied valences. This in addition with the high surface energy 
activates the powders to react with each other and their surroundings. First successful preparation was for Ni and 
Al alloys strengthened by oxide dispersions and later it was used for many other powders like oxides, carbides, 
nitrides, borides and silicides'*®. A recent result of mechanosynthesis of MoSia from Mo and Si powders appear to 
rule out a true solid state reaction between the particles as the prominent mechanism'’̂ .

1. 5. 2. b. Chem ical methods 

1. 5. 2, b. 1. Solid state reactions

Chemical decomposition reactions, in which a solid reactant is heated to produce a new solid plus a gas are 
commonly used to produce simple oxide powders from carbonates, hydroxides, nitrates, sulfates, acetates, 
oxalates, alkoxides and the other metal salts. For example,

M g C 0 3 ( s )  - >  M g O  ( s )  -I- C O 2  ( g )

These reactions, involving decomposition of solids or reaction between solids are referred to in the ceramic 
literature as calcination.

1.5.2. b. 2. Liquid Solutions

There are two general ways of producing a powdered material from a solution; (i) evaporation of the liquid and (ii) 
precipitation by adding a chemical reagent that reacts with the solution.
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1. 5. 2. b. 3. Precipitation

Stober et al. carried out systematic study on various fa9 tors that affects tiie precipitation of fine Si02 particles by 
hydrolysis of silicon alkoxide in the presence of NH î̂ he differences in the rates of hydrolysis have been the 
problem always if two or more components are present in the solution in the case of preparing a mixed oxide 
powder. The process is referred to as coprecipitation (sometimes as co-hydrolysis). A good example is the 
preparation of BaTiOa by the hydrolysis of the solution of barium isopropoxide, Ba(OC3H7)2, and titanium tertiary 
amyloxide, Ti(OC5Hn)4, by Mazdiyasni and coworkerŝ ’.

1. 5.2. b. 4. Hydrothermal preparation

Hydrothermal precipitation involves heating reactants -  often metal salts, oxides, hydroxides or metal powders -  
as a solution or a suspension, usually in water, at elevated temperature and pressure. Temperature usually falls 
in the boiling point and the critical temperature (374 ”C) of water and then pressure ranges upto » 20 MPa. The 
process is carried out in a hardened steel autoclave, which can be heated to the desired temperature. 
Hydrothermal crystallisation̂  ̂ is another method employed to make a highly crystalline material (e.g., 24 h at 
300°C under 100 MPa) from a poorly ordered precursor material (e.g., amorphous Zr02). Large scale of 
commercial exploitation of this technique is being investigated for few decades. Production of zeolites is a classic 
example for this techniquê .̂s-i However, this domain will be discussed later in this thesis, as the raw materials 
used in this work are basically prepared through this hydrothermal route.

1. 5. 2. b. 5. Evaporation of liquid

Evaporation of liquid involves supersaturation of the liquid and thereby causing nucleation and a growth of the 
crystal. If the process of super saturation is very rapid, a large number of nuclei are formed in a short time. This 
can be achieved by forming fine drops of the liquid, which gives very high surface area for the liquid so that the 
evaporation becomes more rapid. However, this has the disadvantage of probable partial crystallisation in case 
solutions of two salts are used.

Spray drying is one of these methods, in which a fluid atomiser is used to produce fine droplets into a drying 
chamber. With respect to how energy is given for production of droplets, there are varieties of atomiserŝ .̂ Spray 
drying has been found to be useful for the preparation of ferrite powderŝ ®. The powder produced by spray drying 
can be sintered to almost theoretical density. But by using a higher temperature and reactive (e.g., oxidising) 
atmosphere in the chamber, the salts can be dried and decomposed directly in a single step̂  ̂This process is 
referred to as spray pyrolysis (also called as spray roasting, spray reaction, and evaporative decomposition). In 
Freeze Drying, the solution is broken into fine drops into a chamber, which are then frozen into a cold bath of 
immiscible liquid such as hexane and dry ice or directly into liquid nitrogen. The cold droplets are then placed 
into a cooled chamber and then solvent is removed under vacuum by sublimation without any melting. Powders 
of AI2O3 produced from freeze dried slurries are found to consist of soft agglomerates that could be broken down 
easilŷ ®.
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1. 5.2. b. 6. Sol-gel Process

The gel formed by hydrolysis, condensation and gelation of the initial solution (normally with a polymeric 
structure) is dried and ground to produce a powder. Because the mixing of the constituents in the gel formation is 
achieved at a molecular level, the powders have a high degree of chemical homogeneity. Controlled drying is not 
needed in the production of a powder. Liquid removal under supercritical (or hypercritical) conditions produces 
almost no shrinkage, so a dried powder with low strength is obtained. Some recent developments in aqueous sol- 
gel processing are described well by Atkinson et al̂ .̂ Another report by Ismail and coworkers reveals the 
preparation of mullite- cordierite composite powders by sol-gel method

1. 5. 2. b. 7. The Pechini and glycine nitrate (Citrate) method

The Pechini method is a process developed by Pechini®', and is also referred to as Citrate gel process or 
amorphous citrate process. The metal ions from the starting materials such as carbonates, nitrates, and alkoxides 
are complexed in an aqueous solution with a-carboxylic acid such as citric acid. When heated with a polyhydroxy 
alcohol, such as ethylene glycol, polyesterification occurs and on removal of the excess liquid a transparent resin 
is formed. The resin is then heated to decompose the organic constituents, ground and finally calcined to produce 
the powder. Powders with high surface area can be produced by this method®̂. The glycine nitrate process is one 
of a general class of combustion methods for preparation of ceramic powders. A highly viscous mass formed by 
evaporation of a solution of metal nitrates and glycine is ignited to produce the powder̂ .̂

1. 5. 2. b. 8. Nonaqueous liquid reaction

This process is mainly used for the production of SisN̂  powders. The reaction between liquid SiCÎ  and liquid NH3 

has been used even on an industrial scale by UBE Industries, Japan to produce Si3N4 powders. The product 
formed by the interfacial reaction between the two liquids were collected and washed with liquid NH3 and calcined 
at 1 0 0 0 X  to produce amorphous Si3N4 powders.

1. 5. 2. b. 9. Vapour phase reactions

These are mainly used for the production of nonoxides and refractory oxides like Si3N4 and SiC powders. Gas to 
Solid reactions are studied and reported®'*. Nitridation of Si has been reviewed by Moulson®5.

3 S i +  2N 2 SI3N4

Mazdiyasni and Cooke showed that the reaction between liquid SiCl4 and NHsgas in dry hexane at 0°C could 
be used to prepare a fine Si3N4 powder with very low levels of metallic impurities.

S iC l4(l)  +  N H 3 ( g ) - ^  Si ( ^ H )2 +  4  N H 4CI

3 S i(N H )2  ^  Si3N4 +  N 2 +  3H 2
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Reactions between gases are also reported. The typical reaction can be illustrated as follows,

3 S iC l4 (g )  +  N H 3 ( g ) ^  S i3N 4( s )  +  1 2 H C l( g )

3 S iH 4 (g )  +  N H 3 ( g ) ^  S i3N 4(s)  +  I 2H 2 (g )

However the advantages and disadvantages of all these techniques are given in Table 1.7., which gives the
overall summary of the common powder preparation methods for ceramics.

Table I. 7.. Common powder preparation methods for ceramics

Powder preparation method Advantages Disadvantages

Mechanical

Comminution Inexpensive, wide 
applicability

Limited purity, limited homogeneity, 
large particles

Mechanochemical Synthesis Fine particle size, good 
for nonoxides, low 
temperature route

Limited purity, limited homogeneity

Ball mill Suitable for wet & dry 
milling, fine particle size

Mill parameters affect the particle size

Jet mill Rapid method, narrow 
particle size

Limited purity

Chemical

Solid state reactions Simple apparatus, 
inexpensive

Agglomerated powder, limited 
homogeneity for multi component 
powders

Liauid solutions

Precipitation or coprecipitation:

Solvent evaporation (spray drying, 
spray pyrolysis, freeze drying, sol-gel 
processing);

Combustion (Pechini 
method, glycine nitrate process)

Non-aqueous liquid reactions.

High purity, small 
particles, composition 
control, chemical 
homogeneity

High chemical 
homogeneity, surface 
area

High purity, small 
particles

Expensive, poor for nonoxides, powder 
agglomeration usually a problem

Limited to few oxides

Limited to nonoxide

Vapour phase reactions

Gas-solid reaction Inexpensive Low purity, limited to nonoxides

Gas-liquid & gas-gas reaction High purity, small 
particles

Expensive, limited to nonoxides
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1.5. 3. CONCLUSIONS

Various methods available in the literature for the preparation of ceramic powders were analyzed in this section to 
gain a preparatory jd,ea about the ceramic preparations. The advantages and disadvantages of them were 
compared. This would help to understand a new route of ceramic preparation with a better perception.

1. 6. THE RESEARCH PROBLEM

1.6.1. INTRODUCTION

The present work is to study the preparation procedures and find out the properties of alternative ceram[c 
materials as compared to conventionally used ones in microelectronic packaging. As mentioned earlier 
conventionally, alumina and BeO and SiC are a few of the most widely used materials in electronic packaging. 
But according to the property requirements as given in the Table 1.6., almost all these materials had many 
drawbacks. This section will discuss the importance of those properties, their actual relationships between them 
and the need and scope of this research work in brief.

1. 6. 2. PREFERRED APPLICATION CRITERIA 

1. 6. 2. a. Dielectric properties

Any good packaging ceramic should have lower dielectric constant. In designing high-speed circuitry, there are 
two parameters of transmission line conductors of greatest importance, (1) velocity of propagation and (2) 
characteristic impedance®®. Both are influenced by the dielectric constant of the ceramic substrate. The time 
delay for signal propagation in a transmission line is given by.

where k is the dielectric constant of the medium; I is the distance the signal should travel; and c is the velocity of 
light®9, When the conductor is surrounded by a medium of lowest dielectric constant, the propagation is the 
highest. To have a control over the conductor line width and the dielectric thickness, the impedance of the line 
should be matched with the impedance of the device input. Both the dielectric constant and the dielectric loss are 
directly related to the four different frequency dependent polarisations namely electronic, ionic, orientation and 
space polarisations. Electronic component of the polarisation depends on the number of electrons constituting the 
atom. So, for low k materials, it is preferable to have ions with atomic number less than 18. Orbitals that are 
unoccupied but energetically available cause more polarisation because of change in atomic shape. So elements 
of d° electronic configurations, (e.g., Pb̂ \ Ti"* and Nb̂ *) should be usually avoided. The contribution of other 
three frequency dependent polarisations are relatively less.
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1. 6. 2. b. Thermal conductivity

Ceramic substrates can serve as heat sink and therefore they are preferred to plastic substrates for high-speed 
circuits. Conventional circuits are air or water cooled for the power density of up to 20 W/cm̂. In ceramics heat 
conduction is due to phonon transport. The frequency of the lattice vibrations is proportional to v̂ /m, where s is 
bond stiffness and m is the mass of the lattice atom or ion. The phonon velocity is proportional to E/p, E is the 
energy of the lattice vibrations and p is the density, which in turn proportional to the frequency of lattice 
vibrations. Thus it is preferred to have low atomic number, low atomic density and high degree of covalency for 
high thermal conductivity. Phonon waves are disrupted by defects and by grain boundaries. Thus the thermal 
conductivity of a polycrystalline material is always less than that of a single crystal and is higher for simple crystal 
structures, (eg., thennal conductivity of diamond is 2000 W/mK and that of polyimide is 0.2 W/mK)

1. 6. 2. c. Thermal Expansion

On operation, thermal cycling can cause cracks to fomi in the solder joints usually used for connecting the chip 
on to the substrate, if the thermal expansion is not comparable with the silicon chip. On fundamental level, usually 
thermal expansion can be directly related to covalency. The potential well in an energy diagram of a covalent 
bond will be more harmonic than that of an ionic bond. Taylor̂ ® has reported a study of the influence of structural 
factors on the thermal expansion on various forms of Si0 2 .

1. 6. 2. d. Herm lticlty

Other than these, the hermiticity is one of the important properties, which means the ability of the material to 
resist the admission of any foreign matter like moisture and adsorbent gases to penetrate into it. This penetration 
changes the dielectric properties of the materials. This can be partially correlated with the pores in the sintered 
ceramics.

1. 6. 2. e. Low temperature processabillty

The metal conductor or alloy used in metallisation on the thin wafers of the substrate for making the conducting 
patterns depends on the temperature range of sinterability of the material. For example, substrates like a-alumina 
sinter beyond 1600 ” C to get a good dense phase. In those cases, the metals used for metallisation have to be 
high temperature refractory metals like W, Mo or the alloys of them, which enhances the cost of the product 
considerably. To make use of inexpensive but better conductors like Cu, Au, and Pd/Ag, the processing 
temperature should be lower than the melting point of these low melting metals. So, a reduction in the sintering 
temperature of any new substrate is always a drive for the modern research and technology. More discussions on 
these properties and other desired properties will be made at appropriate places in the thesis later. Now it would 
be interesting to analyse how much the existing materials meet up to the demand of these properties.
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1. 6. 3. CONVENTIONAL MATERIALS AND THEIR SUITABILITY

1. 6. 3. a. Beryllia (BeO) has been attractive for packaging due to its superior themial conductivity, which is 8 to 
10 times that of alumina at room temperature. But the major draw back of BeO is its high toxicity. Though the 
finished package is entirely safe to handle, in powder, BeO is highly toxic. This makes the handling of powder 
materials very risky.

1. 6. 3. b. Silicon Carbide (SiC) is the least used of the ceramics packaging materials. Its dielectric constant is 
nearly 4 to 5 times greater than that of alumina and also 20 to 100 times more expensive. But when this is hot 
pressed with 2 % of BeO, its thermal conductivity is slightly higher than BeO itselF’. Its thermal expansion 
coefficient is almost a perfect match with silicon and has a good toughness. Another uniqueness about SiC is that 
it is a highly covalent (89%) material among all other electronic ceramics in use. This leads to high thermal 
conductivities and toughness.

1. 6. 3. c. Alum inum  Nitride (AIN) has appeared only in recent times in the market and is generally superior to 
AI2O3 in all desired properties. Thermal conductivity is about four times that of 96% alumina and the mechanical 
flexibility is twice as high and so it is less likely to crack. The thermal expansion coefficient matches with that of 
silicon, and is also better than alumina. But AIN is relatively difficult to sinter; the most successful sintering aid has 
been found to be 0.5 to 15 wt. % Y2O3.

As a result, if is easily seen that every conventional material has got its own drawbacks. So there was a need for 
alternative materials. Aluminosilicate based ceramics like cordierite'̂  (Mg2AUSi5 0 i8), anorthite” (CaAl2Si208) and 
mullitê '’ (AleSiOia) have attracted the attention in recent years as alternative substrate materials.

However, the conventional method of preparation of these materials through melting of appropriate oxides needs 
a high temperature, generally > 1400 °C, quenching the glass and then crystallisation through controlled heating. 
A recent review on the trend of modem ceramic research and development suggested that new methods of 
synthesizing the starting powders, improved precursor materials, clean room processing will be the future R&D 
direction in ceramic packaging^ .̂ Aluminosilicate based ceramic substrate preparations have been tried using 
various conventional as well as synthetic chemical routes. For example, the preparation of cordierite was reported 
by using coprecipitation method̂  ̂ However, the sintering must be carried out at about 1420°C in order to obtain 
cordierite ceramic article with a density of 97% of its theoretical density.

The decomposition of modified zeolites has evolved as a route for the preparation of electronic ceramics and they 
have been found to possess excellent applicationŝ ®. A brief introduction about zeolite materials would be 
appropriate here to understand more about the process.
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1.7. ZEOLITES

1.7.1. INTRODUCTION ,

Zeolite is a combination of two Greek words, zein meaning "to boil” and lithos 

meaning “a stone", and is a large group of minerals composed of hydrated 
aluminium silicates of alkali metals and alkaline earth metals. The zeolites are 
named so due to their swelling and bubbling nature under moderately high 
temperature. The minerals range in hardness from 3 to 6  and have a relative 
density of 1.9 to 2.8. Zeolites are usually found naturally in veins and cavities of 
basic igneous rocks especially basalt. Among the more common are stilbite, 
chabazite, natrolite, and analcime, which are widely distributed. Zeolites are used 
for ion-exchanger in many areas including in nuclear waste treatments, drying 
agents and molecular sieves and as effective shape selective catalysts. By
definition, zeolites, a class of fascinating materials, are hydrated, crystalline, microporous aluminosilicates, which 
are comprised of a framework based on an indefinitely extending three-dimensional network of Si0 4  and AIO4 

tetrahedra, linked together through common oxygen atoms; each bridging oxygen is shared with adjacent 
tetrahedra. Each tetrahedron looks like the one shown schematically in Figure 1.7. The framework T atom (Si'’* 
and AP*) gives raise to a net negative charge balanced by non-framework cations. The crystallographic unit cell of 
the zeolites may be represented by the general formulâ .

Figure 1.7. Schematic 
representation of a 
tetrahedron and T-atom 
(may be Si or A!)

M 2/„[(A102)x(Si02)y].zH20

where 'M' is the charge compensating cation with valency n, generally from group I or group II. Both inorganic 
(mono or divalent metal ions) as well as organic cations may be used to compensate the framework charge, 'z' 
represents the moles of water molecules, which are reversibly adsorbed, and the values of y/x can be from one to 
infinity since according to Loewenstein's rule, two aluminium atoms can not exist adjacent to each other.

Zeolites, as on today's world scenario, are almost the backbones of many industrial heterogeneous catalytic 
processes. As they are crystalline solids with regular, molecular-scale pores that incorporate catalytically active 
centers, exert unique catalytic influence due to their molecular sieving properties and solvent like character of 
their narrow pores. These catalysts provide a three dimensional media for reactions. Faujasite (please refer table) 
zeolites are used to effectively crack the high boiling petroleum fractions for the manufacture of gasoline and 
HZSM-5 to convert methanol into gasoline and in other petrochemical conversion processes including xylene 
isomerisation and toluene disproportionation̂ ^
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1. 7. 2. CLASSIFICATION AND NOMENCLATURE

The nomenclafure of zeolites was haphazard until the lUPAC commission published certain guidelines for their 
nomenclature's jhg lUPAC nomenclature is based on their framework density and number of T atoms per 1000 
A, irrespective of their composition, distribution of T-atoms, cell dimensions or symmetry parameters. A unique 
three letter code helps to simplify the nomenclature of the complicated frameworks structures (e.g., MFI stands 
for ZSM-5, MEL for ZSM-11 and AEL stands for AIPO4-1 1 structures)

The zeolite structure is mainly comprised of a tetrahedral primary unit, TO4, where T can be either Si or Al. 
Zeolites can be classified on the basis of morphological characteristics53,54,79,8o_ crystal structure's®’, chemical 
composition®̂  and effective pore diameter̂ ^̂ . Based on the morphology, zeolites are classified as fibrous, 
lamellar or materials with open framework staicture. Structure classification of the zeolites has been proposed 
depending on differences in secondary building units and they are grouped as: analcime, natrolite, chabazite, 
philipsite, heulandite, mordenite, faujasite, laumontite, pentasil and clathrate. The classification under chemical 
composition is exclusively based on the Si/AI ratio (SAR)®̂ ; (a) low silica (SAR = 1.0 -  1.5), (b) medium silica 
(SAR = >1.5- 5.0), (c) high silica (SAR = > 5 to several thousand) and (d) Al-free pure silica molecular sieves. 
Zeolites are also classified with respect to their pore openings, defined as the number of T (or TO4 T = Si or Al) 
units that shape the channels. There are four types of pore openings known to date in the microporous zeolites 
referred to as the 8-, 10-, 12-, and 14 rings openings called small-, medium-, large- and extralarge-pore zeolites 
respectively. A list of common zeolites classified according to their pore openings is presented in Table 1.8.

Table 1.8.. Classification of zeolites according to the pore opening

8-membered ring
(small pore) IZA code

10-membered ring
(medium pore) IZA code

12-memebered ring
(large pore) IZA code

14-membered ring 
(extralarge pore)

Linde A LTA ZSM-5 MFI X FAU UTD-r
Bikitite BIK ZSM-11 MEL Y FAU
Chabazite GHA ZSM-22 TON EMC-2 EMT
Edingtonite EDI ZSM-23 MTT LTL
Erionite ERI ZSM-35 FER Beta BEA
Gismondine GIS ZSM-50/EU-1 EUO ZSM-12 MTW
ZK-5 KFI ZSM-57 MFS ZSM-18 MEI
ZSM-39 MTN NU-10 TON NU-13 MTW
ZSM-51 NON NU-87 NES SSZ-24 AFI
Levynite LEV Theta-1 TON Mordenite MOR
Melinoite MER Omega MAZ
Paulingite PAU ZSM-20 EMT/FAU
Phillipsite PHI
Rho RHO

* UTD-1 (University of Texas at Dallas number - 1) is the only 14-membered ring synthetic zeolite
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1.7.3. SYNTHESIS OF ZEOLITES

The pioneering work of Barrer on the synthesis and adsorption heralded the era of synthetic zeolites®''. The 
zeolite formation is a nucleation controlled-operation occurring from inhomogeneous hydrogelŝ ® in the 
temperature range of 348 to 523 K. Zeolites are synthesised hydrothermally by the combination of cations (both 
organic or/and inorganic), a source of silicon, a source of aluminum and water. Silicon sources nonnally used are 
sodium silicate, silica sol, silica gel, fumed silica and tetraethylorthosilicate (TEOS). Aluminium sources include 
sodium aluminate, aluminium sulphate and aluminium nitrate.

The major factors, which influence the structure of zeolites, are the hydrothermal synthesis time and temperature. 
The SAR (Si/AI ratio) determines the elemental framework composition of the crystalline zeolite product. Several 
other factors such as OH concentration, water concentration, cations and anions other than OH - influence the 
synthesis of zeolites. Apart from them, there are some history dependent parameters such as aging period, 
stirring speed and time, and the order of mixing the components also may influence in some synthesis. The first 
step in synthesis is the dissolution (sometimes called as depolymerisation) of aluminium and silicon sources to 
form aluminate and silicate anions. These species are then condensed (polymerised) to form a gel. This gel is 
later cooked hydrothermally to fonn crystals of zeolites. Various aspects of the crystallisation of zeolites are 
described elsewhere®̂ . The guest species that occupy the channels and cavities account for the stabilisation of 
the crystals and the species are called the templates^. But explaining the exact role played by the templates is 
rather very complex and not yet fully understood, although it is postulated that zeolite structures grow around the 
template thus stabilizing certain pore systems. Other than this structure directing effect, it may have roles such 
as gel modifier, buffer to maintain the pH of the gel, void filler to disperse water molecules®̂ . However, the 
present work does not include any zeolite synthesis but are modified to change in stoichiometry. So, it would be 
more useful to understand their properties and modifications that are possible in zeolite structures.

1. 7. 4. PROPERTIES OF ZEOLITES

These materials are having properties such as adsorption, diffusion, molecular sieving, acid catalysis, shape 
selective catalysis, surfactant nature and solvent nature and many others as characteristics of their own due to 
their unique structural features. Ion exchange is the exceptional property of zeolites that is used in many industrial 
applications. For example, the elimination of radioactive ions from radioactive waste materials by clinoptilolite. 
However, our interest is to use this nature to alter the stoichiometry in the precursor powder for the ceramic 
preparation. Cation exchange behaviour of zeolites depends on

(1) the nature of the cation species, the cation size, both anhydrous and hydrated, and cation charge
(2) the temperature
(3) the concentration of the cation species in the solution
(4) the anion species associated with the cation in solution
(5) the solvent (mostly it is water)
(6) the structural characteristics of the zeolite
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Ion exchange is accompanied by dramatic changes in the stability, adsorption behaviour and selectivity, catalytic 
activity and other important physical properties. The ultimate base exchange capacity of a zeolite depends on the 
chemical composition; a higher exchange capacity is observed with zeolites of low Si0 2 /Al2 0 3  ratio. Zeolite A 
displays a double ion-sieve action. Only small cations can penetrate the single 6-rings into a p-cage. The order of 
decreasing selectivity for univalent ions in zeolite A is

Ag > Tl > Na > K > NH4 > Rb > Li > Cs

For divalent ions, the order of decreasing selectivity is

Zn > Sr > Ba > Ca > Co > Ni > Cd > Hg > Mg

Zeolites X and Y are ideal materials for studying cation exchange phenomenon in zeolites. Differences in 
structures (cation positions, cation distribution, framework charge, Si/AI ordering) are evidenced in the differences 
observed in the cation exchange behavior of these zeolites. Below the level of 40% exchange, the selectivity for 
univalent ions was observed to be in the order,

Ag »  Tl > Cs > Rb > K > Na > Li 

At 50% exchange the selectivity series was found to be

Ag »  Tl > Na > K > Rb > Cs > Li 

The ion exchange capacity of a typical zeolite Y is lower than that of zeolite X due to the framework charge.

1. 7. 5. CHARACTERISATION

Powder X-ray diffraction is one of the prime tools extensively used for the characterization of zeolites. The 
crystallinity and phase purity are readily detennined using this technique. However, the chemical composition can 
be detennined by other spectroscopic techniques such as AAS, XRF, and EDAX. The thermal stability of zeolites 
varies depending on the chemical composition and the structure. This is often examined from the shape of the 
high temperature differential thermal analysis (DTA) exotherm. Various physico-chemical changes such as 
dehydration of adsorbed water, decomposition of occluded template material, the dehydroxylation and structure 
collapse can be analysed in combination with thermal gravimetric analysis (TGA). To understand the catalytic 
applications of zeolites, properties such as surface area, acidity, adsorption and diffusion may also be studied 
using various techniques. Selectivity in catalytic reaction products is another interesting inference during the 
characterization of a zeolite. However these techniques have no direct relevance to the present work.

2 8
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1. 7. 6. CATALYTIC PROPERTIES

In the field of heterogeneous catalysis, zeolites are unique because of their selective nature. The term, 'shape- 
selective catalysis’ was coined by Weisz and Frillette more than three decades ago®®. The molecular dimensional 
pore sizes of zeolites are the striking feature of the zeolites and related materials, which bring the comparison 
between different organic molecules and the zeolite pore leading to the concept of shape-selectivity. Shape 
selectivity consists of a combination of shape, size and configuration of reactants, transition states and products 
with dimensions, geometry and tortuosity of the channels and cages of zeolites. Csicserŷ  ̂has categorised these 
selectivity effects as
1. Reactant selectivity
2. Product selectivity
3. Restricted transition state selectivity

1. 7. 7. ZEOLITES AS ADVANCED MATERIALS

In today’s search for shorter, faster, more selective and efficient processes, the ability to engineer well defined 
spatial microarrangements of pure substances and composite materials is playing a pivotal role in creating new 
molecular level electronic, optical and magnetic devices. The host lattices and guest structures concept in 
nanometer architecture can be visualised in these microporous zeolite materials. A new frontier of solid state 
chemistry with great opportunities for innovative research and development is in the exploitation of zeolite 
materials. Against the traditional users of zeolites, within the last decade considerable effort has been directed at 
other uses of zeolites as advanced materials. For example, in the field of solar energy conversion technology a 
spatially well-organised molecular system is required that models photosynthetic mechanisms, there by allowing 
redox reactions. Other potential applications include zeolite electrodes and electron relays, zeolite batteries, 
zeolite fast ion conductors, intrazeolite semiconductors, zeolite chemical sensors, zeolite imaging and data 
storage materials, zeolite lasers and displays, as well as zeolite composites to fomri perm selective membranes or 
thin films®®. Luminescence of zeolites themselves is another exploitable property of this class of materials, the 
range of which has been recently reviewed̂ '̂̂ o. However zeolites, like any other solid materials, have their 
limitations. Those specific to zeolites include pore plugging, poisoning, staictural defects, the difficulties of 
growing large single crystals and interfacing a zeolite device with out side world. Many of these problems can
although be solved, are deemed to be interesting research projects. , "

\
1. 7. 8. ZEOLITES AS RAW MATERIALS FOR MEP

Aluminosilicate based ceramics like, cordierite, mullite, p-spodumene, are attractive candidates for substrate 
applications in MEP as against the conventional materials. Preparation of these aluminosilicate based ceramics 
however becomes difficult using conventional methods, For example, conventional manner of preparing cordierite 
involves sintering at temperatures above 1250°C, and the resultant material does not have the desired high 
thermal conductivitŷ ’. Therefore, there is a need for a process to prepare cordierite at as low a temperature as 
possible and which has as high a thermal conductivity as possiblê  ̂ greck discloses that zeolites can be used to 
form cordierite by heating Mg exchanged X zeolitê l The disclosed process involves heating the Mg-X zeolite at
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1500”C to form a glass and then heating the glass above 1000X to form cordierite. Thus, two steps are required 
to form cordierite. Another reference reveals the preparation of cordierite based ceramic article by heating Mg 
form of zeolites X, Y and A at a temperature above 900X to about 1350X9̂  It also reveals that removal of 
sodium to very few ppm level enhances the reduction of dielectric constant and dielectric loss.

1, 8. O BJECTIVE OF THIS WORK

The zeolite-based route of preparing aluminosilicate type of ceramics opens up another area of modern ceramic 
research. The relative density and the phase purity are the two major problems always. Many times the formation 
of satellite phases such as polymorphs of silica and other metal oxides is possible depending on the chemical 
compositions^. Nevertheless, the above mentioned reports offer only preliminary details. When this work was 
started, on the basis of the literature survey carried out on this field, it was noticed that very limited reports were 
available. A survey in American Chemical Society’s online-search conducted on 8"’ July 1995 covering a period 
from 1967 to then date with a search string of "micro” & “electronic” & "packaging" & “zeolite” showed only two 
references (CA No., 120:277842 and 112:243884). As the advantages over this novel route is tremendous 
compared to the conventional route of synthesis and fabrication, the scope over this work is also immense. Table
1.9, describes various advantages of this new route. Though the main thrust is to reduce the processing 
temperature and the thermal expansion match, they are well associated with the chemical and physical nature of 
the precursors. So, the effect o f various variables offered by  zeolite precursors such as the effect o f  

cation concentrations, effect o f Si/AI ratio, effect o f sintering atm osphere and so on are to be reevaluated. 

However, these details are neither studied well enough nor available in open literature. The present work is an 

attem pt to gain such knowledge to overcome the hurdles in fabricating a best-suited candidate o f  zeolites  

based ceramic materials for MEP and other applications. Table 1.9. summarises few of the marked points for 
comparison between the advantages of the zeolite route over the conventional route

Table no. 1.9. Advantages o f  zeolite route over other conventional methods.

N e e d  f o r  z e o l i t e  ro u te  and a d va nta ges

Prob lem s w ith  
Conventional m a te ria ls

Advantages of cera m ics 
w ith  ze o lite  route

High temperature to sinter (>1600 °C) 
Need of refractory metals (Pt, W etc.) 
Particle level Homogeneity 
Toxic powders (eg. BeO)
Some are expensive (eg. SiC)

Low temp, sintering (< 1100° C) 
Possible usage of low cost metals 
Atomic level Homogeneity 
Non-toxic
Relatively inexpensive
Good Thermal Expansion Match(Si)
Meets other needed properties

3 0



C H A P T E R  I - IN T R O D U C T IO N

1. 9. SCOPE OF THE THESIS

This thesis includes a novel preparation of electronic ceramics such as spodumene and cordierite using zeolites 
as precursors. It describes in detail how to modify the zeolite materials to get the required chemical composition 
using ion exchange with the desired cation source. It also illustrates the treatment of the powders like binding and 
the consolidation by die casting and then sintering into a range of temperatures to trace the various phenomena 
happening with the zeolite powder as a function of temperature and then ultimately to get the desired dense 
ceramics phase. It also studies the identification of the various impurity phases accompanied with different 
precursor powders prepared under various conditions to deduce a general correlation of ceramic fabrication with 
the precursor nature. The precursors' characterisation by various physico-chemical techniques like XRD, SEM, 
TG-DTA, NMR, EDAX, XRF, particle size analyser, etc., have been described. The studies on sintering 
processes of the precursors by XRD and NMR are also explained. The various ceramic characterisations of the 
final products have also been elucidated. The thesis is divided into five chapters.

The present chapter gives an introduction for materials science, ceramics, advanced ceramic powder preparation 
and processing and fabrication methods.

The second chapter gives detailed experimental procedures of various processes followed for the modification of 
the zeolite precursor powder. It also describes the instrumental and experimental specifications of various 
characterisation techniques used to analyse the samples.

The third chapter describes the preparation of lithium exchanged aluminosilicate (LAS) powder and fabrication 
into dense ceramic material ((3-spodumene) and its characterisation using various techniques as mentioned 
above. The effects of different parameters like the concentration of Li* cation and Si/AI ratio are also discussed in 
the light of results obtained from various experiments. The dielectric and other structure related properties like 
density and shrinkage are discussed too. Impurity phases are identified and reported using XRD and solid state 
MAS NMR techniques.

The fourth chapter describes the preparation of magnesium aluminosilicate (MAS) using ion exchange and the 
fabrication of ceramics after the consolidation and sintering. It also discusses various characterisation of both the 
powders and the final ceramic products with several variation studies on the chemical stoichiometry of 
precursors. Another important study is the effect of atmosphere on phase transformation. Impurity phases formed 
with different sample powders are identified and reported using XRD and NMR. The dielectric and other structural 
studies are also explained. AC impedance spectroscopy has been used to study the nature of electrical 
conductivity in the ceramic materials.

The fifth chapter concludes the present investigation and summarises the important findings during the present 
work. The future scope of this research area is explained. An appendix has been furnished which includes the 
standard JCPDS powder XRD data along with the computer generated XRD lines for comparison.
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Though this route has defenite advantages with respect to chemical homogeneity and reduction in processing 
temperature, there is also some improvement in the product properties for electronic applications. These aspects 
are described in the fifth chapter along with few practical limitations.

Unlike conventional oxide route, the attainable stoichiometry of the precursor here is limited. The Si content is 
fixed for a given system, though the Si/AI ratio can be modified by de-alumination. Although, the cation 
concentration can be well adjusted as the exchange can be controlled by the concentration of the cation in the 
solution, the maximum degree of exchange is fixed for a given zeolite-cation pair. Though one can still fine tune 
the precursor stoichiometry and try for a better final phase purity, it is out of the scope this thesis. Rather the 
objective is to analyse the effect of various parameters in the precursor preparation and their reflections in the 
qualities of final ceramic product and to compare this route with the other conventional routes to have an idea 
about the relative ease of making it. The ceramics fonned have better utilization in electronic packaging substrate 
applications. However, the ceramic characterisations carried out with the samples for this research work is not 
sufficient to launch this material for manufacturing. Lack of instruments in the laboratory for a complete 
characterisation for substrate application limits the extent of assurance for the unmediated operation of 
manufacturing for the mentioned application. However, the general and most desired properties are studied in 
detail within the reach of facilities.

./ have on ly seen so far because I have been  standing on the shoulders o f other giants"

- N ew ton
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METHODOLOGY -  PREPARATION 
PROCEDURES AND 
CHARACTERISATION TECHNIQUES

Chapter

2.1. PREPARATION PROCEDURES

2.1.1 INTRODUCTION

This chapter describes the general methodology followed and the materials used for the current research.. The 
first part of this chapter includes the methods adopted for the preparation of samples, the second part, the 
materials used for the preparation. The third part describes the characterisation techniques used to analyse the 
sample and the general methods of calculations used to estimate the properties and demonstrate the advantages 
of the materials studied.

The basic aim of the current study is to synthesize ceramic materials and characterize them for specific 
applications. Though chapter 3 and chapter 4 will deal with two different ceramic systems, namely Lithium 
Aluminosilicates (LASs. for eg., p-spodumene) and Magnesium Aluminosilicates (f̂ ASs. for eg., cordierite), 
basically the methods adopted are almost the same, as far as the basic characterisation is concerned. However, 
just because of the curiosity to learn and analyse the ceramics using new and different characterisation methods 
as research tools for understanding purposes, few special techniques have been tried for each system 
individually. Few of them are not done for both the samples due to lack of facility and availability of the 
instrument of interest. Nevertheless, it is important to note that for ceramic materials prepared using zeolites as 
precursors these techniques are employed for the first time. So the third part of this chapter is mainly focused on 
few such uncommon characterisation techniques on these ceramic materials. It includes a brief introduction about 
the theory behind the technique, the instrumentation and then experimental condition of the machines at which 
the measurements were made.

2.1.2. PREPARATION OF PRECURSORS

2 .1.2.a. Ion exchange

The section 1.7.d of the first chapter gives a general idea about the ion exchange property of the zeolites. This is 
one of the important properties of these materials that attracted many researchers and subsequently numerous 
reports have come out after substantial work in this area. Various models were predicted and theories were 
proposed'. Breck compiles many such reports as a special chapter on the theory of ion exchange in his book̂  In 
the present work, ion exchange has been used to alter the chemical composition of the zeolite materials to get 
the desired composition for ceramic preparation. The cation to be exchanged, M* varies for each system, e.g., 
univalent Li* for LAS and the divalent Mg2* in case of MAS systems. The ion exchange procedure usually 
involves refluxing the zeolite powder along with the ion solution of interest in a round-bottomed flask at a constant
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temperature for a period of time with intermittent shaking. However, for laboratory preparations in higher scale 
this becomes somewhat difficult, as the transfer of solid slurry for filtration, for removal of exchanged ions is not 
easy. So, an ion exchange reactor was designed and the exchange was carried out advantageously. Figure 2,1.1 
gives a schematic representation of the reactor used for the ion exchange process.

It is a double walled reactor, which has an outer jacket, fitted with an inlet-outlet setup to circulate hot water to 
maintain uniform heat throughout the time of ion exchange. The baffled inner wall gives a continuous swirl of the 
solid particle to suspend during the process and avoids settling of the particles during stirring. The detachable top 
makes the transfer of slurry easier after ion exchange for washing. Extra inlets on the fop may be used for the 
constant and slow supply of fresh ion solution into the slurry.

Figure 2.1.1. The reactor designed for ion exchange
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For both LAS and MAS systems the cation sources used were the solutions of nitrate salts of Li and Mg 
respectively. The salts were diluted in distilled water to get different molar solutions as per need (from 0.01 M to 1 
M). These solutions were introduced into the solid zeolite powder in the ion exchange reactor. The ratio of solid 
zeolite powder to the solution was maintained as 1:10. This exchange procedure was repeated for N* (N* is the 
number of exchanges and x varies from 1 - 3) times for few of the samples as per the need as mentioned in 
various places. Each exchange reaction was carried out for ~ 5 hours and then the slurry was removed for 
washing, drying at 120 °C and was reused for the next exchange. Figure 2.1.2. illustrates the process.

I M Salt solution 
o fN H /

Na^ form of 
Zeolite powder

N. times

N H /  form of 
zeolite

n M Salt 
solution of

M^-AS
powder

Figure 2.1.2. Scheme of procedure followed for ion exchanging the precursor material, 
"n” changes from 0.0! to I for different samples. can be Li* or Mg and "x” changes 

from 1 -3  for different samples of various M* samples as the case may be.

2.1.2.b Post ion exchange treatment

The powder was washed in hot distilled water for several times to ensure complete removal of cations from the 
zeolite network to the solution after exchange. The powder was then dried at 120 °C for over night and then 
calcined at 480 °C for 5 hours. The dry solid was crushed into fine powder and used for other studies and 
modifications.

2.1.3. FORMING AND CONSOLIDATION PROCESSES

2.1.3.a. Binding the powder

Binding of the powder before sintering is a very vital aspect and many researchers have suggested a choice for 
binderŝ . Onoda reviews the use of a series of binders (mostly organic) and their advantages! In the present 
investigation, a low-medium viscosity grade and non-ionic binder, namely polyvinyl alcohol (PVA) was used

3 8



C H A P T E R  II -  M E T H O D O L O G Y ...

before consolidating the powder. 1 wf % binder was added to the solid powder. Using the following procedure, 10 
wt % solution of PVA was prepared. 10 g PVA was added with 90 g of distilled water and stirred for complete 
dissolution at 70 - 80 °C. The heating was continued til! the solution becomes clear. This solution was used for 
all the powders as binder. 10 g of this solution and 99 g of the powder was mixed thoroughly. The mixture was 
dried under IR lamp until air dry with intermittent grinding and mixing with a spatula. This powder was used for 
pelletisation.

2.1.3.b. Consolidation o f powder (pelletisation)

The powder was pressed into pellets of desired dimensions. In this study two sizes of steel dies with inner 
diameters of 13 mm and 20 mm were used for specific characterisations. The pellets were made in a hydraulic 
press with an optimised pressure of 2.5 tons. The pellets were used for sintering studies. This pellet is called a 
“green pellet”,

2.1.4. SINTERING

P R O G R A M M E D  HEAT11\G

The green pellets were given heat treatments in 
sintered MgO boats. These boats can withstand 
temperatures up to 1600 °C. The pellets were heated 
at different temperatures as per the need at air 
atmosphere (except for the study on the effect of 
atmosphere on sintering). The sintering processes 
were done in a programmable furnace 
(NEBOURTHERM) at relatively low heating rates (eg.,
4 °C per minute). All the cooling processes were 
natural. Figure 2.1.3. shows a typical program of 
heating. T 1 is the temperature at which the binder gets 
away the system and T2 is the temperature at which 
the sample is sintered isothermally. The parameters t1, 
t2, t3 and t4 are the respective times taken (in minutes) 
for the individual processes since the starting of the
program. However, the heating rales and programs have been given at appropriate places wherever necessary in 
the thesis. The sintered pellets are used as such or crushed into powder for different studies as required.

t1 t2

Figure 2.1.3. Typical heating program for sintering 
the precursor.

2.1. 5. SINTERING IN DIFFERENT ATMOSPHERES

For special studies like the effect of reducing and oxidising atmospheres during sintering at high temperature, the 
furnace was attached to a continuous flow system of controlled gas. A mass flow controller controlled the gas flow 
from the cylinder and the gas was passed at a flow rate range of 20 cc/min. Before starting the heating process 
the furnace was purged with an inert gas (Argon - /A/OX grade) for 3 hours. The entire setup has been depicted in 
Figure 2.1.4. The study of sintering behaviour in different atmosphere Is one of the research fields in which there 
are interesting reportŝ -̂ .

3 9
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2.2. M ATERIALS USED

All the chemicals used for preparation and reagents used for special operations on these materials are included 
here along with other details.

2.2.1 PRECURSOR BASES

All the zeolites used in this study were commercially available from different companies and their properties are 
listed below, The Na" form of the zeolites were converted into NH4* form using the ion exchange method provided 
in the earlier section. The chemical compositions and surface areas were estimated in the laboratory and found 
matching with the reported value by the company. Chemical compositions were checked by XRF and the surface 
areas were estimated using N? sorption on OMNISORP adsorption unit on the basis of the BET model. Table 
' 2 ,2 .1  shows these details.

4 0
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T a b le  2 .2 .1 . Zeolites used and their properties

Material From

Cation
Form

Converted 
into form

Chemical Composition* Surface 
Area, m̂/g

r''-SI02/A1203 NazO %

Zeolite A CATAD, IPCL, INDIA Na* NHr 2.13 0.585

Zeolite Y Zeolyst Corp., UK. NHr NHr 5.20 0 . 2 0 780

Zeolite P CPP, NCL, INDIA. Na" NH4* 2.82 0.07 -
* Chemical composition by XRF after converted into NH4* form.

2. 2. 2. EXCHANGING ION SOURCES

To convert the Na* form of the zeolites to NH4* form and then to the M* forms, the nitrate salts of the cations Li* 
and were used as exchanging ion sources. The Table 2.2.2 provides details of the salts used.

T a b le  2 .2 .2 . Details o f  ion sources used fo r  ion exchanges ' , ,

Source 
for ion

Salt Chemical
formula

From Grade and Assay

Grade Assay

Li" Lithium Nitrate LiN03.3H20 Loba Chemie, INDIA OR 98%

Mg2" Magnesium Nitrate Mg(N03)2.6H20 Loba Chemie, INDIA OR 99%

NH4" Ammonium Nitrate NH4 NO3 Loba Chemie, INDIA OR 99.5 %

2. 2. 3. BINDER MATERIAL

The binder used for powder consolidation is PVA. The details including the molecular weight (MW) are given in 
Table 2.2.3.  ̂ ,

T a b le  2 .2 .3 . Details o f  the binder used in the process. k ..

Binder Full name Chemical formula From Assay and MW
Assay MW

PVA Poly(vinyl alcohol) [-CH2CH(0H)-]n Aldrich Co., Wl, USA 99+% 1 ,0 0 , 0 0 0

4 1
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2.3. CHARACTERISATION TECHNIQUES

2. 3.1 INTRODUCTION

This section will give a brief account of the various characterisation techniques used In this investigation. Though 
many of them are common techniques, few of them are not common. Brief outlines and the instrumental details 
are given for theoretical introduction e.g., Impedance spectroscopy and thermo-mechanical analysis. For other 
common techniques, the instrumentation details have been given.

2. 3. 2. CHEMICAL ANALYSIS BY AAS AND XRF

The chemical composition of the samples was analysed using X -ray fluorescence spectroscopy (XRF) and 
atomic absorption spectroscopy (AAS) with respect to the nature of the sample.

An exact amount of samples was taken in a platinum crucible with lid and ignited to get the dry weight of the 
sample. The sample was then cooled in a desiccator and weighed. The difference in weights gave the loss on 
ignition. The anhydrous weight of the sample was noted. The anhydrous sample was treated with hydrofluoric 
acid (40 wt.%) and evaporated on a hot plate to remove silicon in the fomi of SiFe. This treatment was repeated 
three times and the sample was again ignited, cooled in a desiccator and weighed. The loss in the weight of the 
sample was determined to get the content of silica.. The residue was fused with potassium pyrosulphate and 
dissolved in water. It was then analysed by CHEMITO 201 ATOMIC ABSORPTION SPECTROMETER in 
emission mode for the elements Na and Li. The Si content was determined by gravimetry. A known amount of 
samples were pressed into pellets of 20mm diameter. The pellets were dried under IR lamp and kept in a 
desiccator. They are directly introduced into XRF unit for elemental analysis by fluorescence spectroscopy. The 
concentration of Si and Al in terms of elemental weight percentages (wt. %) was determined and the SI/AI ratios 
were found out. The instrument used was a sequential X -Ray fluorescence spectrometer, RIGAKU 3070E  with 
Rh target energized at 50 kV and 40 mA.

2. 3. 3. X-RAY DIFFRACTION

The high temperature solid state reactions include various transformations in physical nature and fine structure of 
the raw materials. X-ray diffraction is a common technique to follow the structural transformations and fonnation 
of crystal structure of the new phases®9. Though this technique gives a qualitative account of the various 
crystalline phases present in the polycrystalline multi-component solid powder, the quantification of each phase 
and the amorphous impurities are still not yet established well. However, there are few reports on the latter’®. And 
hence the present studies give a qualitative identification and a semi-quantitative analysis (by “search-match" 
software) of the phases at̂ high temperatures.

4 2



C H A P T E R  II - M E T H O D O L O G Y ,..

Dielectric
Thickness
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p<in

<HUJ
s

Dielectric disc 
diameter

Powder X- Ray diffraction pattern of the samples heated at various samples were recorded using RIGAKU DMAX  
III VC instrument equipped with a graphite crystal monochromator and Nal scintillation counter. Nickel filtered Cu 
K„ radiation (X=1.542 A) was used with Si as internal standard for those samples for which the lattice parameters 
were calculated. For other samples Si was used as external standard and then 20 values and interplanar'd' 
spacings were corrected accordingly and refined using (east square 
fitting.

The XRD patterns of multiphase powder products after heating to 
various temperatures were subjected to an in-built Rigaku search- 
match software (Casio version) with the JCPDS standard file library 
facility. This facility offers a comparison of the unknown pattern with 
almost 40,000 JCPDS standard inorganic mineral files. The 
matching files were recorded and later to eliminate the repetition of 
similar structures, they were matched manually among the files 
listed in auto-search result. The best matching phases with respect 
to both 20 and relative intensity values were reported with the semi- 
quantitative amount of each phase in it as calculated by the 
software. Research reports on similar work are available in 
literaturê ’.

2. 3. 4. THERMOGRAVIMETRY

As thermal treatment is the main force for crystallisation and phase 
transformation, the behaviour of precursors on heating reveals a lot 
of information about the possible phenomena involved in sintering. 
Thermogravimetry (TG) in combination with differential thermal 
analysis (DTA) has been a most successful technique to acquire 
information about this. Bruce reviews the latest developments in 
this technique'̂ . Recently, many reports have shown that this 
technique can be exploited in a better and efficient way in 
combination with other spectral techniques like FTIR, Mass 
Spectroscopy'̂  Usually, these are counted in terms of the weight 
losses and the energy variations. In the current investigation, the 
changes in precursor samples including the structure collapse and 
phase transfer processes at high temperatures were checked by 
recording TG/DTA plots using SETARAM TG-DTA 92 instrument in 
air (in some cases, argon) atmosphere at a heating rate of 5°C or 
10 °C / min. The range of temperature studied using this instrument 
is from room temperature (RT) to 1000 °C.

Silver Paint

UJ
Ou

Lead connections

I igii re 2.3.1. Eleclrodiiif̂  I he disc 
for dielcclric measurements.
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2. 3. 5. SCANNING ELECTRON MICROSCOPY

Scanning Electron Microscopy (SEM) is a technique by which the changes in the solid samples due lo the heat 
treatments can be visually seen. The new generation tool, high resolution SEM is therefore extremely useful as a 
rapid and versatile characterization technique, both during and after fabrication of ceramic materials. Using this, 
surface and cross-sectional views of mesoscopic systems can also be observed working In a range of 
accelerating voltages from 1 to 30 keV’̂  The sintered samples were analysed by scanning electron microscopy 
(SEM) to look at the morphological and particle size variations during the course of heating. The system used 
was JEOL JSM  -  5200 instrument. The EDX analysis was carried out to determine the Si/AI ratio using the 
Kewax attachment to SEM. Few of the precursor samples were scanned for high resolution using SE M  / E DX  
PHILIPS XL 30 HIGH RESOLUTION unit. The pictures were taken in different magnification with respect to the 
sample nature. The magnifications are given along with the micrograms.

2. 3. 6. SOLID STATE MAS & STATIC NMR

Recent reports show that solid state NMR is an effective technique to explore the dense solid ceramic matrices'̂  
’9, Exclijsive NMR studies on the ceramic sintering aspects have also been carried out by MacKenzie and co
workers and others'̂  22 Although, NMR has not been used extensively in the area of zeolite based ceramic 
preparations, Colyer and his coworkers studied the structure collapse of zeolite sample by NMR̂ 3 However, 
there were not many details on the secondary ceramic crystallisation. Matsumoto has studied the crystallisation 
of anorthite ceramic by NMR̂ l

The present work includes studies of various sintered and green samples of MAS and LAS zeolite based systems 
by solid state nuclear magnetic resonance (NMR) for different probe nuclei, viz., ^Si, ^̂Al and L̂i. NMR offers a 
powerful tool in the characterization of precursor powder solids as well as sintered ceramics for studying the 
different forms of the nuclei present in them. Basically the interest was to follow up the HT sintering at various 
temperatures. However the precursor powders were also studied by NMR. It is important to note that such NMR 
studies on the zeolites based ceramic crystallisation of cordierite and p-spodumene materials are reported for the 
first time. .

Though NMR is an effective tool for nuclei like ^̂Al, ^Si and L̂i, there are some inherent and undesired issues. 
Despite its low abundance (4.7 %) Ŝi offers less complications in spectral interpretations since the nuclear spin 
for ”Si is half (1/2) and the magic angle spinning (MAS) at once guarantees a high resolution NMR spectrum. 
The MAS spectrum displays a narrower resonance, whose chemical shifts carry the signature about the chemical 
environment around the silicon.

On the other hand, despite the high natural abundance associated with ”AI and L̂i (100 % and 92.58 % 
respectively), the line narrowing due to MAS is rather poor. This is attributed to the failure of MAS to narrow the 
spectral lines from integer-half quadrupolar nuclei to which ^̂Al (1= 5/2) and L̂i (I = 3/2) belong. In spite of this 
drawback, MAS was sought to be used in the present study for 2?AI since we could identify the tetrahedral and 
octahedral Al under MAS. For L̂i, the experimental choice was limited to static samples since our MAS probe
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was tunable only in the range of (46.05 MHz to 75.43 MHz), A Quadecho experiment was tried to
suppress the quadrupolar effect and to get well resolved L̂i NMR spectra.

2. 3. 6. a. and Magic Angle Spinning (MAS) Nuclear M agnetic Resonance

The ^̂Si and '̂Al MAS NMR spectra were recorded at 54.6 MHz and 78.2 MHz respectively using a BRUKER  
MSL-300 FT  NM R spectrometer. The spectrometer is equipped with ASPECT 3000 computer and a BC -  132 
fast digitizer. A magic angle spinning probe housing a boron nitride stator with double-bearing design was used. 
25Si and 2̂AI frequencies could be selectively tuned on the broad-banded X-nucleus channel. R.F pulses were 
generated in a broad band transmitter delivering 300 watts of pulsed power into the CP-MAS probe. The finely 
powdered samples were packed into a 7 mm zirconia rotor and spun at a speed of 2.4 kHz. The Free Induction 
Decays (FID) were collected using a 40“ flip angle pulse and a 2 sec relaxation delay. 4000 to 5000 transients 
were added using a standard CYCLOPS pulse sequence to improve signal to noise ratio. The data were 
processed with 50 Hz line broadening prior to Fourier Transformation. The chemical shifts of ^Si and ^̂Al MAS 
NMR spectra were referred to TMS and AI(N0 3 )3-9 H2 0 (0 . 0  ppm) respectively.

2. 3. 6. b. ^Li STATIC and QUAD-ECHO Nuclear Magnetic Resonance

The L̂i NMR spectra were recorded in the static mode at the Larmor frequency of 116.59 MHz on the Bruker 
MSL-300 FT NMR spectrometer. In order to record 'Li spectrum without severe baseline and intensity artifacts, a 
Bruker Wide-line probe was used. To achieve shorter 90° pulses, a 5 mm (i.d) radio frequency (r.f) coil made up 
of flattened 22 gauge copper wire was wound and this replaced the 10 mm r.f coil in the probe Insert. By this way, 
90° pulse of 3.2 could be achieved as against 5 jxs generated by the 10 mm coil. For 'Li NMR spectra, the 
time domain data where acquired either using a single pulse (QUADCYCL.PC) or a 90°* - t - 90°y 
(QUADECHO.PC) sequence. While employing single pulse sequence a pre-acquisition delay of 15 |xs was used 
to minimize transients from probe ringing entering the analogue to digital converter. The probe ringing effects are, 
however eliminated when QUAD-ECHO sequence is used, since the second r.f pulse generates an echo at a 
time X, which is conveniently chosen to be in the range of 20 to 40 ĵ is, greater than the dead-time (c.a 10 to 15 
|.is.) of the receiver. By starting the data acquisition on top of the QUAD-ECHO, the full FID is digitized and this 
upon Fourier Transformation yields an undistorted 'Li quadrupolar broadened NMR spectrum. Typically 800 and 
1200 transients were signal averaged in the single pulse and quad-echo experiments, respectively.

2. 3. 7. DIELECTRIC CONSTANT MEASUREMENTS

The sintered pellets were lapped into regular discs of equal thickness throughout the disc. They were then 
electroded (metallised) with a uniform coating of conducting silver paint as circles of equal diameter on both 
sides. They were later cured at 450 °C for 2 hours to ensure proper electroding. Figure 2.3.1. shows the 
electroding of the dielectric sample. The discs were mounted in a disc holder setup as illustrated in Figure 2.3.2. 
The contacts were adjusted to get a steady capacitance to avoid contact capacitance. The dielectric properties 
were measured at a frequency range of 20 Hz to 1 MHz with a measuring current of L  = 0.34 ).iA. A HP 4284 

LCR BRIDGE interfaced in parallel with a microprocessor controlled LCD display was used for analysis. The 
dielectric constants of the discs were calculated from the capacitance measured using the following relationship,
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et =
1/e„ .Cx. t

A

where er' is the dielectric constant of the given disc and 'e„' is the pennittivity of free space, 'Cx' is the 
capacitance in pF, 'f is the dielectric thickness and 'A' is the dielectric area of the disc as illustrated in Figure
2,3.1.

Figure 2.3.2. Measurement setup for Dielectric constant with HP LCR meter.

2. 3. 8. IMPEDANCE SPECTROSCOPY

2. 3. 8. a. Introduction

Impedance spectroscopy is one of the rapidly emerging techniques used to study the microstructural nature of the 
solid (as well as liquid) samples. Though the technique is relatively new, there are a number of reports in recent
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years. In solid samples, the nature and order of the packing of crystals decide many of their properties especially 
the electronic properties. The knowledge about packing of crystals is very important to study. In many solid state 
sintering processes, the crystallite size increment is very common. In addition, the solid particles join together 
during the densification process. Many boundaries of the crystals and the crystal junctions are getting adjusted 
during this process. In electronic applications, this crystallite level approach is very important due to the fact that 
the each crystal resembles an individual component in a typical circuit. Many times they behave as resistors or 
capacitors or inductors or the combinations of all these in different permutations, when an electric current passes 
through. So the style of packing, nature of crystals and the crystal purity govern these phenomena. Each kind of 
packing can constitute each type of circuit. The impedance generated by each type of packing is characteristic 
and this is the basic principle behind this technique. However, if the material of interest has more than one phase, 
again it exponentially adds to further complications in interpretations of spectral data. But this spectroscopy offers 
an effective way of studying this aspect of matter.

The terms RESISTANCE and IMPEDANCE both imply an obstruction to current or electron flow. When dealing 
with a direct current (dc), only resistors provide this effect. However, for the case of an alternating current (ac), 
circuit elements such as capacitors and inductors can also influence electron flow. These elements can affect not 
only the magnitude of an ac waveform, but also its time-dependent characteristics or phase.

2. 3. 8. b. Theory

According to the Ohm’s law, the resistance of any dc current (frequency = 0 Hz) is given by the equation E = IR 
where E is the dc voltage (E, volts) and I is the resulting current (I, amps), R is the resistance (R, ohms). But for 
ac current (non-zero frequency) the resistance is E = IZ and Z is the impedance, the ac equivalent of resistance 
and so Z = E/I. The vector representation of this relation which includes the real and imaginary part of a complex 
system, is

E' + E i
Z lolal =----------

r + i"i
which is nothing but the individual addition of real and imaginary impedance as

. lolal = Z' + Z"i

Fif̂ nre. 2.3.3. A typical Impedance plot.

in which the real impedance Z' is compared with the 
“resistive" part (purely by resistance) of the total 
impedance and the imaginary impedance Z” is 
compared with the “reactive” part (by capacitance and 
inductance also) of the circuit.

This individual impedance can be compared with the 
nature of dielectric behaviour and polycrystalline solid 
in which each crystal can be considered as an 
individual component, This includes the grain as well as
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the grain boundaries. The impedance of poiycrystaliine samples may be measured at varying frequencies and 
similar equations can be derived for the spectra. Figure 2.3.3. shows a typical impedance plot. For such 
equations, equivalent circuits can be drawn with the possible components. This helps in understanding the 

microstructure of the packing of polycrystalline solids.

This technique has been proved to be an effective tool to follow up the solid state chemical reactions and phase 
transformations inside the solid samples during heat treatments'^ Sintering is another process, which can be 

monitored by AC Impedance spectroscopy^^ Initially it was planned to understand the microstructural changes 

that occur during the heat treatments of these zeolite-based precursors. However, it was not possible to get a 
resolved spectral arc for these sintered materials, using RT measurements. This is an indicative phenomenon 
that shows the materials have highly resistivity^  ̂So, the impedance spectra were taken in elevated temperatures 
viz., above 300 °C. It was for our curiosity, the spectra were taken in various temperatures to study the effect of 
measuring temperature. This was expected to result in a good realization to forgo with the study of sintering by 

impedance. It is important to note that this study itself is a novel one for this kind of materials. However, due to 
lack of time and machine availability, the current investigation is limited to only on the study of the influence of 

measurement temperature on the impedance of sintered samples and not on the changes during the process of 

sintering. This work was planned though there were no such reports available in literature for these materials

prepared by this method. Also this was a 
preliminary work and has revealed 

considerable information about the nature of 

the materials at different temperatures. 

Other calculations using these impedance 
data have been prescribed in the later part 

of the thesis, wherever required.

Figure 2.3.4. A typical Niqvis! p lo t o f  AC Impedance p h i  
o f  a sim ple circuit interpreting the hulk (grain) impedance.

2. 3. 8. c. Experimental

The sintered pellets were metallised and 

cured as described in the earlier section 

(2.3.7). The AC impedance of the sintered 

samples was measured using a SOLATRAN 

SI 1260 AC IMPEDANCE ANALYSER/ 
GAIN PHASE ANALYSER controlled by an IBM computer. The measurements were done in the frequency range 
of 1 Hz to 13 MHz. The instrument is equipped with a furnace attachment controlled by the computer interface. 
The sample pellets were electroded with silver paint with platinum wires and connected to the electrode leads. 

The measurements conditions are as given below. The impedance measurements were done at various 

temperatures and the effect of temperature and the electrical transport properties were studied.

The data collected from the AC Impedance unit was then processed by the software, EQUIVALENT CIRCUIT'^, 

and the plots were made at different modes with the different components of the equation as will be discussed in 

the later parts of the thesis. Figure 2.3.4. shows a simplified typical NIQUIST PLOT (also known as Co/e-Co/e 
plot) of impedance spectrum illustrating the various data which can be obtained on the basis of the simple
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Randell’s model of equivalent circuits. X and Y axes are the real and imaginary coordinates of the impedance 
experienced by the flow of current by the sample. Rp is the Polarization resistance generally originated by the 
electrode contact or the grain boundaries, Rn is the ohmic resistance mostly by the bulk of grains (in a 

poiycrystalline solid matrix). The comax is maximum angular frequency (=2nf, where f is the frequency). It is 

equivalent to the inverse of the product of double layer capacitance and the polarization resistance generated 
mostly at the electrode junctions. 0 is the depression angle.
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Figure 2.3.5. A typical shrinkage p lo t by TMA. Point A and  
indicate the start and en d  o f  shrinking process.

2. 3. 9. THERMAL SHRINKAGE AND 
EXPANSION STUDIES BY TMA

The sintered pellets were lapped in 

carborundum powder of particle size of 

around 38 microns (400 U.S. ivesh), for 

getting uniform thickness all over the 
disc. The disc dimensions were 
measured using a screw gauge and 
then used for shrinkage as well as the 

expansion measurements.

2. 3. 9. a. Thermal shrinkage studies

These studies were carried out on the 
green samples of the precursors to 
understand the extent of shrinkage on 

sintering or on any phase transitions.

As described eadier, the zeolite 

samples were expected to collapse 
from their crystalline structure and 

become amorphous powder. There are 

possibilities for new phases to get 
crystallized from this amorphous matter.

Under high temperature conditions the 

phases getting evolved are usually 

stable dense phases. When the dense 

phases are formed the volume of the 

same reduces to a considerable extent.

This shrinkage is very characteristic for 

samples and the purify of phase. A 

maximum shrinkage yields a high-

density material. Generally, the shrinkage at relatively lower temperature is very attractive. However, this is a 

significant criterion for this special case of application.

Figure 2.3.6. A Typical Expansion Plot by TMA. Points A an d  B 
are the expansion limits and T i and T2 are the minimum and  
maximum temperatures with in which the TEC is calculated.
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The thermal shrinkage studies were carried out in SHIMATZU -  50H TMA dilatometer. The TMA was equipped 
with a high sensitive, linearly Variable Differential Transducer’ (LVDT) along with a high precision quartz probe. 
The probe was attached with a dilatometer rod head and a planar sample stub. At high temperatures, the furnace 

block heating was effectively controlled by a turbulent chamber facility connected to a cold water circulation loop. 

Rods of 4mm thickness and 16mm length were made out of samples and were lapped for uniform lop and bottom 
surfaces. The green samples were analysed for the possible shrinkage during the course of sintering in between 

the temperature range of 25 "C to 1200 °C in reducing N? atmosphere. A static load of 10mg (dynamic load = 0) 

was given on the top of the sample during the course of measurement to ensure the precise measuring of 

shrinkage of the sample. The heating was controlled with a rate of 10 “C/min. The derivatives of the shrinkage 

curves were also plotted. A typical shrinkage TMA curve along with the Derivative and Load curves are given in 
Figure 2.3.5. A and B are the points between which the shrinkage occurs. The corresponding temperatures can 

be considered as the densification range. The derivative TMA shows a sharp peak pointing out the temperature at 

which the densification is at maximum rate. The load curve is to support with additional information like the 
shrinkage based on a mere solid state phase transformation or any liquid phase or melting processes. But 
unfortunately this measurement was not possible for all the samples. Hence, the shrinkage of other samples was 
measured using conventional method by measuring the change in the dimensions of sintered pellets manually 
with the help of screw gauge. The volumetric and linear variations were calculated and compared.

2. 3. 9. b. Thermal expansion studies

The thermal expansion coefficients (TEC) of sintered ceramic samples were measured in PERKIN ELMER TMA- 
7 in force free condition (i.e., at zero static and dynamic forces). The thermal expansion coefficient [a = (dv/v)dT] 

is the one of the important property requirement for MEP technique. Expansion measurements were done in a 
relatively low temperature range (below 500 ”C) due to the instrumental limitation. The LVDT was connected to 

copper alloy probe. The measurement was carried out in disc expansion mode in the temperature range of 25 °C 

to 450 ”C with a heating rate of 20 °C/ min. The data were processed for calculating the linear themial expansion 
coefficient (TEC) within the specified range of temperature. Figure 2.3.6. shows a typical shrinkage trend when

the expansion is plotted against temperature. T1 

and T2 are the two different temperatures 

between which the TEC was calculated. A and 8 
are the expansion limits of the probe position. 

More details about the theory and the 

instrumental details are explained elsewhere^^.
o
bd
5’

Figure 2 .3 .7. Typical Density plots. Density an d  Grain 
size vs. temperature have been shown.

2. 3.10. APPARENT DENSITY AND LINEAR 
AND VOLUMETRIC SHRINKAGE OF 
CERAMICS

2 .3.10. a. Apparent density measurements

To find out the density of both the green and 

samples sintered at different temperatures, the 

well-established conventional method of apparent
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density calculations was followed for the samples. The average thickness (t) and the average diameter (d/2 = r) of 
the lapped, uniform sized sintered discs were measured and then the “apparent volume" (Vapp) was calculated 

considering the sample disc as a cylinder using the equation,
Vapp= nr t̂

The apparent density of the samples was then calculated using the relationship.

Apparent Density (papp) = Apparent Volume (Vapp)/ Mass (w)

The density changes during the different stages of sintering were followed and plotted against temperature. This 

plot gives an idea about the extent of densification and the temperature range at which the densification occurs. A 

typical density plot looks as illustrated in Figure 2.3.7. As the temperature increases the grain size and density 
also increase. After a point 'Pd', when the Density reaches a maximum but Grain size keeps increasing is the 

indication of 'coarsening'. The state of process up to this point is nothing but the 'densification'

2. 3.10. b. Linear and Volumetric Shrinkage measurements

The diameter (Li) of the sintered disc was taken as the unidirectional length of the shrinking sample and then 

variation in length with respect to the original sample length (U) at room temperature was followed for various 

sample discs sintered at different temperatures. The linear shrinkage was calculated for a given disc using the 
following equation.

% Linear shrinkage = [(Lo -  Li)/ Lo] x 100

The apparent volume (Vapp)i of the sintered sample disc and that of the green sample disc (Vapp)o were calculated 

as explained in section 2. 3.9. a. The % volumetric shrinkage was calculated using the following equation,

% Volumetric Shrinkage = {[(Vapp)o- (Vapp)t] / (Vapp)o} x 100

Those who think all scientific ideas are merely temporary explanations to be replaced later
should reflect on his theory, which will be right for ever"

- 'His' being of course, Archimedes
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THE (3 - SPODUMENE (LAS sy stem s)

3.1. CERAMIC PREPARATION AND CHARACTERISATION

3.1.1. INTRODUCTION

This chapter discusses a known silicate system namely Lithium Aluminosilicates, LijO-AbOa-SiOa (LASs). 

However, the preparation of LAS ceramics using zeolites is a new area of research. The discussion in this 

chapter includes the preparation of LAS precursor powder samples and sintering at high temperatures and 

characterisation of both the precursor and then ceramic product to understand different aspects of sintering and 

their influences on the properties of the ceramic products. The later part of this chapter describes the 

characterisation with special techniques like shrinkage and expansion studies. Except the thermal expansion 

coefficient (TEC) and nuclear magnetic resonance (NMR) studies data and the discussions presented in this 

chapter have been published during the tenure of the Ph.D work' l

3.1.1.a. The importance of Li20-Ah03-Si02 (LAS) systems

The LAS system is by far the most important commercial system. It is mostly used for glass-ceramic materials 

having very low TECs and hence very high resistance to thermal shock. Among the trade names for materials in 

this system are Coming’s Coming Ware, Owens-Illinois' Cer-Vit and PPG’s Hercuvil The very low TEC in this 

system, which in some cases are appreciably lower than that of fused silica are associated with the presence in 

the crystallised materials of crystalline /]-spodumene (Li2 0 .Al2 0 3 .4 Si0 2 ), which has a low TEC or f}-eucryp\i\e 

(Li2 0 .Al2 0 3 .2 Si0 2 ), which has a TEC that is larger in number and negative. Commercial compositions are found in 

several ranges in this system. Different phase assemblages, characterised by different sets of properties, can 

result from using Ti02 and Zr02 in varying proportions as the nucleating agents. Usually high temperature 

polymorphs of Si02 and AI2O3 are in association with these phases.

P-Spodumene is formed during the synthesis of LAS based ceramics at high temperatures {>1000 °C) usually as 

the major phase along with other phases. However, p-spodumene is of high interest for the application of 

electronic packaging in many aspects. The recent trend in ceramics packaging research shows that the 

composites or the solid solutions of various phases of LAS systems are challenging'*. The current work also 

involves different phases of LAS along with p-spodumene, in some cases as solid solutions. Before going to the 

discussions on them, it would be more appropriate to have a mineralogical preview of the spodumene system 

along with the general material properties of this particular p-phase, because, this information would help in the
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later discussions. A general overview of the other possible phases that are usually formed during the LAS based 

ceramics preparation is also given.

3.1.1.b. The ore spodumene and its p  phase -  a mineralogical background

P -spodumene (LiAISizOs) 350797

[I

30 40

2 Theta degrees

Spodumene is a brittle, 

crystalline mineral of the 

pyroxene group, varying in 

colour from transparent white to 

yellow, grey, green, and purple 

depending on the origin of its 

occurrence. It has a lithium 

aluminium silicate of formula 

LiAISî Og, with a hardness ofFigure 3.1. /. The pow der XRD profile generated from  standard JCPDS  
data (JCPDS f ile  name is given above)

6.5 to 7 mohs and a relative

density of 3.13 to 3.20 g/cc. It occurs in massive form in large crystals, usually as a constituent In granitic 

pegmatites. Spodumene is an important lithium ore and Is also used in the production of ceramics, enamel, and 

glass. Two transparent and highly coloured varieties of spodumene are used as gemstones: hiddenite, a yellow to 

emerald-green stone, and kunzite, which occurs as a pinkish-lilac crystal. p-Spodumene is the high temperature 

phase of spodumene, which is more stable. Figure 3.1.1 shows the XRD profile of p-spodumene from standard 

JCPDS data. It is formed usually at the temperature of around 1200 °C on heating the pure spodumene ore or 

any similar LAS oxide systems with comparable stoichiometry.

The typical formula of p-spodumene is LiAISi206. However, this falls into the general formula as LixAlxSij-xOe (x=1) 

of 'Virgilite' category. Virgilite is usually a solid solution formed during the phase evolution of p-spodumene in 

which the x varies from 0 to 1. The details of this concept are discussed in the later part of this chapter.

3.2. EXPERIM ENTAL

3.2.1. PLAN OF WORK

Due to the obvious advantages of the zeolite based preparation route as explained in the first chapter, the 

preparation of the p-spodumene, by itself, is very interesting to study. It is also important to study the various 

factors influencing the preparation route as they control the properties of the ceramic products. The present study 

includes the preparation of powder precursors using ion exchange technique on zeolite powder and the 

physicochemical characterisation of the powder using various techniques. As discussed in the first chapter, in 

many ways this process is anticipated to be different from the conventional oxide based preparation. Hence, it 

was aimed to understand the course of high temperature solid state reactions and the phase transformations by 

following the changes in the sample’s nature during the course of heating.
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3.2.2. PREPARATIONOF p-SPODUMENE

3.2.2.a. The LAS precursor powder preparation

Nearly 100 g of zeolite Y was exchanged three times (Nx = 3) with 1 M solution of ammonium nitrate salt to get 

the ammonium form of zeolite Y which was again exchanged three times with 1 M solution of lithium nitrate salt. 

The exchanges were carried out as per the procedure given in chapter 2, section 2,1.2.a. Finally, the dry powder 

labeled as LASY3 (meaning Lithium AluminoSilicate - Y zeolite, exchanged 3 times with 1 M Li salt solution) was 

used for consolidation and other studies.

20 2 -  theta, degree 4 0 60

Figure 3.2.1. The XRD patterns o f  the sample LASY3 before and after ion exchange 

3.2.2.b. Powder characterisation

The powder was characterised using TG/DTA and XRD techniques for its thermal and structural properties 

respectively. The chemical composition was found out from the atomic emission spectrum of Li. Nearly 30 mg of 

the LASY3 powder was taken for a TG/DTA analysis in N2 atmosphere in the temperature range of 25 X  (RT) to 

1000 ° C with a heating rate of 10 ”C/min.

The powder-XRD patterns of the fine dry zeolite powder before and after the exchanges were recorded (Figure

3.2.1.) and the crystallinity changes were checked. The chemical analysis of the exchanged sample was found
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out using atomic absorption spectroscopy (AAS) as mentioned in the earlier chapter and the analysis shows the 

elemental ratios as listed in Table 3.2.1.

Table 3.2.1. Elemental analysis of the LASY3 by AAS

Zeolite Cone, of UNO3 

soln.

N, Elemental ratios %

Si/AI Li/AI Na/AI

Residual Na 

wt.%

Label

Y 1 M 2.64 0.1285 0.0139 0.082 LASY3

3.2.3. SINTERING AT VARIOUS TEMPERATURES

The powder was bound with polyvinyl alcohol (PVA) and consolidated into pellets, each weighing roughly around 

0.7 g as explained in chapter 2 - section 2.1.3.b. The pellets were fired at different temperatures viz., (T2 =) 480, 

600, 700, 800, 900, 1000, 1100, 1200 ° C in a programmed fashion at a heating rate of 4 °C/ min. The heating 

had a holding at 580 °C (T1) for 180 min. (t2) for binder removal. The samples were heated at higher temperature 

(T2) isothermally for 360 min. (t4) and cooled naturally (refer Figure 2.1.3., chapter 2, for more details about the 

parameters that are fixed during the programmed heating of the samples).

3.2.4. CHARACTERISATION OF CERAMICS

The heated pellets were crushed into fine powder and the XRD profiles were recorded for all the samples in the 

2-theta range of 5 to 40 degrees with a scanning speed of 4 degree/min. The XRD data were processed and 

plotted in series to have a comparative view. Figure 3.3.1 shows the multiple plots of the XRD patterns.that reflect 

the phase changes which are discussed later. Selected samples in the course of sintering were checked for the 

major changes in morphology and the particle size by SEM. The scanning electron micrograms are given in 

Figure 3.3.2. The chemical composition, thermal expansion, shrinkage, density and dielectric properties of the 

ceramic product were studied using various techniques.

3.3. RESULTS AND DISCUSSION

3.3.1. THERMAL PROPERTIES

Figure 3.3.1 shows the TG/DTA plot of LASY3 

sample in the temperature region from 25 to 

1000 “C. The TG of the powder LASY3 shows a 

total weight loss of around 23.8 % during the 

heat treatment up to 1000 °C. Except the initial 

weight loss (up to 260 °C), predominantly due to 

the loss of adsorbed water and organic matters, 

there is almost no loss after 400 X . The DTA

TG (%) DTG (mg/min) HEAT FLOW
0 0  n (micro V)

0*

/
t

EXO  ̂ -100^

_-40 ^ Temperature (°C)
1001 300

1
500 700 i ‘

900
«

Figure 3.3.1. TG/DTA plot ofLASY3
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shows an endothermic decay after 740 °C. The exothermic shoulder at 812 T  does not correspond to any 

weight loss in TG. This is attributed to the zeolite structure collapse. Zeolite Y being a faujasite has a higher Si/AI 

ratio and is usually thermally stable upto a temperature greater than 900 °C. Li" is well known for being a good 

alkali flux agent at high temperatures in many cases. Also, when compared to other cation exchanged Y zeolites, 

the thermal stability of Li-Y is relatively less. This depression in thermal stability may vary with the loading of Li 

into the zeolite. The effect of cation concentration in zeolite precursors has been discussed in the next part of this 

chapter. The next exothermic shoulder around 920 °C is assigned to the initiation of the crystallisation of LAS, (3- 

spodumene. This is confirmed by the structure collapse and phase transfonnations in this region by XRD (Refer 

Figure 3.3.2).

3.3.2. PHASE TRANSFORMATIONS BY X-RAY DIFFRACTION

XRD patterns of the sample before and after ion exchanges show a crystallinity loss of around 3.5 % that is 

usually because of the multiple ion exchanges and intermittent heat treatments during the process. But the 

reduction in the width of the diffraction peaks of the sample after ion exchange indicates that the heat treatment at 

480 °C reduces the strain due to crystal-defects and that the crystallites have become well defined and have 

grown bigger. Figure 3,3.2 shows the multiple plot of the powder XRD profiles of the sample heated at different 

temperatures ranging from 480 °C to 1200 °C. There is a trend of the crystalline phase changes. The crystalline 

zeolite phase collapses at a temperature above 700 °C and becomes completely amorphous. The temperature, 

at which the amorphisation occurs, depends on the thermal stability of the zeolite precursors.

1200 X

C Lo

c/5
cz<D

LASY3

1000 °c U

900 °C ^

800 °C

700 °C

; 20  2-Theta. dearees 40 602-Theta, degrees 4  0

Figure 3.J.2. Powder XRD plots o j LASY3 samples heated at different temperatures from 480  °C to 1200 °C
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The thermal stability of zeolites exchanged with different cations has been studied welll Above 900 °C, the 

amorphous matter crystallises into a highly crystalline LAS phases. The crystallisation follows with many 

intermediate phases.

Though there are a few earlier works^" reporting the dense LAS phase fonnation at high temperatures using this 

route, there is no report on the mechanistic pathway of this transfomiation. In fact it is very interesting and 

important to understand this mechanism as it has a strong influence on the product formation and properties. The 

present work is not only to identify the final phases but also to make an attempt to understand the mechanism of 

the phase transformation. The major and explicit key intermediate phase during the transformation has been 

identified as virgilite solid solution (SS), one of the LAS dense phase group, which is very close to p-spodumene 

by structure. Section 3,3,4. of this chapter discusses more about this issue. The structure collapse and formation 

of dense phase have been compared with the TG/DTA data in the earlier part of the discussion and it is found to 

be in good agreement. Using the 'search-match' package available with the JCPDS file library, the phases formed 

during the process of phase transformations and densification are analysed. Table 3.3.1 lists the phases 

identified.

Table 3.3.1. Phases identiried at different temperatures of sintering ofLASYS

<D
CL
En05

Temperature, °C

480 800 900 1000 lioo 1200

CO

Zeolite Y Zeolite Y

Silica(C)

Silica(HQ)

Alumina

AMORPH*

Zeolite Y

Silica(C)

Silica(HQ-K)

Alumina

Virgilite SS

AMORPH*

Silica(C) 

Silica(K) 

Virgilite SS 

Mullite

fi-spodumene

Silica(C) 

Silica(K) 

Virgilite SS 

Mullite

/^spodumene

Silica(C) 

Virgilite SS 

/3-spodumene 

Mullite

C -  cristobalite type; HQ -  High-quartz type; K -  Kealite type; SS -  solid solution; AMORPH* - Amorphous phases

Phase Formula JCPDS file Phase Formula JCPDS file

Silica (C) Si02 270605 Virgilite SS LixAlxSis-xOe 310707

Silica (HQ) Si02 120708 Mullite Al6Si20l3 150776

Alumina AI2O3 100173 j3-spodumene LiAISi20e 350797
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3.3.3. SCANNING 

MICROSCOPY

ELECTRON

o 1200o
£ 1000
3
s

900
0)Q. 800
E0> 700
H

480

CHAIVGE IIV PARTICLE SIZE

(  ^  1200”C

1000"C c
r 900 ”C

(B
^  480”C

5 10
Particle size, ^̂ m

15 20

Figure 3.3.4. Magnitude o f  particle size changes during the 
course o f  sintering o f  LASY3

The scanning electron micrographs of 

the samples fired at selected 

temperatures are given in Figure 

3.3.3.(a-e) The Figure 3.3.3(a) shows 

the microstructure of the sample LASY3 

just dried after Li exchange and it 

shows a very crystalline nature of the 

sample with a regular uniform crystallite 

size corresponding to around 0.5 |,im.

Figure 3.3.3(b) is for the sample heated 

at 800 “C and shows an amorphous and agglomerated nature of the sample. It may be noted that the XRD 

multiple plots also show similar result at this range of temperature. The SEM of the sample fired at 900 “0 is 

given in Figure 3.3.3(c) that shows the crystallisation of dense phases from the amorphous state. Figure 3.3.3(d) 

shows an ungoverned, irregular morphology of the crystallizing dense ceramic phase at 1000 ”0. Finally, Figure 

3.3.3(e) shows the sample sintered at 1200 °C which is almost regular with unifomi sized particles of the crystals. 

Table 3,3.2 shows the change in the particle size observed by SEM for the samples heated at various 

temperatures.

Table 3.3.2. Particle size variations by SEM

Sample name Firing temperature, °C Particle size range, |im

LASY3-480 480 0.5-1 .0

LASY3-700 700 0.5 -2 .0

LASY3-800 800 (agglomerate flakes)

LASY3-900 900 1 - 4

LASY3-1000 1000 4 - 1 6

LASY3-1200 1200 3 - 5

The trend in the change of particle size variation at various temperatures reveals that the uniform particles of 

zeolite precursors further reduces due to structure collapse around 700 “C and above. At this temperature, grains 

do not have definite boundaries and are more or less like agglomerated flakes of solid mass. This Is due to the 

formation of amorphous phase at this temperature. On further heating, the formation of intermediate starts and 

further the crystals of the dense ceramic phase start growing. Though the growth is ungoverned at the outset 

leading to the formation of asymmetric crystals with a large distribution of particle size, at high temperature the 

particles are found to have almost uniform particle sizes. It is known that mullite crystals develop faster. This is 

the reason for the formation of large particles. However, the distribution of particle size narrows down later at
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higher temperatures, may be due to the mullite getting transformed into the virgilite and then to crystalline p- 

spodumene phases. At 1200 °C the particle size distribution becomes greatly narrow indicating the completion of 

the densification. Figure 3.3.4 illustrates the relative magnitude of distributions of the particle sizes of samples 

fired at various temperatures. The central region of the plot is the region where the sample is not having particles 

with well-defined boundaries but agglomerated mass.

3.3.4. POWDER X-RAY DIFFRACTION STUDIES

The observed interplanar'd' spacings from the XRD pattern of sample LASY3 sintered at 1200 °C were corrected 

with respect to internal standard silicon. The tetragonal unit cell parameters for (3-spodumene were refined using 

two different least square fitting programs. The refined unit cell parameters are compared with that of the 

literature values in Table 3.3.3. The unit cell parameters calculated for p-spodumene on the basis of XRD data of 

the sample sintered at 1200 °C are in good agreement with the literature values with minimum standard deviation 

as given in the Table 3.3.3. The occupancy of the cation Li* into the lattice sites was determined by simulating 

the XRD pattern. The fundamental transfonnation of the zeolite precursor to the ceramic dense phase can be 

represented as follows.

Table 3.3.3. Lattice parameters calculated from the powder XRD data

Precursor Densified Lattice parameters

symmetry symmetry Literature (A) Observed (A) Standard deviation

Cubic Tetragonal a = 7.510 a = 7.5066 ±0.0103

(LASY3) (P-spodumene) c = 9.208 c= 9.2021 ±0.0165

Cell volume, Â v= 1552.92 v= 1550.15 ±5.3

Table 3.3.4. The overall compositional transformation of the precursor to ceramic

Zeolite Formula M* Composition

Precursor (RT) Ceramic LAS (HT)

LASY3 Na56Al56Sit360384. H2O Li* LiseAlseSiiaeOsŝ LixAlxSia-xOe (0<x<l)

If one assumes that all the Na* ions in the zeolite precursor get exchanged with the Li* ions in solution (1:1 ratio), 

then the precursor composition at room temperature (RT) will be as given in Table 3.3.4. The ceramic LAS phase 

has been represented with a variable formula in which the factor 'x' varies from 0 to 1. This is because of the fact 

that the LAS system has several dense phases with varying Li content and number of moles of SiOz. However, 

there is no report on the possible intermediate LAS phases that are formed during the fonnation of the desired p- 

spodumene phase (refer section 3.3.2.), It would be more useful to make an attempt to understand the
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mechanism by which the phase transfomiation occurs. Before going into the details, it would be appropriate to 

have an idea about the metastable phases of Si02 at high temperatures (in the range 800-1200 "C).

As a single component system, silica (Si02) has many polymorphs like a-(low-)quartz, (3-(high-)quartz, tridymite, 

and cristobalite stable ypto various temperatures viz., 573, 870, 1470 and 1713 ‘’C at 1 atm pressure. At high 

pressures (>40 kbars)Jew more phases like coesite and stishovite are formed. Nevertheless, the pressure 

changes affect the formalTon temperature of these phases to some extent. High-pressure conditions bring down 

the temperature of formation of different phases drastically by several 100 °C.

However, the present case is not a single component system rather a ternary system of Li0 2 -Ab0 3 -Si0 2 . In 

presence of any other cation like Al and Li, the high quartz phase is more likely to form a separate family of 

aluminosilicate polymorph called keatite, Keatite structure is usually a solid solution in which atoms of Al and any 

other cation like Li could be diffused inside. Keatite has a structural formula as MAISi206; where M is any metal 

like Li. This is formed by the gradual change of the Si02 structure by accommodating Al and Li ions into the lattice 

positions of Si.

4k

(/)
C LO

C0)

1200 “C

1000 °c900 •’c
800 °C

700 °C

LASA3

10 2 0  2-Theta, degrees 30 4 0

Figure 3.3.5. XRD multiple plo ts o f  LASA3 sam ples heated at different temperatures from  480-1200 °C

The XRD patterns obtained for the samples LASY3 show traces of this phase formation at temperatures above 

800 °C. However, this is not observed very distinctly here. In order to assure this mechanistic pathway, it was 

planned to study the sintering of some other LAS sample prepared from some other zeolite.
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Using similar ion exchange procedure as followed for the preparation of LASY3 sample (refer Section 2.1.2.a of 

chapter 2), around 40 g of zeolite A was exchanged 3 times with 1 M UNO3 solution and the exchanged dry 

powder was labeled as LASA3. The powder was bound using PVA and made into pellets and fired at different 

temperatures in the range of 480-1200 °C. The XRD patterns of the crushed fine powder of the pellets heated at 

different temperatures were recorded. Figure 3.3.5. shows the multiple plot of the XRD plots of LASA3 samples 

heated at different temperatures,

The structure changes are almost similar to the trend observed for LASY3. Zeolite precursor collapses at 700 °C 

and the metastable silica phases are formed above 800 °C. However, new peaks around 20 (in degrees) = 

25.56 in patterns for samples heated at 900 °C and above are to be noticed. Figure 3.3.6. gives the narrow range 

of XRD pattern from 20 = 15 to 35 degrees of the samples heated in the range from 800 to 1200 °C.

1200“C
LASA3

j l m

800 °C

VHii

I

20 3 0  2-Theta, degrees 40

Figure 3.3.6. Close view o f  the expanded XRD profiles o f  LASA3 sam ples heated a t 800-1200 °C

The phase changes of Si02 with or without the presence of other oxides were unknown till recent past. Evans 

reported a very preliminary study on the mechanism®*’. Later, Li reported a deeper insight aboOMhe mechanism 

and according to Li ,̂ the high quartz phase of LiAISi2 0 e (Li2 6 .Al2 0 3 .4 Si0 2 ) composition reconstructively 

transforms into the keatite phase at elevated temperature. According to this report the structure does not undergo 

major changes but most atoms in the structure undergo very meager positional changes during the phase 

transformation and hence, even DTA analysis usually does not show any significant peak for this process.
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Though the intensities of XRD reflections observed for these phases are usually weak in presence of any other 

prominent phase formation, the three reflection of these phases (Table 3.3.5.) are usually the major ones.

Table 3.3.5. A match of three pairs of powder XRD reflections between high-quartz and keatite phases of UAISi20s 

composition. (CuKa- radiation used)

High-quartz (HQ) phase Keatite (K) phase

hkl 20. d,A Mo Hkl 20, d,A h/lo

100 19.65 4.518 11.7 111 19.26 4.608 8.3

101 25.58 3.482 100.0 201 25.55 3.486 100.0

112 48,24 1.887 19.1 400 48.27 1.885 10.0

The powder XRD reflections of LASA3 samples heated at this temperature range (800-1200 °C) were analysed 

for the possible matching with these data. It was found that the samples heated in the temperature range 800- 

1000 °C contain three major reflections corresponding to the phase transformation, 'High-quartz to Keatite’.

Table 3.3.6. A match ofLASAS reflections with the HQ and Kphases at various temperatures

Id
tl̂

Details High Quartz 

(HQ)

Keatite
(K)

20, ° of .ASA3 samples at temperatures, °C Remarks
(temperature)800 900 WOO 1100 1200

CD
<2

20,° 19.65 19.26 19.59HQ 19.58HQ 19.56HQ 22.60^ 2 2 .5 9 P H Q ^  K 

(800-1000)h/lo 11.7 8.3 13.0 12.0 12.0 22.0 25.0

CNl
TO

20, * 25.58 25.55 25.56HO 25.56HQ 25.55'< 25.52P 25.50P H Q o K

a h/lo 100,0 100.0 100.0 100.0 100.0 100.0 100.0 (800-1000)

<r>
% 20, ° 48.24 48.27 48.25HQ 48.27'' 48.27K 48.31 48.28^ LAS
vu
tx h/lo 19,1 10.0 15.0 15.0 15.0 11.0 12.0 (1000- 1200)

The 20 (in degrees) of reflections observed for the LASA3 samples at high temperatures are marked with 

superscript with the matching phases (Table 3.3.6.). The superscript mark 'HQ' stands for high-quartz, 'K' stands 

for keatite and 'P' stands for virgilite SS and p-spodumene (dense LAS) mixture. These assignments were cross

checked with the JCPDS standard data. The last column of Table 3.3.6. shows the over all phase transformation 

of the process at this range of temperature. The overall changes clearly show that the mechanistic pathway for 

the transformation of amorphous silica to p-spodumene is as follows.

Amorphous
phase

(700 °C)
C

High-quartz

(800 °C)

Keatite

(800-1000 °C)

LAS dense 
phase

(1000-1200 °C)
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The second part of the phase transformation is from Virgilife to (3-spodumene. At higher temperature keatite 

transforms into virgilite SS (LAS solid solution) phase having a general formula LixAlxSia-xOe®. This phase is earlier 

to the intermediate phase. It has been already reported that in presence of any alkali element like Na at various 

concentrations, the high temperature treatment of similar system leads to the formation of disordered cristoballte. 

It is important to know that usually keatite coexists with either quartz or cristobalite or both^

The quantification of keatite phase formed using the Li ions in its lattice would forecast the formation of the (3- 

spodumene from the former. The XRD pattern recorded for the sample LASY3 fired at 900 °C can be used to 

calculate the amount of Li* cations present in the lattice sites of keatite®-'®. The crystal details of keatite were used 

for the above purpose. In other words the occupancy of Li*, on the basis of the XRD data, was calculated and 

found comparable with the reported value in the literatures-'". According to the results shown in Table 3.3.7, the 

value of X is 0.31 in the equation LixAlxSii-x02. The 'x' value for the minimum and maximum possibility of Li* 

occupancy (0.0 and 0.33) along with the lattice parameters that were reported by others have also been given for 

comparison.

Table 3.3.7. The occupancy and (he unit cell values calculated and the literature values

X a (A) c(A) Reference

0.00 7.459 8.604 8

0.20 7.496 9.038 9

0.29 7.510 9.208 10

0.31 7.521 9.210 This work

0.33 7.538 9.156 9

This calculation was thus significant to obtain a measure on the utilisation of Li for the phase transformation. As Li 

is volatile at high temperatures a reduction in the Li concentration is expected depending on the nature of binding 

of Li with the system. This loss of Li leads to non-stoichiometry in the sample. This is one of the main reasons 

why the themiodynamics of a solid state reaction changes and leads to unwanted side products in many of the Li 

based high temperature systems. This result shows that the Li uptake into keatite intermediate phase by the 

system is satisfactory.

3.3.5. STOICHIOMETRY ■ BULK COMPOSITIONAL ANALYSIS BY EDX

To confirm this and to check the overall stoichiometric balance throughout the course of reaction, a series of 

chemical analyses were carried out at different stages of heating during sintering. However, lithium, due to its low 

atomic number is difficult to analyse by the conventional solid (powder state) elemental analysis techniques like 

XRF and EDX. A quantitative analysis of Li was tried using L̂i NMR studies of the samples fired at higher
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temperatures. This part of quantitative NMR work will be discussed in the later part of this chapter. The other 

elemental compositions have been shown in Table 3.3.8 for the samples fired at different temperatures.

Table 3.3.8. Elemental compositions and Si/AI ratio by EDX analysis

Sample name 
(temperature, in °C)

Elemental compositions and ratios in wt % (excluding Li)

Al Si Na Si/AI

LASY3(480) 24.59 72.07 4.34 3.340

LASY3(900) 23.49 71.80 4.71 3.057

LASY3(1200) 23.92 72.01 4.08 3.101

Although, as expected, there is a minor dealumination with the increase in temperature, according to the values 

obtained, there is no significant change in the stoichiometry of other elements in the samples heated at different 

temperatures.

3.3.6. DIELECTRIC CONSTANT

The pellet of LASY3 sintered at 1200 °C was lapped for uniform thickness. It was electroded with silver paint and 

cured using the procedure as given in the chapter 2, section 2.3.7. The diameter of the electrode was measured 

using a vernier caliper and the area of the electrode was calculated. The thickness was measured usihg a screw 

gauge. The pellet was mounted on the sample holder as explained in the same section in chapter 2. Under the 

given conditions the capacitance values of the pellet were measured at different frequencies from 20 Hz to 1 

MHz. a-Alumina was used as reference for measuring the capacitance in the LCR unit. The dielectric constant 

(DEC) of alumina was calculated as 9.526 at 1 MHz, which is comparable with the DEC, reported in literature. 

The dielectric constant of the sample was caiculate(;| as described earlier. The values are given in Table 3.3.9.

Table 3.3.9. Ttie dielectric and other properties of LASY3 heated at 1200 °C

Sample dielectric 

Dimensions of LASY3
V, Hz c, pF Q et(DEC)

Thickness, T = 0.097 cm 

Radius,‘r’ =0.530 cm 

Area,‘a’ = 0.8825 cm^

1,000,000 6.5710 136.7 8.1

100,000 6.6165 79.9 8.2

10,000 6.7510 51.5 8.4

1,000 7.0050 26,5 8.7

1,00 7.7650 13,2 9.6

20 8,8250 11,1 11.0
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where, 'v' is the frequency in Hz, 'C  is the capacitance in pF generated between the electrodes, 'Q' is a factor 

(where Q= RcoC, where 'to' is the angular frequency applied across the electrodes, 2nv) and 'et' is the DEC of 

the pellet.

The DEC of LASY3 was compared with that of p-spodumene reported in literature and found to be matching well. 

The DEC values (at 1 MHz) of other materials commonly used in packaging technology are given in Table 3.3.10. 

for comparison.

Table 3.3.10. The DEC of p-spodumene from LASY3 and other materials commonly used in MEP

S\. No Material Formula DEC @ 1 MHz

1 a-Alumina AI2O3 9.6

2 Beryllium oxide BeO 6.5

3 Alumina-96% Ab03-96% 9.3 .

4 Alumina-92% Al203-92% 8.5

5 p-spodumene from LASY3 LiAISijOe 8.1

As discussed in chapter 1, low DEC materials are the most operative candidates for MEP technology. Though 

BeO has a very low DEC (= 6.5), it is highly toxic in the powder form, which is one of the major disadvantages of 

the conventional materials and hence unpopular. So, the p-spodumene prepared from LASY3 is apparently a 

better candidate for MEP having the lowest DEC (=8.1) among the listed conventional materials.

3.3.7. DENSITY CALCULATIONS

The densities were calculated for the green and the sample sintered at 1200 °C using the procedure given in 

chapter 2. Table 3.3.11 shows the calculated densities of the samples.

Table 3.3.11. Density of the green and sintered LASY3

No. Samples(temp. in °C) Volume(cc) Wt.(g) Density (g/cc)

1 LASY3(RT) 1.32367 1.35625 1.0246

2 LASY3(1200) 0.45307 0.97710 2.1566

These densities were compared with the X -  ray density of the p-spodumene phase and the relative density was 

calculated and the results are listed in Table 3,3.12, below. The achieved relative density o f above 90 % is an 

encouraging resuit for i^nowing the extent o f sintering. On further fine-tuning of chemical composition 

improved relative densities were achieved. They are discussed in the later part of this chapter.
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Table 3.3.12. Density changes on sintering and the relative density

Sample name Density in g/cc Relative density,

%Green state Sintered X - R a y

LASY3 1.0246 2.1566 2.3790 90.6515

Figure 3 .3 .7. The .shrinkage TMA p lo t o f  the green sam ple LASY3 in the 
temperature range from  RT to 1200 °C

3.3.8. SHRINKAGE 

STUDIES ON GREEN 

SAMPLES

Figure 3.3.7. shows the 

thermomechanical 

analysis (TMA) plot of 

the green sample LASY3 

in the temperature range 

from RT to 1200 °C. The 

TMA curve shows an 

usual and plain trend in 

which the sample is 

stable up to higher 

temperature (800 "C) 

and suddenly condenses 

to a dense phase. There

is an initial shrinkage of -20% of the total shrinkage up to 800 °C which may be due to the expulsion of the 

adsorbed matter and the strain from the lattice. There is a strong densification after 813 °C up to 1005 °C 

indicating the structure collapse of the sample and then sintering of the sample. The XRD pattern of the sample 

sintered at 800 °C shows that the zeolite precursor has collapsed into an amorphous material. The highest 

densification rate was observed around 920 °C. This temperature is called as temperature at maximum 

densification (Tomax). The value of Tomax for LASY3 is relatively much less than that of MASY3 (Magnesium 

Aluminosilicate precursor from Y zeolite after 3 exchanges of 1 M Mg salt solution). A comparison of the two 

results is given in chapter 5. This comparison offers a good realization about the effect of cation on sintering of 

zeolite precursors for ceramic preparations. The over all shrinkage is estimated to be around 33.34 %. The 

derivative of TMA shows a sharp peak indicating that the shrinkage is a one step process. However, there is a 

shoulder around 990 °C indicating the possible chemical reaction extended even after the completion of 

densification. This is a typical case where the sintering is getting over before the high temperature solid state 

reactions. Usually, this kind of situation does not allow the phase transformation to complete which leads to 

unwanted side products (other impurity phases). But this can be controlled to some extent by the optimization of 

heating program. However such studies are beyond the scope of this thesis.
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3.3.9. THERMAL EXPANSION STUDIES ON SINTERED SAMPLES BY DILATOMETRY

Measuring system Dilaiomeier TMA -  Perkin Elmer
Diameter 15.195 mm
Heigiit 3 009 mm
Probe position (mm) Step: 1
Filename LIY3
I'emperature (rate) 20 to 450 °C (20 °C/min)

Figure 3.3.8. Thermal 
expansion p lo t o f  
sam ple LASY3 (sin tered  
at 1200 °C) in the 
tem perature range o f  
20 to 400 °C (TEC plot)

The disc of sample LASY3 heated at 1200 ”C is used for the expansion analysis. However, the measurement 

beyond 450 °C was not possible because of the instrumental limitations. Figure 3.3.8 shows the thermal 

expansion curve measured in force free conditions, in the temperature range, 25 to 400 °C. The curve shows a 

typical 'lower bend' in the region of temperature range up to around 175 °C. The thermal expansion coefficient 

measured at a range of 20 to 200 '’C is 5.983 x 10 - ® /°C and it agrees with the reported TEC value for p- 

spodumene (TEC = ~ 5 x 10 ^  TC)” . However the increase in the TEC may be attributed to two factors namely 

(i) the symmetry nature of (3-spodumene phase and (ii) the impurity phases present, particularly the oxides of 

alkali elements viz., Na, Li. The first factor, the anisometric nature of phase present in the sample makes the 

expansion anisotropic. Table 3.3.13 collects the individual contribution from each coordinate of the particular 

crystal symmetry to describe the effective thermal expansion coefficient 'a'eft'^. The principal coefficients a1, a2, 

a3  are symmetry dependant whereas the secondary coefficients a4, aS, and a6  are dependant on the crystal 

shape. On the basis of symmetry of the crystalline ceramic phase, the prediction of their contribution to the 

effective TEC is easier. p-Spodumene has tetragonal symmetry and hence does not have dependence of 

secondary coefficients but aeft is dependent strongly on a1 and a3. If a3  is relatively higher (usually is the case) 

and the crystals are oriented along c-axis, such increments are observed. The second reason is due to the 

impurity phases present viz., mullite and virgilite. Mullite is a well-known material often added to alter the TEC of 

a material’̂ . Park has demonstrated that the TEC increases drastically on addition of 4 -  8 wt.% of alkali and 

boron mixed oxide as a fluxing agent, which also enhances the extent sintering'^
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The measurement done in a different temperature range between 20 to 450 °C has resulted in an increase in the 

TEC to 51.759 x 10 -W°C. The increment in the TEC is attributed to the characteristic feature of the temperature 

range in which it was measured. The temperature dependence on TEC has been well studied in many oxide 

solids. Kingery remarks in his book'^, a typical case in which the values for oxide structures with dense packing of 

oxygen ions are in the range of 6 -  8 x 10 /°C at room temperature and increases to 15 x 10 - ® / X  near the

Debye characteristic temperature, 0d. The temperature dependence of the TEC has been studied on variety of 

materials’® '®, in our investigation on LASY3, when the TEC of the sample measured at different temperature 

ranges are plotted verses temperature up to where the TEC is measured, as shown in Figure 3.3:9, a curve 

appears to have a dual slope above and below the zero expansion level. This is a typical advantageous feature of 

many LAS systems having negative TECs. This property makes the material suitable for microelectronic 

applications.

Table 3.3.13. The effective thermal expansion coefficients for various crystal symmetries

Symmetry Principal coefficients Secondary coefficients

Cubic a1 a1 a^ 0 0 0

Hexagonal a1 a1 a3 0 0 0

Tetragonal a1 a1 a3 0 0 0

Trigonal a1 a1 a3 0 0 0

Orihorhombic a1 a2 a3 0 0 0

Monodinic a1 a2 a3 0 a5 0

Triclinic a1 a2 a3 a4 a5 a6

TEMPEARTURE DEPEIVDAIVCE of TEC

Figure 3.3.9. The temperature dependence o f  the TEC on LASY3 -  (3- 
spodumene synthesised by zeolite route. Temperatures p lo tted  are the 
upper limits o f  the TEC measurements.

According to the literature available, 

this kind of phenomena is also 

observed in sintering of metals and 

metallic alloys. If the kinetics of this' 

process is studied, more 

understanding can be acquired on 

the mobility of the defect sites 

during the thermal vibrations at high 

temperatures. A similar, work has 

been reported earlier on Zn and Cd 

elements in terms of mobility of 

vacancies during inter-metallic 

diffusion processes^®.
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3.3.10. NMR STUDIES ON LASY3 SYSTEM

In early 80's, Asai, Fyfe and Klinowski were few of the earlier groups initially tried to exploit solid state NMR for 

‘ silicate and silicate based ceramic materials^’ ^̂ , OldfilFd and Engelhardt developed many new experiments in the 

area of solid state NMR for the characterisation of ceramic materials^ -̂ '̂’. The next two decades have witnessed 

the capability of solid state NMR on ceramic characterisation. There are general NMR reports on the ceramics 

synthesised by conventional routes like spodumene or cordierite, which are widespread in MEP technology. 

Jancke has reported a study of NMR characterisation using ^̂ Si NMR of cordierite synthesid by sol-gel routers. 

However, there are not many reports on the sintering of zeolite based ceramics^^. The present NMR based 

investigation is somewhat unique, as there is no documentation of a multinuclear approach to study the sintering 

phenomenon of the zeolite-based ceramic precursor, LASY3 by solid state NMR to find out the phase changes as 

a function of temperature. This includes the NMR studies on nuclei namely, ^̂ Si, ^̂ Al and L̂i.

This particular route follows ̂ morphization of the ciystalline raw material (zeolite) as a first step and consecutively 

the crystallization of new ceramic phases from the amorphous matter. This gives an opportunity for one or more 

amorphous phases to co-exist at a given temperature and this is clearly observed and evidenced by the raise in 

the baseline in the XRD pattern taken for sample heated at 800 °C. It is obvious, that the characterisation of this 

state of matter just by XRD is extremely difficult. Though XRD is useful for the phase identification, the inherent 

disadvantage of XRD is the inability to detect materials having small crystallite size (below 0.1 micron). So, XRD 

becomes ineffective in the case of samples having both crystalline and glassy phases together. Here the support 

of NMR is very effective to study even the so-called amorphous ‘crystals’. NMR provides information at local 

molecular level and principally does not depend on the crystallinity. The present study involves the NMR spectral 

characterisation of the samples that are sintered at various temperatures in the range from 480 °C to 1200 ”C, 

through the nuclei ^̂ Si and ^̂ Al, The L̂i NMR has been studied using the quadrupolar echo (QUADECHO) pulse 

sequence. General experimental conditions are described in chapter 2, section 2.3.6.b. Table 3.3.14 lists the 

different types of silicates and their notations along with the ^Si NMR chemical shifts. It is important to note that 

the chemical shift moves to low field as the ordering of Si-O-Si increases. The present study involves various 

silicates viz., soro- and ino- silicates which have chemical shifts in the range of - 68 to -96 ppm. Various such 

silicates that are encountered in this investigation are listed in the Table 3.3.15.

Table 3.3.14. Types of silicates and their NMR chemical shift ranges (S,ppm)

Sr. no. Types of silicates Order Notation 6, ppm

1. Neso-silicates Mono- QP -60,0 to -83.0

2. Soro-silicates Di- Q' -68.4 to -95.3

3. Ino- and cyclo-silicates Chain- and Ring- Q2 -80.0 to -96.0

4. Phyllo-silicates Layer- Q3 -91.5 to -101.5

5. Tecto-silicates 3D cross linked- Q' -107.0 to 121.0
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Table 3.3.15. Chemical shifts of silicate phases identified.

SI. no Name of the phase Formula

Chemical shift, ppm

Observed Reported Ref.

Cristobalite Si02 -108.7 -108,5 27

Sodium disilicate Na2Si205 -94.9 94.4 26

p-spodumene LIAI[Si205] -91.6 91.6 28

Lithium sorosilicate Li2Si205 -92.6 92.7 26

Sillimanite AbSiOs -87.1 87.1 28

a-quartz Si02 -107.6 107.4 26

Mullite Al6Si20l3 -87.1 87.0 29

3.3.10.a. Nuclear magnetic resonance studies

Figure 3.3.10. shows the ^̂ Si MAS NMR spectra recorded at a spinning speed of 2,3 kHz of LASY3 samples 

heated at different temperatures ranging from 480 to 1200 “C, All these NMR studies in the present investigation 

are related to only one sample namely LASY3, The spectrum recorded for the sample heated at 480 °C is typical 

of that of a zeolite with medium Si/AI ratio where the O'* (4SI-0AI) and Q^(3Si-1AI) environments are clearly 

distinguished by peaks at -106,9 and -101,3 ppm respectively. The peak positions match with the literature 

values of these environments. The shoulders at higher field next to the O'* (3Si-1AI) indicate the presence of very 

low level populations of (2Si-2AI) and (1Si-3AI) environments.

The NMR spectrum of sample heated at 800 °C is broad due to the structure collapse. The amorphous 

environment is also reflected by XRD of the same sample. Better resolution begins from the samples heated over 

900 °C onwards into two distinct symmetric bands. One moves upfield in the range of around -87 ppm indicating 

the formation of Q' (3AI) type of sorosilicate species and another to a downfield range of around -110 ppm 

indicating the crystallisation of (OAI) type of tectosilicates and exclusively the polymorphs of SI02.

From the crystallization point of view, NMR spectrum of sample heated at 900 °C is a combination of the two 

broad bands, probably including many other phases which are amorphous after the structure collapse of zeolite 

metaphase. The actual crystallisation seems to start above 900 ”C and end at 1100 °C with a clear distinction of 

two separate bands.
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At 900 °C, the major peak (belongs to the right band) at -108.77 ppm corresponds to the Si02 polymorph, 

cristobalite (reported 5 = -108.5 ppm)̂ .̂ The powder XRD profile of this sample shows the presence of two 

different Si02 phases (JCPDS files 270606 and 120708). The second Si02 may be related to the high quartz 

structure, which is usually expected in this range of temperature. However, XRD results show that the zeolite 

structure has not completely collapsed and partly remains with a heavy loss of crystallinity. Hence, the NMR 

spectrum for sample heated at 900 °C shows the co-existence of both LAS based HT product and the 

polymorphs of Si02. The formation of two major bands along with the broad component in between them proves 

this. The broad component is due to the existence of the zeolite environment still at this temperature.

The NMR spectra of samples heated in the range, 900 °C to 1200 °C includes the movement of the peak at 5 = - 

86.72 ppm to a symmetric peak at 8 = -87.17 ppm. The peak at -86.72 ppm (of the left band) shows an 

environment of type of silicate that corresponds to sillimanite, observed at 5 = -86.9 ppm, which later turns to 

AbSiOs, (reported S = -87,1 ppm '̂’) type of species at high temperature. The amorphous broad component in 

between the two bands disappears as the temperature increases indicating the segregation of crystallized 

products into two major categories from the amorphous matter.

At 1000 °C the formation of lithium aluminosilicate species starts as indicated by the peak at 5 = -91.6 ppm. The 

reported value is 5 = -91.6 ppm̂ .̂ Virgilite (LixAlxSia-xOe) is the previous phase to crystalline |3-spodumene. At 

high temperatures, the fraction x becomes an integer x = 1 to form (3-spodumene (LiAISiaOs). This observation is 

supported from the XRD characterisation described eariier. As the Si/AI ratio is considerably high in ceramic 

phases, it is not possible to have Si-AI ordering like low Si/AI ratio zeolites have. Also it is very well known that the 

Si signal shifts upfield as the Si/AI ratio increases during sintering.

Oldfield reports the same kind of 

spectrum for a mixture of mullite and 

Si02. Figure 3.3.11 shows the spectrum 

observed by Oldfield and coworkers for 

the mixture of mullite and Si0 2 , spun at a 

speed of 2.5 kHz (MAS) and almost 

similar experimental conditions. The 

spectrum consists of relatively narrow 

peak at -  87.0 ppm, due to crystalline 

mullite and a broader peak at -108.3 ppm 

due to a neariy pure Si0 2  glass (pure 

Si0 2  glass is at approximately -  111 

ppm). In the present study, the XRD 

profile for the particular sample heated 

upto 1100 °C shows the presence of

MAS NMR

-100

Chemical shift from TMS, ppm

-150

Figure 3 .3 .11. MuHile-SiOl mixture. 2.5 kHz, '̂\Si MAS NMR, 
{ref. O ldfielde! al. Am. Ceram. Soc. Bull., 66(4) 656-63 (1987) }
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mullite and Si02. From the temperature 1100 "C to 1200 ‘’C, the spectral lines are sharper indicating that the 

crystallization is getting over with two major components. One includes the glassy and crystalline Si02 phases 

and the other includes the LAS phase, p-spodumene and mixture of mullite and glassy silica (Al6Si20i3, observed 

5 = -87.17 ppm and reported 5 = -87.1 ppm^) as major crystalline impurities. These results are in good 

agreement with the XRD characterisation of the same. The results are in accordance with the reported 

literature^'.

3.3.10.b. Nuclear magnetic resonance studies

2̂ AI being a quadrupolar nucleus the typical quadrupolar features are seen. Unlike ^̂ Si, it becomes difficult to 

quantify ^̂ Al spectrum as the complication arises, because of its quadrupolar nature. However, the narrow and 

sharp peak at 59.03 ppm indicates the presence of typical tetrahedrally coordinated Al atoms in zeolite 

environment. The LASY3 sample heated upto 800 °C shows a considerable amount of octahedral occupation 

close to 0 ppm. This is due to the collapse of the zeolite structure at that temperature. Klinowski and his 

coworkers^^ have studied the dealumination and the themial destruction of zeolite framework using NMR. Figure 

3.3.12 shows the ^̂ Al NMR of the samples heated at various temperatures.

LASY3 sample heated at 900 °C shows a reduction of intensity and another broad peak starts growing near 0 

ppm (4.31 ppm at 900 °C) indicating the formation of the amorphous matter in which the Al atoms are moving to 

the octahedral positions. Assignments are based on the fact that Al atoms, when tetrahedrally coordinated by 

oxygen atoms resonate at 50 + 20 ppm and when octahedrally coordinated, resonate at 0 ± 10 ppm̂ 3-34

The slight shifting of the main tetrahedral peak from 59.03 ppm to 57.87 ppm and to 58.66 ppm at 480, 800 and 

900 °C respectively shows the gradual collapse of zeolite structure. On the other hand, the formation of the sharp 

peak at 13.6 ppm (at 900 “C) shows a well ordered octahedral coordination of Al atoms as the same in alumina. 

The detection of the presence of alumina phase (JCPDS 100173) at 900 "C by XRD is confirmed by NMR. The 

alumina again transfomis into other products at high temperatures.

It is clearly understood from the XRD results that the (3-spodumene is fonned through the key intermediate phase 

virgilite.'The slow conversion of virgilite to p-spodumene is in fact a conversion from octahedral to tetrahedral 

again. The Al atoms are tetrahedrally coordinated in p-spodumene. The formation of p-spodumene is observed 

by XRD in the range of 900”C to 1000 °C. This Is reflected by the movement of the tetrahedral peak al 58.67 

ppm (of 900 °C) to 55.80 ppm (1000 °C) at the expense of the octahedral peak (4.31 ppm). It continues to remain 

at 55.11 ppm at the temperature range of 1200 °C indicating the completion of crystallisation of p-spodumene 

around 1200 X .
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The new peak around 21 ppm to 23 ppm in the spectra of samples heated from 1100 to 1200 °C is the range 

where the A) is in five coordination and will be in distorted octahedral structure. This is due to the presence of 

mullite that is according to the XRD results, another major intermediate in LASY sintering. This is in accordance 

with the result of Merwin^  ̂ He has proved that the ^̂ Al MAS NMR spectra of sintered- and fused-mullite 

measured at different Larmor frequencies revealed clearly the presence of 3 distinct Al sites, i.e., of octahedral 

(Ml), tetrahedral (M2), and distorted tetrahedral (Al*) sites. Due to this reason, there are satellite side bands 

around the tetrahedral peak at 53.60 ppm of sample heated at 1100 °C (possibly distorted).

The spectrum recorded for the sample heated at 1200 °C looks more simple and the tetrahedral main peak due 

to the LAS ceramic phase (3-spodumene remains intact with the distorted environment at 55.11 ppm. The 

distorted tetrahedral of mullite Al atoms show a peak around 23.24 ppm and the octahedral mullite at 3.42 ppm. 

Hence for sample heated at 1200 °C, the NMR shows peaks for two major phases mullite and (3-spodumene. 

The main peak moves towards high field to 53.6 ppm to 55.1 ppm indicating the mullite phase with a distorted 

octahedral coordination of Al.

3.3.10.c.^Li nuclear magnetic resonance studies

The L̂i QUADECHO NMR results are shown in the Figure 3.3.13. At the very outset, it is important to note that 

the position of L̂i nuclei is very distinct from that of the other nuclei like ^̂ Si and ^̂ Al. In fact the Li ions are highly 

mobile in the zeolite environment, as they do not sit in the lattice positions. However in dense ceramic phases, 

the lithium mobility is highly restricted and is fixed with the lattice positions (only lattice vibrations).

The narrow Li signal at 0 ppm in the beginning of sintering (for the sample calcined at 480 °C) indicates its mobile 

nature and thus averaging out the quadrupolar interactions isotropically. The quadecho conditions preclude the 

possibility of missing out if any possible appearance of broad feature at this temperature. The onset of the phase 

transformation of LASY zeolite precursor into a condensed LAS phase is clearly seen by the appearance of the 

broad component for the sample heated at 900 °C. The broad component is definitely due to the satellite 

transitions that are normally observed for L̂i in many simple Li compounds and for immobile Li oxide materials 

viz., lithium acetate, lithium carbonate, layered oxides of Li, which are diamagnetic. However, the loss of so-called 

'powder pattern” features of the satellite transitions is due to the lack of very high crystallinity for the (3- 

spodumene. This is also due to the fact that there is a distribution of chemical environment of Li as it remains in 

more than one phase viz., virgilite, p-spodumene and other amorphous (glassy) Li oxides, during the process of 

crystallisation. These are commonly noticed in many Li glasses.

7 7



C H A P T E R  III -  L A S



C H A P T E R  III -  L A S

Another possible reason may be due to the dipolar interaction of 

Li with Al. Engelhardt reports these types of dipolar interactions 

in his book for Li exchanged Na-A zeolites^e. In the present 

study in the LAS systems, LixAlxSia-xOe (virgilite) and also 

LiAISiaOe (p-spodumene) there is a 1:1 site population for Li:AI. 

It is possible that Al broadens the satellite features and makes it 

not prominent. Figure 3.3.14 shows the L̂i NMR spectrum 

recorded for various conditions. It shows that the quadaipolar 

features are enhanced using a quadecho pulse sequence 

instead of the single pulse and also that the AI;Li dipolar 

interaction suppresses the enhancement.

3.3.10.d. Quantitative NIVIR study on Li content

Evaporation of Li is a common problem in many Li based HT 

ceramic preparations. Li being a volatile element, the 

stoichiometry of the ceramic phase at high temperatures will not 

be the same as that of the starting precursor. Hence it is 

important to monitor the Li content through out the sintering 

process. The analysis of Li content by atomic absorption 

spectroscopy (AAS) was somewhat difficult, as the high 

temperature dense phase (especially the silica-rich) LAS 

ceramics are rather difficult to be digested into aqueous solution 

for AAS. So, the AAS based analysis may not be reliable and an 

additional technique is needed to support the results. The 

quantitative solid state NMR study can be employed for this 

purpose as it uses the solid mass itself for the analysis. There 

are many such studies reported in literature^ .̂

^L i N M R

Single
pulse
spectrum

☆
1 *  Typical 

quadecho 
spectrum

Quadecho 
with Li:AI 
dipolar 

V___^  interaction
1 1 

+100 0 -ICO 
Chemical shift ,ppm

Figure 3.3.14. 7Li NMR spectrum o f  
single pulse quadecho and quadecho with 
Li.A l interaction. * shows the enhanced  
quadrupolar features in typical quadecho 
conditions.

The LASY3 samples heated isothemially at different temperatures viz., 800, 1000 and 1200 °C for 6 h, were 

crushed into fine powder and used for NMR study. Samples weighing exactly 0.18735 g each were loaded in the 

NMR sample tubes with uniform packing. Using the similar probe used for the quadecho L̂i spectroscopy, the L̂i 

single pulse static signals were collected using experimental conditions mentioned in chapter 2. The FIDs were 

Fourier transformed with a line broadening of 40 Hz for minimum signal/noise ratio. Phase and base line 

corrections were done and integration was performed over the main central transition signal. Figure 3.3.15 shows 

the L̂i static NMR spectra recorded for samples heated at different temperatures. The integrated area values are 

plotted in Figure 3.3.16. Generally the spectra look very narrow for samples heated at low temperatures and
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become broad for samples heated at high temperatures. The broadening is due to the fact that the Li ions get into 

lattice positions at high temperature that restricts the mobility of them. However the reduction in the intensity 

along with broadening keeps the integrated value the same indicating that the lithium loss is negligible during high 

temperature treatments. The Li content in terms of the integrated values plotted in Figure 3.3.16. The value varies 

marginally from 1985.9 (800 °C) to

Quantitative A 
\ i  NMR
a n a l y s i s  1I 1200 ° C

7\ 1000 ° c

j \ ^  800 ° C

.  . 1 .  .  .  .  1 .  .  .  .  1 f • f  • 1 .  .  .  .  1 I  I f • 1 •

800 600 400
. . .  1 . . . .  1 . . .  .

200
Chemical Shift, ppm

Figure 3.3.15. Quantitative Li NMR study on LASY3 sam ple sin tered  
at various temperatures (800, WOO and !200°C)

1920.1 (1200 X ) which is

commonly observed marginal loss 

in Li based high temperature 

material synthesis^^

3.3.10.e. Summary of 

multinuclear NMR studies on 

sintering ofLASY

Multinuclear NMR studies on the 

sintering process of LASY has 

given a better understanding of the 

entire process in terms of the 

nuclear environment of the 

elements irrespective of crystalline 

and amorphous nature of the state 

at a given temperature. The NMR 

results are quite supportive and 

appropriate tp_ the results obtained 

by XRD at similar temperatures.

Few aspects like the presence of 

alumina only in the range of 900 °C 

by XRD is confirmed by the ^̂ Al 

NMR results. ^̂ Al being a 

quadrupolar nucleus, is relatively 

difficult for interpretations. However, 

the literature sources suggest that 

the high speed spinning at higher 

field will increase the resolution of the spectrum that would help in distinguishing the overlapping peaks. Special 

NMR experiments which would decrease the quadrupolar interactions like multiquantum (MQ) might help to 

understand the spectrum better.

Li CONTENT by QUANTITATIVE NMR

(0
'D
EO)

1600

1400

1200
-  1000

-B-

Temperature, °C

800 1000 1200

Figure 3.3.16. Quantitative Li NMR studies on sin tered sam ples o f  
LASY3 sample. The integrated area over the central transition  
signal is given in text.
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CHAPTER 3

P A R T  B . IN F L U E N C E  OF P R E C U R S O R  S T O IC H IO M E T R Y  O N  L A S  

S Y S T E M

3.4. INTRODUCTION

The second part of this chapter deals with the studies carried out to find out the influence of variation of different 

parameters on the sintering of LAS systems. It is well known that in solid state HT reactions, the difference in 

chemical compositions of the precursor materials drastically affects the purity of the phases formed at high 

temperatures. In solid state HT reactions unlike the liquid state reactions, generally there is not much control on 

the thermodynamics of the reactions. Hence it is very important to know the way in which the sintering process 

and the phases formed get affected when the composition of the precursor is changed. Consequently, one can 

achieve a reliable control over the quality of the final product.

Practically, ail Na* ions in the zeolite lattice can not be exchanged and hence there would be always a fraction of 

residual Na in the precursor composition. It is very important to note that this influences the purity of the final 

phase and the sintering process as well. This will, however be discussed in the later sections of this chapter. In 

this view, in the sintered ceramic product, all expected lattice sites for Li" in the lattice of p-spodumene need not 

be occupied by the Li* cations. Also, the occupancy of the Li+ ion in the entire unit cell may vary with the defect 

structure and the phase purity. This influences however, the purity of the final phase, as well the sintering process 

due to the fact that the presence of trace amount of Na in the precursor acts as a flux during the solid state high 

temperature phase transformations. In general, alkali oxides and fluorides are known as fluxing agents. This 

aspect has been well discussed by many workers and reported^® '*'’. One of the major elements present in the 

system, viz., Li  ̂ itself is known to behave as a 'self-flux' at high temperature^’. It is usually added in some 

systems as an external fluxing reagent.

In oxide based conventional preparations, meeting the stoichiometric requirement is rather unrestrained as the 

components (in the case LAS, the components could be SiO?, AI2O3, and LiO?) are mixed apparently. However, in 

zeolite based route, the case is different. Firstly, for a given zeolite precursor the SiOa/AbOs is fixed. However one 

can choose or synthesize the zeolite with desired Si/AI ratio.

Secondly, cation concentration can be altered by the magnitude of cation exchange. However, the number of 

cations that can be exchanged is directly proportional to the number of Al atoms present in an unit cell, depending 

on the valency of the cation (in Li exchanged zeolite, the cation is Li" and the valency is 1; So, the ratio Alii 

would be 1:1). In this aspect, the compositional variations in zeolites are easily possible with respect to the 

concentration of cations and Si/AI ratio. As mentioned in chapter 1, in today’s ceramics market composites are
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much attractive materials than single-phase ceramics. In that view, better fine-tuning of the chemical composition 

of the precursor is required to make composites and solid solutions with Improved properties. If has been often 

reported that in oxide systems the presence of excess Si0 2  in the precursor powder also affects the reactions at 

HT. Takeo Iga has reported that the presence of excess SiO? in sintering of alumina inhibits both densification 

and grain growth'’̂ . It is also proved that this does not affect the material transport during the sintering but the 

grain growth. Yong Bai Son and coworkers have studied the crystallisation behavior of similar systems in AI2O3 

rich and Si02 rich conditions to understand their individual effects'’̂  However the influence of excess Si02 is 

different with different systems and hence, it would be an interesting study. The studies on the influence of cation 

concentration and the Si/AI ratio (in the precursor powder) on the sintering behaviors have been discussed in this 

part of the chapter.

3.4.1. EFFECT OF CATION CONCENTRATION AND Si/AI RATIO IN PRECURSOR

3.4.1.a. Plan of work

It was planned to prepare samples with varied cation concentration. The differences in the sintering behavior with 

respect to different concentrations of Li in the precursor samples were followed by various techniques. XRD was 

the main tool used by which the phase changes were followed.

3.4.1.b. Experimental

3.4.1.h.l. Sample preparation

The Li content in the zeolite precursor was modified by changing the concentration of the cation solution and the 

number of exchanges. Zeolite Y was first exchanged three times with 1 M solution of NH4NO3 to get the NH4 form 

of Y and then with the different molar solutions of LiNOa. Solutions were prepared with different molar 

concentration from 0.01 M to 1 M as listed in the Table 3.4.1. The number of repeated exchanges were changed 

with sample to sample as listed in the table. The elemental compositions analysed by AAS are also given.

Table 3.4.1. Sample details for cation concentration variation.

Sample name Cone, of Li 

soln.

No. of 

exchanges

Elemental ratios, wt. %

Li Na Si/AI

LASY1 1 M 1 0.53 0.076 3.392

LASY2 1 M 2 0.76 0.082 3.417

LASY3 1 M 3 1.31 0.075 3.401
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Nearly 10 g of three zeolites namely zeolite A, zeolite P and zeolite Y with a Si/AI ratio 1.12, 1.8 and 2.51 

respectively were exchanged with each 300 ml of 1 M LiNOs solution for three times. Li* using the similar 

procedure prescribed in chapter 2 -  Section 2.1.2.a. for ion exchange. The powders designated as LIA3, LIP3 

and LIY3 respectively as per given in Table 3.4.2.

Table 3.4.2. Sample details for Si/AI variation

Sample Source Cone, of LI solution No.of exchanges Si/AI

LIA3 Zeolite A 1 M 1.12

LIP3 Zeolite P 1 M 1.80

LIY3 Zeolite Y 1 M 2.51

3.4.1, h. 2. Consolidation and sintering

The powders of all three samples were mixed with appropriate amount of binder PVA and dried. They were 

pressed into pellets and then sintered at various temperatures from 480 °C to 1200 °C as per the procedure 

given in chapter 2. The pellets were fired at different temperatures viz.. (T2 =) 480, 600, 700, 800, 900, 1000, 

1100,1200 ° C in programmed fashion with a heating rate of 4 °C/ min. The heating had a holding at 580 ”C (T1) 

for 180 min. (t2) for binder removal. The samples were heated at higher temperature (T2) isothermally for 360 

min. (t4) and cooled naturally (see in chapter 2 for more details about the temperature and time parameters).

J. 4.1, h. 3. Characterisation

The powder XRD patterns of samples sintered at different temperatures were recorded. The phases were 

identified and matched with the JCPDS available with the Rigaku XRD instrument. A semi-quantitative analysis of 

the various phases present in the samples heated at 1200 °C was carried out. The results are discussed in the 

following sections. Densities of all the LASY samples heated up to 1200 "C were measured and the general trend 

of density changes with respect to the cation concentrations were analysed, as the density variations at various 

temperatures are hints of the extent of densification. The shrinkage of the samples due to densification was 

measured and analysed.

3.4.1.C. X-ray based phase study

3.4. I.e. I. Effect o f  cation concentration on phase transformation

Figure 3.4.1 shows the multiple plot of the XRD profiles obtained for the samples heated at 750 ”C of the ‘LASYn’ 

(zeolite) precursors (LASY1, LASY2 and LASY3) having different cation concentrations, 'n' in the sample label
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indicates the number of times of exchanges carried out with the cation Li*. Table 3.4.3 shows the Li loading and 

the residual Na present in each sample.

The phase estimations of the XRD profiles have been carried out. The simplified results of the phase 

identifications are given in Table 3.4.3 along with the matching JCPDS files. As per the results, it seems the 

overall behavior of the phase transformation is similar in all the samples. However, the major transformations 

occur at different temperatures for different samples. At 800 °C all the samples form amorphous matter along 

with silica polymorphs and alumina. One of the silica polymorphs represented here as 'silica (a)' is found to be 

structurally closer to keatite (Si02) [JCPDS-270605} and the other is a silica polymorph (represented here as) 

'silica (b)' is found to be structurally closer to cristobalite (Si02) [JCPDS-120708], Keatite type of Si02 continues 

to remain till the end of crystallisation where as cristobalite type of Si0 2  disappears at high temperatures.

5k

L A S Y 3 Zeolite Y + 
Amorphous

(/)
Q .O

L A S Y 2 Zeolite Y

L A S Y l Zeolite Y

2 0  2 -  theta, degree 4 0 5 0

Figure 3.4.1. The XRD profiles o f  LAS samples with different Li* concenlralion heated at 750 °C
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Table 3.4.3. Various phases identified during the sintering of the sample with different Li concentrations (JCPDS Wes with 
which the recorded XRD profile was compared, are given below)

a .
E
<5?

Temperature (°C ) and the phases formed

480 800 900 1000 1100 1200

Zeolite Y Zeolite Y

Silica(a)

Silica(b)

Alumina

AMORPH*

Zeolite Y

Silica(a)

Silica(b)

Alumina

Virgilite SS

AMORPH*

Silica(a)

Silica(b)

Alumina

Virgilite SS

Mullite

AMORPH*

Silica(a)

Silica(b)

Virgilite

Mullite

fi-spodumene

Silica(a)

Silica(b)

Mullite 

Virgilite SS 

p-spodumene

Zeolite Y

CM>-
<

Zeolite Y

Silica(a)

Silica(b)

Alumina

AMORPH*

Zeolite Y

Silica(a)

Silica(b)

Alumina

Virgillite SS

AMORPH*

Silica(a)

Silica(b)

Alumina

Virgilite SS

Mullite

AMORPH*

Silica(a) 

Silica(b) 

Virgilite SS 

Mullite

p-spodumene

Silica(a)

Mullite 

Virgilite SS 

p-spodumene

Zeolite Y

n>-to<

Zeolite Y

Silica(a)

Silica(b)

Alumina

AMORPH*

Zeolite Y

Silica(a)

Silica(b)

Alumina

Virgilite SS

AMORPH*

Silica(a) 

Silica(b) 

Virgilite SS 

Mullite

p-spodumene

Silica(a) 

Virgilite SS 

Mullite

p-spodumene

Silica(a) 

Virgilite SS 

p-spodumene 

Mullite

AMORPH* - Amorphous ptiases

Phase Formula JCPDS file Phase Formula JCPDS file

Silica (a) SiO? 270605 Virgilite SS LixAlxSia-xOe 310707

Silica (b) Si02 120708 Mullite AleSiaOij 150776

Alumina AI2O3 100173 (3-spodumene LiAISiaOe 350797

In LASY1 and LASY2 (he amorphous phase extends up (o 1000 °C where as in LASY3, major part of it 

crystallises into other crystalline forms. On the other hand, the p-spodumene phase starts crystallising early, at 

relatively lower temperature in LASY3 (1000 °C) compared to LASY1 and LASY2. This is due to the fact that 

when the precursor has composition closer to the stoichiometric requirement, the phase transfomiation is easier 

and in many cases, simpler without any side products. In LASY3 the lithium content is relatively very high (1.31 

wt.%), nearly more than 2.5 times than that in LASY1 (0.53 wt.%). Also, in LASY1 the trace of cristobalite 

(polymorph of Si02) is found even after 1100 °C as an impurity phase.
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3.4.1.d. Density based study

3.4.1.d.l. Effect o f  

concentration on density

Li CONCEIVTRATION &  DENSITIES

cation

The magnitude of densification can be 

realised by comparing the values of 

density of the green sample at room 

temperature and that of the sintered 

product at high temperature. It is known 

that the green density is always lower 

than that of the sintered density. 

However, the difference between the

Li Concentration, wt.%

Figure 3.4.2. Influence o f  cation concentration on 
ceramic density.

two densities is an important factor in density based ceramic applications. In the case of pure single phase, the 

density is dependent only on the synthesis procedure. In contrast, for composite materials with more than one 

phase, the density is dependent on many variables. In the case of the present material of interest, the cation 

concentration in the zeolite precursor is one such variable, which directly influences both the number and amount 

of side products formed during the HT treatment. This is evidenced by the discussion in the earlier section. 

However, if is important to study the change in density as a function of cation concentration. This Is due to the 

fact that the apparent density of the final product is the effective value of the characteristic densities of individual 

phases.

Table 3.4.4. Green and sintered densities of LASY samples

SI. no. Sample Li conc. wt.% Density, g/cc

Green Sintered

1 LASY1 0.53 1.0530 3.0889

2 LASY2 0.76 1.0391 2.4873

3 LASY3 1.31 1.0246 2.1566

The green and sintered densities (papp) of the three samples LASY1, LASY2 and LASY3 (as shown in Table

3.4.4.) were measured using the procedure prescribed in chapter 2. The Figure 3.4.2 shows the graph of the 

densities (both green and sintered) plotted against the cation concentrations. As the precursors are from the 

same source, even after chemical modifications there is no significant change in green densities of the samples. 

The sintered density decreases from 3.0889 to 2.1566 (in gm/cc) with increasing lithium concentrations from 0.53 

to 1.31 wt.%. Table 3.4.5 shows the respective HT phases formed at 1200 °C when the three different LASY 

samples were heated. The observed apparent density and the X-ray density of the individual phases are given.
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Table 3.4.5. Phases formed and their individual densities

Sample Phases 

(at 1200 °C)

Relative

amounts*

p observed (g/cc) Phases P x-ray" (g/cc)

LASY1

LASY2

Silica(a) 

Silica(b) 

Mullite 

Virgilite SS 

P-spodumene

Silica(a)

Mullite

Virgilite SS 

(3-spodumene

Very low 

Very low 

Medium 

Low 

Low

3.0889

Very low 

Medium

Low

Medium

2.4873

Silica(a) 

Silica(b) 

Keatite 

Mullite 

Virgilite SS 

P-spodumene

2.533 -  2.648 

2.194-2.334 

2.497 -  2.503 

3.125-3.166

2.379

LASY3

Silica(a) 

Virgilite SS 

/3-spodumene 
Mullite

Very low 

Very low 

High 

Low

2.1566

*Very low =<20% 
High = 60-80% 

Very high = > 80%

Low = 20-30% 

Medium = 30-60%

* - relative amounts are based on the semi-quantitative estimations 
" - according to CRC hand book of materials, (CRC -1985)

At 1200 ”C, though all the three samples yield the same phases, the relative weight fractions of the existing 

individual phases are very important which govern (he observed apparent density of the material. The phase 

transformation, above 1000 °C follows through the crystallisation of (3-spodumene at the expense of virgilite and 

mullite intermediate phases. Mullite, being the densest phase among those formed during the heating of LASY

samples and having a highest X-ray

S i /A l  R A T IO  v s  D E V S IT Y  ( L A S )

Figure 3.4.3. Influence o f  Si/Al ratio on density o f  LASY 
samples.

density of 3.1 g/cc, the relative quantity of 

its presence becomes the major factor that 

decides the observed density of the 

ceramic product. At higher lithium 

concentrations, mullite finds relatively 

more Li to react with and forms (3- 

spodumene reducing its own 

concentration. Hence the effective density 

is less. However, at low Li concentrations 

the mullite to |3-spodumene transformation 

is relatively less and hence the excess 

mullite increases the density.
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3.4.1. cl. 2. Effect o f Si/A I ratio on density

Figure 3.4.3 shows the densities of all the three samples that are sintered under similar conditions at 1200 °C. 

The curve shows a maximum near Si/AI = 2 indicating that the density dependence on the Si/AI ratio is nonlinear. 

The highest density (2.36 g/cc) is observed around Si/AI ratio 1.80.

Table 3.4.6. Densities ofLASY samples with different Si/AI ratio

Sample Si/AI Density, g/cc

LIA3 1.12 1.225

LIPS 1.80 2.360

LIY3 2.51 2.151

The following may be a possible reason. The major side product in this process is muilite (Al6Si20i3), which has a 

Si/AI ratio of 0.33. The formation of this phase is dependent on the availability of Al and the excess SiOa available 

at high temperatures in the amorphous solid mixture apart from the amount of Si02 consumed for the LAS 

(virgilite or (3-spodumene) phase formation. Table 3.4.6 shows the apparent densities of the samples with

LAS zeolite

Amorphous
phase

Low Si/AI ratio

/

A

High Si/AI ratio

Virgilite SS

LAS (virgilite)

LAS (p-spodumene)

Muilite

Silica

Figure 3.4.4. Schematic representation of the possible mechanistic pathways o f  the crystallisation o f  LAS 
ceramic phases al different Si/AI ratios. The relative magnitude o f  muilite and excess SiOi has been 
schematically represented.
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different Si/AI ratio. Beyond 1000 °C, the sample with low Si/AI ratio (LASA3) level in precursor, has a low excess 

of Si02 compared to that of high Si/AI. This low content of excess SiOa reacts with the available AI2O3 and forms 

mullite. When the Si/AI ratio increases, the formation of mullite also proceeds. Hence, the overall density of the 

system increases as well. When the Si/AI ratio of the amorphous matter apart from the LAS phase crosses 

beyond 0.33, the fonnation of mullite stops due to the unavailability of AI2O3 leaving excess of relatively low 

density Si02 in the system. Hence the silica, which has a lower density, starts crystallising into its respective 

polymorph thermodynamically possible at that temperature. This leads to the termination of increase in density 

and the consecutive decrease. On the basis of the phases identified and estimated semi-quantitatively, the 

pathway of the phase transformation at different situations of varying Si/AI ratios may be proposed as given in the 

schematic diagram. Figure 3.4.4.shows the most possible mechanistic pathway.

3.4.1.e. Shrinkage based study

Kodama of Hitachi Ltd., has exclusively studied the impact of unidirectional shrinkage during sintering to fabricate 

ceramic packaging substrates which meet requirements of very low dimensional tolerances (high dimensional 

accuracy)'’''. As present LAS material has a potential scope in the same application, it would be more important to 

have coverage on this aspect. Unidirectional (or linear) shrinkage is unique in those systems where in there is an 

orientation of crystal growth during the process of crystallisation. Unlike volumetric (three-dimensional) shrinkage, 

unidirectional changes may be measured to understand the influence of orientation effects due to their nature 

including the particle size of the precursor powder, their crystal structure and the sintering history.

CATION COIVC. vs  
SHRIIVKAGE

Bruneton has studied the influence of 

heterogeneity that comes firstly from the use of 

different reagents as gel formers (Si and Al 

alkoxides) or of a mixed nature (Si-AI ester) and 

secondly from the hydrolysis-polycondensation 

route on the shrinkage and expansion of sol-gel 

based ceramic production'' .̂ However, the 

present study on the shrinkage of zeolite based 

precursors for the ceramic sintering has been 

attempted for (he first time. Particularly, in zeolite 

based ceramic preparation, where densification 

process includes a phase transformation or/and 

crystallisation from an amorphous intermediate 

phase, the study on unidirectional shrinkage is

very important as the anisotropic shrinkage can be well influenced by typical stoichiometric conditions. The 

current investigation is to study the change in unidirectional shrinkage as a function of the precursor chemical 

composition. The study has been carried out with different Li concentrations and different Si/AI ratios as 

described below.

800 1000
Temperture, "C

1200

Figure 3.4.5. The influence o f  cation concentration on 
Shrinkage o f  LAS samples.
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3.4. I.e. I. Influence o f  cation concentration on shrinkage

Figure 3.4.5. shows the shrinkage observed for the samples LASY1, LASY2 and LASY3. The cation 

concentration has a tremendous influence on the shrinkage of the LAS materials. The three samples have a 

similar shrinkage without significant changes at lower temperature 900 °C. At 1200 °C LASY1 reaches a 

minimum shrinkage of 29.58 %, where as LASY3 exhibits a shrinkage of 60.07%. This is due to the fact that at 

high Li concentrations the formation of p-spodumene is enhanced as explained earlier, which fomis a major 

single phase (by estimation, more than 70 %). When less quantity of impurity phases are present, it always 

expected that bulk homogeneity in crystal packing and in lattice ordering of atoms is better. Thus the pores and 

defects are usually reduced leading to a high shrinkage. As per the application point of view in MEP technology, 

minimum shrinkage is usually desirable. Hence, one must think about reduction of excess shrinkage without

loosing the high phase purity and apparent

S i /A l  R A T IO  &  SH R lIV K A G f:

Si/AI ratio

Figure 3.4.6. Influence o f  Si/AI ratio on the shrinkage 
o f  LAS samples

density. Recent report from NASA suggests that 

the change in atmospheres at which the sintering 

occurs effectively influence the shrinkage strains'*®.

3.4.I.e.2. Influence o f  Si/AI ratio on 

shrinkage

Figure 3.4.6. shows the shrinkage observed for 

the samples LASY1, LASY2 and LASY3. The 

cation concentration has a strong influence on the 

shrinkage of the LAS materials. The shrinkage 

increases as the Si/AI ratio increases from 1.12 to

2.51. Table 3.4.7. shows the % shrinkage observed for the three different LAS samples with different Si/AI ratios. 

LASA3, LASP3 and LASY3 are the samples prepared by the Li exchange (3 times) of Na in A, P and Y zeolites 

respectively having different Si/AI ratios (refer Table 3.4.7.). LASY3 has the highest shrinkage of 42.01 %, This 

may be due to the fact that the sintering is enhanced by the presence of excess Si0 2  as if converts itself into 

denser Si0 2  polymorph cristobalite compared to other polymorphs of SI0 2  possible at that temperature.

Table 3.4.7. Influence of Si/AI ratio on shrinkage

S a m p le Si/AI S h r in k a g e  %

L A S A ^ 1.12 10.922

L A S P 3 1.80 32.138

L A S Y 3 2.51 42.014

9 0



C H A P T E R  III -  L A S

3.4.2. EFFECT OF SINTERING ATMOSPHERE

3.4.2.a. Plan of work

It was planned to change the sintering atmosphere of LAS samples to study the effect of atmosphere during 

sintering. The major possible changes are the availability of atmospheric oxygen during oxidative air atmosphere 

and the oxygen deficient argon atmosphere. This is basically to study by XRD whether the atmospheric oxygen 

involves in the phase transformation or not and if so how much.

3.4.2.b. Experimental

As described in chapter 2 the HT solid state phase transfomiation reactions were perfomied in programmable 

furnace. The reactor setup has been described with schematic figure in chapter 2. Pellets of LASA3, LASP3 and 

LASY3 were sintered both in oxidative air atmosphere and in reducing argon (INOX) atmosphere. The gas flow 

was controlled by a mass flow controller with a flow rate of 40 ml per minute. A detailed procedure is given in 

chapter 2. The pellets were heated with a heating rate of 4 “C/min and sintered at 1200 °C for 6 h. followed by a 

natural cooling to RT. They were crushed into powders and were characterised by XRD and the phases formed 

were identified.

3.4.2.C. Results and discussion

Figure 3.4.7. shows the multiple plots of the XRD profiles obtained for the samples LASA3 (a) and LASY3 (b) 

heated in both air and argon atmospheres The various phases formed along with their semi-quantitative 

estimations during the course of sintering of different LAS samples at 1200 °C both in oxidative air and reductive 

argon atmosphere are given in Table 3.4.8. In oxidative atmosphere, generally, from the observations it is clear 

that the oxygen uptake at high temperatures leads to various oxides of Si and Al individually or together, which 

hinders the formation of (3-spodumene. In case of low Si/AI ratio zeolite sources like LASA3 and LASP3, due to 

presence of relatively higher aluminum content, there is fonnation of alumina (JCPDS 100173) phases at 1200 

°C. However, there is a distinct increase in the fonnation of p-spodumene phase, which is very attractive as per 

the phase purity, is concerned. However, as discussed eariier the density of these materials are relatively low.

In reductive argon atmosphere, the general observation is that the number and quantity of the side products 

formed are less. For instance, the fonnation of multiple polymorphs of silica is restricted and only one polymorph 

of Si02 (JCPDS 270605) is formed. It Is very interesting to see at low Si/AI ratio samples like LASA3 and LASP3, 

there is no silica fonnation. They have only mullite and p-spodumene* phase (JCPDS 350794). This is close to 

the composition of the phase, LiAISiaOs. Also the main and very interesting result is that the precursor LASY3 has , 

formed a single phase, p-spodumene* (refer Figure 3.4.8.). This proves that with proper fine-tuning of the ' 

chemical composition of the zeolite precursor and with an optimised heating conditions, high purity 

single-phase ceramics can be prepared using zeolite as precursors without undeslred side products,
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S.O

LASA3 RA05

ARGON

AIR

M M M M p- p-spodumene* 350794
M - Mullite 150776

/̂ 3I2

M
AM M

A- Alumina 100173
M - Mullite 150776
p- p-spodumene 350797

r p f  F T  

L U ,  AvJV-y^  ̂  A>AJ
20 2 -  Ihela, degree 4 0 5 0

Figure 3 .4 ,7,a. XR D patterns obtainedfor the LASA3 sam ples sin tered in argon atmosphere.

Q .O

C<D

LASY3

ARGON
p-spodumene* 350794

I |̂|>' !>■

AIR

5 "--  Silica (a) 
Silica (b) 

 ̂- Alumina 
V -  Virgilile 
M -  Mullite

270605
120708
100173
310707
150776

20 2 -  Iheta, degree

H H V^  - ~  I

”  " i A J , / _ L y V
40 5 0

Figure 3 .4 .7.h. XRD pallerns oblainedfor the LA VJS samples sintered in argon atmosphere.
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Table 3.4.8. The semi-quantitative analysis of various phases formed during the different sintering of LAS samples in 

different atmospheres.

Sample Zeolite In air (oxidative) In argon (reductive)

source Phase Estimation, % Phase Estimation, %

LASY3 y Silica (a) 01.1

Mullite 21.2 p-spodumene* 100.00

Virgilite SS 07.4 {single phase)

p-spodumene 70.3

LASY2 Y Silica(a) 03.8 Silica (a) 01.8
Mullife 31.0 Mullite 05.2
Virgilite SS 21.4 Virgilite SS 93.0
fi-spodumene 43.8

LASY1 Y Silica (a) 04.2 Silica (a) 04.3

Silica(b) 01.7 Mullite 03.3

IVIuilite 34.7 Virgilite SS 92.4

VtrgWHe SS 29.4

p-spodumene 30.0

LIPS P Silica (a) 01.1 p-spodumene* 96.2

Mullite 03.6 Mullite 03.8

jB-spodumene 95.3

LIAS A Alumina 01.9 p-spodumene* 98.1

Mullite 04.3 Mullite 01.9

j3-spodumene 93.8
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3.4.3. PROBABLE PHASE TRANSFORMATION MECHANISM

The chemical compositional variation studies in the zeolite based LAS precursors which are discussed in the later 

part of this chapter prove that with fine tuned chemical composition and an optimised heat treatment it isrpossible 

to produce highly pure lithium aluminosilicate ceramics without impurity phases. However, the understanding of 

an overall pathway of the phase transformation seems to be somewhat tougher as there are many crystalline and 

amorphous phases involved in the entire transfonnation process.

According to available literatures, the oxide based or alkoxide based LAS precursors usually transform into a 

high-quartz (HQ) structure, which then transforms to p-spodumene or p-spodumene* (refer appendix) through 

keatite phase that is structurally close to p-spodumene^^'’®. Astrid proposes the pathway of (3-quartz to p- 

spodumene in the presence of N2, which stabilises the quartz phase up to 1200 On the basis of this 

literature infonnation and also according to the present observations by XRD and multinuclear MAS NMR studies, 

it is viable to propose a most possible phase transformation pathway of the zeolite based ceramic preparation as 

given below.
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In present zeolite based ceramic preparations, it is observed that the crystalline zeolite precursor collapses at 

moderately high temperatures (in the range of 800 to 900 °C) and forms an amorphous phase. Figure 3.4.9,

L A S Y 3

Phases present

b-spodum ene

mullite 

virgilite 

Alumina 

Silica(b) 

S ilica (a )

1200

zeolite Y

Figure 3.4.9. Existences o f  various cryskiiliiie phases present at different temperatures from 480 to ! 200 °C.

shows the existences of various crystalline phases during the heat treatment of the sample LASY3 (excluding the 

amorphous glassy phase). This contains partially or fully crystallised silica polymorphs (JCPDS 270605 and 

120708). Consequently, the 

polymorphs of SiO? like meta-stable 

high quartz (HQ) and cristobalite 

are formed. Above 900 X , 

depending on the Al content in the 

precursor, these polymorphs along 

with Al, form mullite (JCPDS 

150776). If the Al content is 

considerably high, in oxidising 

atmosphere, alumina (JCPDS 

100173) is also formed along with 

mullite.

oo
OO<N

C0>wQ)k.a
w0)(/)«
s :
Q.

Silica (a)

Mullite

Virgilite SS

b-spodumene

Air Argon

Figure 3.4.10. Single phase procJucdon at reductiye afniosphere 
. . .  . C P 'has been represented as 'b')

Above 1000 C. during the second

part of the transformation from HQ to LAS ceramics ((^spodumene or p-spodumene*), there is an intermediate 

phase namely virgilite S3 (JCPDS 310707). This is a solid solution and is observed in between HQ and (3-
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spodumene (JCPDS 350797) or p-spodumene* (JCPDS 350794). This intermediate phase has a chemical 

composition of LixAlxSls-xOe, (where x takes wide range of values from 0 to 1). As the temperature increases, the 

Li and A! atoms move into the interstices positions of the Si02 based keatite framework and hence the x 

increases from zero to one (x = 0 4  1). When ' x ' tends to become 1, the stoichiometricaliy balanced p- 

spodumene (LiAISi206, *=i) (JCPDS 350797) Is formed. The advantage of reducing atmospheric change has been 

depicted schematically in Figure 3.4.10. The phase or p-spodumene* (JCPDS 350794) has been represented as

b-spodumene(*).

3.5. CONCLUSIONS

The widely used electronic LAS ceramic phase, p-spodumene has been.successfull^repared using zeolite as a 

precursor and both the precursor and the ceramic have been characterised using various physico-chemical 

techniques. Techniques like multinuclear MAS NMR and approaches like density and shrinkage based 

composition variation studies are novel to the zeolite based LAS ceramic systems and have revealed interesting
--  ■

results. They have given better understanding about the phase transformation phenomena at higher 

temperatures in the ceramic preparation using zeolites as precursors. The results from TG and XRD studies 

together show that the stmcture collapse and the recrystallisation of the dense ceramic phases occur at the 

temperatures less than 950 °C, giving a straight proof for better chances of low temperature processability 

through this novel ceramic preparation route. The SEM studies show that the ceramic particle size growth though 

is ungoverned primarily, a narrow particle size distribution with a range as small as of 3-5 (im is observed at 

higher temperatures of 1200 °C. The crystal symmetry and lattice parameters of the dense ceramic phase, p- 

spodumene were determined and were found to be matching with that of the literature values.

XRD studies on the phase formation of the ceramic dense phase shows that the phase formation from the 

amorphous state is through a meta-phasic silica polymorph namely keatite. On further heating. A! substitutions in 

the Si positions of keatite, changes this to virgilite, a LAS pro-phase to p-spodumene. Stoichiometry of the 

system through out the thermal treatment shows that it is intact till final temperature at 1200 °C though there is a 

minute loss of volatile lithium after 1000 °C.

Dielectric constants of LAS ceramic compositions prepared using zeolites as precursors are relatively lower than 

that of the materials that are being widely used for the MEP applications and hence these are suited better. This 

material shows a relative density of above 90%, which is an encouraging result to understand the extent of 

sintering. A single step shrinkage by TMA measurements with a maximum densification temperature (Tomax) 

around 919 “C shows a linear shrinkage around 35 %. Thermal expansion studies show that these ceramic 

materials are low expansion materials, which have a wide scope and demand in the high temperature ceramic 

application. The TEC of the ceramic is found to be matching with that of silicon, which is one of the important 

prerequisites for MEP applications. The themial dependence of the TEC of these materials gives new directions 

on further studies.
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Multinuclear NMR studies on different stages of the formation of p-spodumene ceramic phase from zeolite 

precursors have given a better understanding of the process. The appearance of the bands corresponding to the 

tectosilicate ranges (from -107 to -112 ppm) in ^̂ Si NMR spectra shows the phase predomination of several 

silica polymorphs at the temperature range of 900-1000 °C. One of the observations by XRD, the co-existence of 

glassy silica and crystalline mullite mixture has been supported by the results of ^̂ Si NMR studies. The changes 

in the environment of Al during the course of phase formation has been understood by sorting out the broad band 

in 2̂ AI NMR spectra, as a distribution of tetrahedral (Ml), octahedral (M2) and distorted tetrahedral (Al*) 

environments. The loss of powder pattern features, which are normally observed at these temperatures in L̂i 

quadecho NMR studies, shows the possible lack of crystallinity and phase purity and the dipolar interaction 

between the Li and Al atoms due to the 1:1 population of Li:AI in the ceramic phases. However, it is understood 

that better resolved NMR patterns with high spinning speeds may provide more information.

Series of variation studies were effectively carried out to study the effect of variations in the precursor 

stoichiometry on the sintering processes, the phases, density and the shrinkage of the ceramic formed. Effect of 

cation concentration has proved that Li concentration is Indirectly proportional to the temperature at which the 

dense phase is formed. The density of the ceramic material increases with the Si/AI ratio to certain extent and 

reduces on further increase in Si/A! ratio. This is due to control on the formation of mullite, which is the major 

factor that decides the apparent density of the ceramic composite.

V
Shrinka^is higher for the sample having high Li concentration. Though this difference is less pronounced in 

lower temperatures viz., 900 °C, at higher temperature, viz., 1200 °C, shrinkage difference is observed to be as 

large as 30%. High Si/AI ratio leads to high shrinkage because of the higher formation of dense silica and mullite 

phases.

A study on the effect of sintering atmosphere has proved that in reductive atmosphere the number and quantity of 

side products are effectively reduced. LASY3 has crystallised into a single LAS ceramic phase. This shows that 

single phases can be aimed by fine-tuning the stoichiometry and sintering conditions. Usually undesired side 

products have been frequent problems in many such preparations. After a rational watch on the phases formed 

for various samples of different chemical compositions, a most probable phase transfer mechanism has been 

proposed.

"... The scientist does not study nature because it is useful to do so. He studies it 

because he takes pleasure in it, and he takes pleasure in it because it is beautiful"

- Poincare 

9 7
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THE CORDIERITE (MAS sy stem s)

Chapter

PART A. GENERAL STUDIES

4.1. CERAMIC PREPARATION AND CHARACTERISATION

4.1.1. INTRODUCTION

This chapter will discuss another important system viz., Magnesium Aluminosilicates, MgO-AlaOs-SiOz systems 

(MASs). This includes the preparation of MAS phases and in specific, the cordierite (2 Mg0 .2 Al2 0 3 .5 Si0 2 ) phase 

from zeolite precursors by heat treatment at various temperatures ranging from 480 °C to 1350 °C. The process 

of sintering was studied using various characterisation techniques. Thermal expansion and shrinkage studies, 

density measurements were carried out to understand the properties of material. This part of the work has 

recently been published'. In addition, AC impedance spectroscopy has been used as a special technique to study 

the dependence of impedance on working temperature of cordierite ceramics. AC impedance spectroscopy has 

emerged as an efficient tool to study the microstructure of ceramics. AC impedance study on the sintered 

cordierite (magnesium aluminosilicate) ceramic phase prepared using zeolite precursors is a novel study, which is 

of great interest and scope. The electronic properties of the ceramic products are basically dependent on their 

microstructure. The effect of cation concentration and Si/AI ratio on the sintering behaviour, shrinkage and 

sintered density were studied and reported for the first time on cordierite ceramics prepared using zeolites as 

precursors. The major intermediate phases and byproducts that are fonned during the heat treatments have also 

been discussed.

4.1.1.a. The im portance of IVIg0 -Al2 0 3 -Si0 2  (MAS) system s .

This temary system is important in understanding the behaviour of a number of ceramic compositions that falls 

into this class. This system is composed of several binary compounds individually together with two ternary 

compounds, cordierite, 2 Mg0 .2 Al2 0 3 .5 Si0 2  and sapphirine, 4 Mg0 .5 Al2 0 3 .2 Si0 2 , botl;if of which melt congruently. 

Figure 4.1.1 shows the common compositions in the ternary system Mg0 -Al2 0 3 -Si0 2 . Ceramic compositions that 

in large part appear on this diagram include magnesite refracteries, forsterite ceramics, steatite ceramics, and 

cordierite ceramics. Mg0 -Al2 0 3-Si0 2  system forms glass-ceramic materials having high electrical resistivity and 

high mechanical strength. The high strength has been associated with the presence of crystalline (3-cordierite. 

The compositions of some useful glass-ceramic materials in this system cover a range of MgO, AI2O3, Si02 and 

Ti0 2 . Ti0 2  is added mostly during the crystallisation of these systems as an efficient nucleating agent (sometimes 

Zr0 2  also).
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A 1,0J U 3

MAS

MgO-AljOj 
(spinel) 

2I3St20’

20301 20’

SAljOj-ZSiO,
(mullite)

mot 10'

2Mg0-2Al203'5Si0j 
(cordierite)

Cordierite ceramics are particularly useful since they have a very low coefficient of themial expansion (TEC) and 

a good resistance to thermal shock. Cordierite, unlike p-spodumene, has been studied extensively due to its 

application in many different areas from structural to electronic application. Usually these ceramics are formed 

around 1350 ”C. Amongst the available synthesis routes for cordierite ceramic, sol-gel has been unique in its 

exceptional advantages by means of the phase purity and improved material properties^’̂ . However, due to its

failure in cost effectiveness, 

there has been a need for 

an alternative route. A 

serious problem in many 

routes for cordierite 

preparation is the low bulk 

density of the sintered 

bodies. There are many 

recent reports on this 

aspect of improving the bulk 

density of cordierite ceramic 

materails'’®

High-density cordierite 

honeycombs with high 

thermal shock resistance 

are the promising 

candidates in the 

replacement of

conventional catalyst 

supports for catalytic 

converter applications.

These ceramics are in high demand to meet the environmental problems today. Business Communications Co 

Inc (BCC) notes that ceramics used In chemical processing and environmental-related applications represent a 

strong market. This sector constituted a value of $1.26 bn in 1996 and is projected to increase to $1.65 bn in 

2001, reflecting an average annual growth rate (AAGR) of 5.6%. Growth will be anchored by heavy demand for 

ceramic catalysts and catalyst support In the chemical industry and automobiles®.

I595± 10*

Z M g O -S iO ,
(for«lerlle)
IISO ±« '

M g O -S iO ,
(ensHlite)

KSStS'-'siOj
I7I3±S*

Figure 4. /. /. Phase diagram - Common com positions in MAS ternar}’ system  
M g0-Al20}-Si02. (from Kingery, W. D., Introduction to ceramics, Wiley 
Publications 1976, p  308)
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4.1.1 .b. The cordierite and its other phases -  A mineralogical background

The name 'Cordierite' is originally used after the French mineralogist, P.L.A. Cordier (1777-1861) for a 

magnesium aluminosilicate mineral called iolite or dichroite. Different cordierite phases exist at various 

temperature ranges depending on their thermodynamic stability. Few of them that are often encountered in many

cordierite synthesis 

processes are 

cordierite, (3- 

cordierite and a- 

cordierite. p to a  

Conversion occurs 

at high

temperatures near 

to incongruent 

melting (>1350 ”C).

Cordierite-1 ( M g j A I ^ S i s O ^ )  120303

120
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2 T h e ta  d e g r e e s

Figure 4.1.2. XRD profile o f  cordier He from  standard JCPD S data.

H - cordierite forms in some cases during the devitrification of cordierite type glass below 1000 °C. However, the 

P - form Is generally referred to as 'cordierite' and hereafter if will be followed in the same way in this thesis. This 

phase is fomied usually above 1300 °C on heating magnesium aluminosilicate (MAS) precursor of comparable 

stoichiometry. Figure 4.1.2. shows the computer generated XRD profile of cordierite with in the 2-theta range of 0

-  60 degrees.

The typical formula of this phase is MgjAUSisOis. Conventionally cordierite is prepared by heating the 

stoichiometrically mixed oxides of Si, Al and Mg at high temperatures. Though cordierite was identified later to 

have potential scope for technical ceramic applications, still there are technical constraints for such preparations. 

However, the present investigation deals with the recent novel route namely zeolites to ceramics.

4.2. EXPERIMENTAL

4.2.1. PLAN OF WORK

Similar to p-spodumene, cordierite ceramics are also attractive for their various material properties, which can be 

altered by the preparation routes and the sintering conditions. The present study includes the preparation of 

cordierite ceramic phases using ion exchanged zeolite precursors and the characterisation of both precursor 

powder and the ceramic product after high temperature treatment using various techniques.

2 0 2
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4.2.2. PREPARATION OF CORDIERITE

4.2.2.a. The MAS precursor powder preparation

Zeolite (Na-)Y is used for the preparation of precursor for general studies. Around 100 g of zeolite Y was 

exchanged three times (N* = 3) with 1 M solution of ammonium nitrate salt to get the ammonium form of zeolite Y 

which was again exchanged three times with 1 M solution of magnesium nitrate salt. The ion exchanges were 

carried out as per the procedure given in chapter 2, section 2.1.2.a. Finally, the dry fine powder was labeled as 

MASY3 (meaning Magnesium AluminoSilicate prepared from Y zeolite by 3 exchanges of 1 M Mg nitrate solution) 

and was used for consolidation and for the further studies.

4.2.2.b. Powder characterisation

MASY3 powder was characterised using TG/DTA and XRD techniques for its thermal and structural properties 

respectively. Nearly 30 mg of the sample was taken for TG/DTA analysis in N2 atmosphere In the temperature 

range of RT to 1000 ° C with a heating rate of 10 °C/min. The powder-XRD patterns of the fine dry zeolite

11

CO
Q -
O

Figure 4 .2 .1 XRD profiles o f  zeolite samples before and after three Mg exchanges.
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powders before and after the exchanges were recorded and the crystallinify changes were checked (shown in 

Figure 4.2.1.) The chemical analysis of the exchanged sample was found out using M S  as mentioned in the 

earlier chapter and the analysis shows the elemental ratios as listed in Table 4.2.1.

Table no. 4.2.1. Elemental analysis of MASY3

Zeolite
Cone, of 

Mg(N0 3 )2  soln. N*
Elemental ratios % Residual Na 

wt.% LabelSi/AI Mg/AI Na/AI

Y 1 M 3 3.4198 0.1072 0.00837 0.0837 MASY3

4.2.3. CONSOLIDATION AND SINTERING

Using PVA the powder was bound and consolidated into pellets as explained in chapter 2 - section 2.1.3.b., each 

pellet weighing roughly around 0.7 g. The pellets were fired at different temperatures viz., (T2 =) 480, 700, 800, 

900, 1000, 1100, 1200 ” C in a programmed fashion with a heating rate of 4 °C/ min. with the program 

parameters as T1= 580 “C ; t2 = 180 min. The samples were heated at higher temperature at different T2s (as 

given above) with t4 = 360 min. isothermally and later cooled naturally (refer Figure 2.1.3., chapter 2, for more 

details about the parameters that are fixed during the programmed heating of the samples).

4.2.3.a. Nomenclature of samples

Table 4. 2. 2. shows the nomenclature of samples prepared and used for various studies in this work. MASY3 is 

the source prepared with three times Mg exchange with NH4 form of Y zeolite. These designations will be used 

for the ensuing discussion.

Table No. 4.2.2. Nomenclature of samples prepared and their details

SI.
No

Sample Name Precursor
source

Heated at 
T, °C

Rate of heating, 
°C mln<

Holding time 
at T, hr.

Atmosphere

1 MASY3-480 MASY3 480 4 6 Air
2 MASY3-800 MASY3 800 4 6 Air
3 MASY3-900 MASY3 900 4 6 Air
4 MASY3-1000 MASY3 1000 4 6 Air
5 MASY3-1100 MASY3 1100 4 6 Air
6 MASY3-1200 MASY3 1200 4 6 Air
7 MASY3-1300 MASY3 1300 4 6 Air
8 MASY3-1350 MASY3 1350 4 6 Air
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4.2.4. CERAMIC CHARACTERISATION

The heated pellets were crushed into fine powder in an agate mortar and the powder XRD profiles were recorded 

for all the samples in the 2-theta range of 5 to 40 degrees with a scanning speed of 4 degree/min. The XRD data 

were processed and plotted in series to have a comprehensive view of the phase changes. The changes in the 

phases were discussed in the following section. Selected samples in the course of sintering were checked for the 

major changes in morphology and the particle size by SEM for size variations. The chemical composition, thermal 

expansion, shrinkage, density and dielectric properties of the ceramic product were studied using various 

techniques.

DTG (mg/min) 

0.0

H E A T FLOW  
(micro V) 0

EXO

-50

-100

4.3. RESULTS AND DISCUSSION  

4.3.1. THERMAL PROPERTIES

Figure 4.3.1 shows the TG/DTA plot of MASY3 sample in the temperature region from 25 to 1000 °C. The TG of 

the powder MASY3 shows a total weight loss of around 22.8 % during the heat treatment up to 1000 "C. Major

weight loss is observed before 

450 °C, in two steps; one is up 

to 280 °C (peak max at 185 °C) 

and the other is up to 410 °C 

(peak-max at 320 °C). However, 

this is usually observed for 

faujasite type zeolites and 

predominantly due to the loss of 

adsorbed water and organic and 

other matter. There is an 

exothermic peak around 865 ”C 

accompanied by no weight loss. 

This may be attributed to the zeolite stmcture collapse followed by transformation of phase, which is observed 

distinctly in powder XRD profiles obtained at these temperature ranges. This is due to the fact that at this 

temperature, usually glass silica gels converted into its crystalline polymorph cristobalite. At this temperature the 

TMA based shrinkage studies show significant changes. This aspect is discussed in the later part of the chapter. 

Firstly, like Li*, the cation Mĝ * is also known for being an alkali flux agent at high temperatures. The formation of 

cordierite phase is exclusively beyond 1250 "0, as the phase changes observed by XRD patterns. Hence the TG 

should be done at higher temperature range to understand the recrystallisation process of the cordierite dense 

phase. Due to the non-availability of such high temperature instruments, this was not possible. However, the 

collapse of the zeolite structure is relatively at higher temperature than that for LAS samples (refer chapter 2).

100
Temperature (°C)

300 500 700

•:̂150 ^

-200 

900

Figure 4.3.1. TG/DTA plot ofMASYS
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4.3.2. PHASE TRANSFORMATIONS BY X-RAY DIFFRACTION

Figure 4.3.2. shows the multiple plot of the powder XRD patterns of MASY3 sintered at various temperature 

ranging from RT to 1350 “C. The changes in the powder pattems shows the typical trend of zeolite based 

ceramic preparation. Similar to the LAS systems, here also the amorphisation is followed by the crystallisation of

20k

O

COcz0)

IVIASY3

@®{f®[]uDO© @®0I30(P®©K®

I

'MuWu

J & J l ^
3®®0flG® 
-------

10 20
2-theta

30 40

Figure 4.3.2, M ultiple p lo t o f  XRD profiles o f  MASY3 sam ples f ire d  a t different temperatures ranging from  
480 °C to 1350 C.

dense phases. The third pattern from the bottom in Figure 4.3.2, corresponds to the sample MASY3-900, and 

shows the initiation of the crystallisation of the dense phases from the amorphous bulk. This reveals the formation 

of peaks corresponding to mullite (JCPDS 150790) phase. As the temperature increases further, the mullite 

phase grows further and above 1100 °C, the formation of cordierite phase (JCPDS 130293) starts along with a 

silica polymorph, (crlstobalite type) (JCPDS 270605). At a temperature of 1350 X  (sample MASY3-1350) the 

formation of cordierite is the maximum though other phases also crystallise as well. The product formed by 

sintering the sample MASY3, thus yielded a ceramic that contains cordierite. The temperature ranges of the 

processes, structure collapse and formation of dense phase, have been compared with the TG/DTA data in the 

earlier part of the discussion and it is found to be in good agreement. Using the 'search-match' package available 

with the JCPDS file library, the phases formed during the process were identified and estimated semi-
1 0 6
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quantitatively and are listed in Table 4.3.1. The ceramic phase was found to possess cordierite (major), mullite 

(minor) and silica (very low). Unlike, high temperature MAS systems, which contain p -spodumene phase, the 

ratio of major phase (cordierite) to the side products, is rather low in MAS systems.

Table 4.3.1. Phases identified at different temperatures on sintering MASY3

_Q>
Q.
Eroto

Phases and temperature, °C

480 900 1000 1100 1200 1300 1350

CO Zeolite Y Mullite Mullite Mullite Mullite Mullite Mullite
>-in AMORPH* AMORPH* Cordierite Cordierite Cordierite Cordierite
< Silica Silica Silica

ViORPH* - Amorphous phases

Phase Formula JCPDS file Phase Formula JCPDS file

Mullite Al6Si20l3 150776 Cordierite Mg2Al4Si50i8 130293

Silica SiOj 270605

4.3.3. SCANNING ELECTRON MICROSCOPY

Table 4.3.2 shows the change in the particle size observed by SEM. The average size distribution out of 10 

measurements of different particles of each sample is listed in Table 4.2.2. In the temperature range from 700 °C 

to 1000 °C, the measurement was not possible due to agglomeration.

Table 4.3.2 Particle size variations by SEM

Sample name Firing temperature, °C Particle size range, |.im

MASY3-480 480 1 -1.5

MASY3-700 700 1-1.0

MASY3-800 800 (agglomerate flakes)

MASY3-900 900 (agglomerate flakes)

MASY3-1000 1000 4 - 1 1

MASY3-1200 1200 7 - 1 4

MASY3-1300 1300 12-16

MASY3-1350 1350 13-16
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The trend in the change of particle size variation at various temperatures seems to be similar to that of the LAS 

systems. However, there is an effective reduction in size as well as the distribution of size for the final ceramic 

product, MASY3-1350 at 1350 "C. Figure 4.3.3. illustrates schematically, the relative magnitude of particles size

distribution in the respective range of

CHAIVGE IN PARTICLE SIZE
1350 °C/̂  §

Oo
<0

0)
Q.
E

5 10

Particle size, nm
15 20

temperatures.

Figure 4.3.3. Magnitude o f  particle size changes during the course 
o f  sintering o f  MASY3

The zeolite precursor has a very 

narrow particle size distribution 

around 1 fim. As the structure starts 

collapsing around 700 °C and above, 

the particles look more like 

agglomerated flakes and the particle 

size measurement became difficult, 

as there is no definite boundary for 

the flakes. Unlike LASY3, for MASY3 

sample, this amorphous 

agglomerated region persists up to 1000 °C. At this temperature, grains do not have definite boundaries and are 

like agglomerated flakes of solid mass. The amorphous phase is expected to contain amorphous silica and other 

oxides. On further heating, the formation of intermediate starts and the crystals of the dense ceramic phase start 

growing as seen in the XRD patterns. Similar to the LASY3 sintering, though the growth Is ungoverned at the 

outset, leading to the fonnation of asymmetric crystals with a large distribution of particle size, at higher 

temperatures, the particles are found to have substantially unifonn particle sizes. From many reports, it is usually 

observed that mullite crystallises faster from the amorphous mass^ ®. The multiple plot of powder XRD patterns of 

the fired MASY3 sample (Figure 4.3.2) shows that the formation of mullite though may start around 900 "C, a 

notable trend of gradual growth is observed fill 1200 ”C for a long temperature window of about 300 °C. As per 

the report®, the thermodynamically stable mullite phase can exist with a particle size as small as 0.017 to 0.15 

f,im. In this system, the mullite crystal growth may have a low rate till 1200 °C beyond which other major phases 

start crystallising. However, the distribution of crystal size narrows down at higher temperatures, due to the 

formation cordierite at the partial expense of mullite formed. Above 1300 ”C, the major crystalline cordierite 

phase seems to have a relatively narrow particle size distribution. Figure 3.3.3 Illustrates the relative magnitude of 

distributions of the particle sizes of samples fired at various temperatures. The central region of the plot indicates 

the region where the sample is not having particles with well-defined boundaries but amorphous mass.

108



C H A P T E R  IV -  M A S

4.3.4. XRD BASED CRYSTAL STUDIES

The XRD data obtained for the sample MASY3-1350 were indexed using PDP11 software and the 'h' 'k' and T 

values were calculated. The unit cell parameters were calculated and compared with that of the literature values. 

Table 4.3.3. shows the lattice cell parameters along with the corresponding literature values.

t •'
Table 4.3.3. Lattice parameters calculated from the powder XRD data

Precursor symmetry Densified
symmetry

Lattice parameters

Literature (A) Observed (A) Standard deviation

Cubic Orthorhombic a = 17.083 a = 17.0149 ±0.0190

(Mg-Y) (Cordierite) b = 9.7380 b = 9.7633 ±0.0128

(MASY3) (MASY3-1350) c = 9.3350 c = 9.3314 ± 0.0092

Cell volume, 519.33 i/= 518.53 ±2.3

The unit cell parameters calculated for cordierite (JCPDS 130293) on the basis of XRD data of the sample 

MASY3-1350 are in good agreement with the literature values with minimum standard deviation as given in Table 

4.3.3.
•

Table 4.3.4. The overall compositional transformation of the precursor to ceramic phase

Zeolite Formula Composition

Precursor (RT) Ceramic U\S (HT)

MASY3 NaseAlssSi 136 0  384. H2O Mg2* Mg 28Al5eSi 1360384 14Mg2Al4Si50i8 (+ 66Si02)

Table 4.3.4. shows the overall composition of the precursor and the product after the reaction. The stoichiometric 

possibility of the consumption of precursor shows that considerable amount of Si0 2  would be fonned in excess 

along with the main phase. This shows that for a pure single-phase cordierite production, the precursor 

composition should be altered to gel a lower Si/AI ratio (in this specific case, the ideal ratio of Si/AI of precursor is 

= 1.25) in such a way to meet the required stoichiometry. However, this example of making cordierite from zeolite 

Y was chosen to demonstrate the relative ease of preparation of ceramic phases, 3-spodumene and cordierite 

from the same zeolite precursor. The effect of variations in Mg concentration and Si/AI ratio of MASY samples on 

the sintering and the phase formations have also been studied and discussed in the later part of this chapter.
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Table 4.3.5. The dielectric and other properties ofMASY3 pellet sintered at 1350 ”C

4.3.5. DIELECTRIC CHARACTERISATION

Sample dielectric 

Dimensions of pellet *
V, Hz C, pF Q eT(DEC)

1,000,000 6.313 29.7 7.5

Thickness, T 

Radius, Y 

Area, 'a’

■ 0.100 cm

■ 0.55 cm

■ 0.9503 cm^

100,000 6.641 21.8 7.9

10,000 7.130 15.8 8.5

1,000 7.995 8.13 9.5

1,00 10.405 3.46 12.4

20 17.165 2.65 20.4

* V’ is the frequency in Hz, 'O’ is the capacitance in pF generated between the electrodes, 'Q’ is the Q factor 
(where Q= RcoG, where 'co' is the angular frequency applied across the electrodes, 2nv) and 'et' is the DEC of 

the pellet.

A pellet of MASY3-1350 was lapped with fine carborundum for uniform thickness. It was electroded with silver 

paint and cured using the procedure as given in the chapter 2, Section 2.3.7. The diameter of the electrode was 

measured using a Vernier caliper and the area of the electrode was calculated. The thickness was measured 

using a screw gauge. The pellet was mounted on the sample holder as explained in the same section in chapter 

2. Under the given conditions the capacitance values of the pellet were measured at different frequencies from 20 

Hz to 1 MHz. a-Alumina was used as reference for measuring the capacitance in the LCR unit. The dielectric 

constant (DEC) of alumina was calculated as 9.526 at 1 MHz, which is comparable with the DEC, reported in 

literature. Table 4.3.5 shows the dielectric constant (DEC) values calculated for the sample. The DEC of MASY3 

is found to match with that of cordierite reported in literature .̂ The increment in the DEC for this particular case is 

due to the presence of silica and mullite, which have higher DEC. The DEC values (at 1 MHz) of other materials 

commonly used in packaging technology are given in the Table 4.3.6. for comparison.

Table 4.3.6. The DEC of cordierite from MASY3 and other materials commonly used in MEP

SI. No Material Formula DEC @ 1 MHz

1 a-Alumina AI2O3 9.6 ■ ^ '

2 Beryllium Oxide BeO 6.5

3 Alumina-96% Al203-96% 9.3

4 Alumina-92% Al203-92% 8.5

5 /3-Spodumene LiAISi206 8.1

6. Cordierite Mg2Al4Si50i8 7.5
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It is known that the most operative candidates for MEP (Microelectronic Packaging) technology are low DEC 

materials. As it is known that due to its toxicity in the powder form, BeO is not popular though it has a very low 

DEC (= 6.5). From this point of view, the cordierite seems to be a better candidate for MEP having the lowest 

DEC (=7.5 for cordierite prepared from MASY3) among the listed conventional materials.

4.3.6. DENSITY CALCULATION

The densities were calculated for the green and the sample MASY3-1350 using the procedure given in the 

chapter 2. Table 4.3.7. shows the calculated densities of the samples.

Table 4.3.7. Density of the green and sintered MASY3

No. Samples Volume(cc) Wt.(g) Density (g/cc)

MASY3 (green) 0.64388 0.71040 1.0624

MASY3-1350 (sintered) 4.15801 1.02250 2.4541

These densities were compared with the X -  ray density of the phase cordierite and the relative density was 

calculated although the MASY3-1350 is not a pure single phase of cordierite, to have a comparative idea of 

density and the results are listed in Table 4.3.8. The relative density of above 98 % is a remarkable sintering 

result. On further fine-tuning of chemical composition improved relative densities were achieved, which are 

discussed in the later part of this chapter.

Table 4.3.8. Density changes on sintering and the relative density

Sample name Density in g/cc Relative 
density, %

Green state Sintered X^ray*^

MASY3-1350 1.0246 2.4591 2.508 98.0502

* ref:- X-ray crystal structure -Minerals, CRC Hand book of Physics and Chemistry (1974)

4.3.7. SHRINKAGE STUDIES ON GREEN SAMPLES BY TMA

Figure 4,3.4, shows the shrinkage TMA plot of the green sample MASY3 in the temperature range from RT to 

1200 °C. The TMA curve shows an usual and plain trend in which the sample is stable up to higher temperature 

and then suddenly condenses to a dense phase. However, there is a gradual initial shrinkage of -20% of the total 

shrinkage up to 880 °C. There is a strong densification since 889 °C up to 1011 °C indicating the structure 

collapse of the sample followed by sintering of the sample. The XRD pattern of the sample sintered at 800 °C 

shows that the zeolite precursor has collapsed into an amorphous material. The highest densification rate was 

observed around 920 °C, The temperature of maximum densification rate (Tomax) is observed at 979 X . The
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value of Tomax for LASY3 is relatively lower (920 °C) than that of MASY3. This comparison offers a good 

realization about the effect of cation on sintering of zeolite precursors for ceramic preparations. The over all

shrinkage is estimated 

to be around 32.86 %. 

The derivative of TMA 

shows a sharp peak 

indicating the

shrinkage is a one 

step process.

However, the XRD 

patterns show that the 

crystallisation starts at 

much higher

temperatures (~ 1250 

°C) after the 

completion of

densification. In other 

words, the sintering is 

getting over before the

-100.00 
1011 °C

-200.00

' T  -300.00.

o  - o
a<

o
o  -

Figure 4.3.4. The Shrinkage TMA plot o f  the green sample MASY3 in the 
temperature range from  RT to 1200 °C

high temperature solid-state reactions. Particularly, for MAS system, the temperature of crystallisation of 

cordierite is much delayed than the fonnation of p-spodumene in LAS system. Usually, this kind of situation does 

not allow the phase transformation to complete which leads to unwanted side products (other impurity phases). 

That is the exact reason why cordierite fonnation in MASY3 sample was accompanied by considerable amount of 

mullite and silica phases.

4.3.8. THERMAL EXPANSION STUDIES ON SINTERED SAMPLES BY DILATOMETRY

The sample of MASY3-1350 is used for the expansion analysis. The measurement was taken from RT to 450 “’C 

(higher temperature measurement was not possible because of the instmmental limitations). Figure 4.3.5 shows 

the thermal expansion curve measured in force free conditions, in a temperature range of 25 to 450 °C. The 

curve shows a typical 'lower bend' in the region of temperature range up to around 180 °C. The thermal 

expansion coefficient measured at a range of 20 to 200 'C  is 8.8614 x 10 /°C and it falls close to the reported

value TEC value of cordierite. According to literature the high purity cordierite has a TEC around 2.06 x 10-® / 

"C'o. However, Ikeda reports a range of TEC values around 4.2 or 5.8 x 10 ®/ °C for Invar-cordierite cermet-type 

sintered compact, where the metal alloy. Invar has a TEC around 7.4 or 9.7 x 10 ®/"C” . It is known thus that the 

pure cordierite has a low TEC and it increases when mixed with higher TEC materials. The literature reports that 

mullite has a higher TEC than cordierite and that the mullite has been added to cordierite phase to alter the TEC 

of cordierite’̂ . Thus the presence of mullite in the ceramic cordierite which is prepared from MASY3 increases the
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TEC considerably. In addition to that the increment in the TEC may be attributed to two common factors namely 

(i) the symmetry nature of cordierite phase and (ii) the impurity phases present, particularly the oxides of alkali 

elements viz., Na, Li. The first factor, the anisometric nature of phase present in the sample malces the expansion 

anisotropic. Table 3.3.11 in chapter 2 collects the individual contribution from each coordinate of the particular 

crystal symmetry to describe the effective thermal expansion coefficient ‘a ’eff. Cordierite, having an orthorhombic 

structure, does depend on the principal coefficients a i, a?, aa like the (3-spodumene and not on the secondary 

coefficients a 4, as, and ae which are dependant on the crystal shape. Phase studies by XRD shows the presence 

of significant amounts of mullite (in the MAS product at 1350 °C) and it is also known from literature that mullite is 

often added to alter the TEC of a material.

Measuring system Diiatometer TM A  -  Perkin Elmer
Diameter 13.670 mm
Height 2.355 mm
Probe position (mm) Step: / Atmosphere (rate): Argon(2ml/min)
Filename MASY3
Temperature (rate) 20 to 450 °C (20 °C/min)

Figure 4.3.5. Thermal 
expansion p lo t o f  
sam ple MASY3
(sintered a t 1350 °C) 
in the temperature 
range o f  20 to 400 °C 
(TEC plot)

113



C H A P T E R  IV -  M A S

4.3.9. AC IMPEDANCE SPECTROSCOPY STUDIES ON MAS CERAMICS

4.3.9. a. Introduction

Conventional electrical measurements of dielectric properties and resistance studies for the characterisation of 

materials used for electrical applications were limited to fixed frequencies. However, the development of 

impedance spectroscopy (IS) has made it possible to cover a broad range of frequencies. The technical 

development of the instrumentation now allows a fast tuning to higher frequencies with shorter intervals of 

frequencies with high precision and measuring of gain and phase angle over a wide range. Also the 

microprocessor-controlled units provide a precise and fast data recording along with various data processing 

facility according to the recent developments of the impedance spectroscopic theory.

-7.500e6

-5.00e6

N

-2.500e6

The plots of real versus imaginary 

components can be used to analyse the 

systems in terms of simple equivalent 

circuit parameters'^. The individual 

contribution of the grains and the grain 

boundaries towards the total impedance 

of the system can be estimated and thus it 

gives a measure of the existence of large 

number of grain boundaries if the grains 

are very small or vice versa. The basic 

theory of AC circuits and the IS have been 

given in chapter 2.

Doped and undoped zinc oxide varistors 

are few of the typical materials, which are 

successfully characterised by IS'^ Doped 

varistor shows reactive contribution to the 

total impedance whereas the undoped 

zinc oxide shows only the resistive 

contribution from the bulk of the grain 

interior. The hydration of cement and the 

phase formation of high Tc superconductors are some of the typical dynamic processes studied by this 

technique'®’^

-2.500e6 0.00 2.500e6 5.000e6

Z’
Figure 4.3.6. AC  Impedance spectrum o f  sam ple M ASY3-/35  
recorded in RTfrom  I Hz to I MHz. Z ' and Z ” are the real an 
imaginary components (Ohms) o f  total impedance Z.
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4.3.9.b. Plan o f work

It was aimed to understand the change In microstructure during the course of phase transformation of ceramic 

phase from zeolite using impedance spectroscopy. The spectral output was very bad due to heavy resistive effect 

of the sample, when the sample was done initially. However, the result could indicate that the measuring 

temperature had to be raised to get a reasonable output gain. Figure 4.3.6 shows the impedance spectrum 

recorded in room temperature for sample MASY3-1350. The linear trend along the Y-axis direction shows the 

material is highly resistive and the grain boundary effects can be visualised only either at very high working 

frequencies or at elevated measuring temperatures where the major contribution of ohmic resistance for the total 

impedance becomes negligible. The impedance recorded at high frequencies (up to 32 MHz) also showed a low- 

resolution spectrum. However, frequency generator in the instrument has a upper frequency limitation at 32 MHz. 

So, there was a need for optimisation of measuring temperature.

Moreover, it would be interesting to know the effect of operational temperature on its electronic properties of the 

ceramic materials as substrates due to the fact that the substrate in electronic circuits get heated up during 

operation. Hence it was planned to carry out the spectroscopic measurements on MASY3-1350 sample at various 

temperatures ranging from 100 °C to 600 °C. Though the operational temperature of circuits will not go up to 

such a high temperature as 600 °C, it was expected that the resolution of the spectmm will increase at high 

temperatures and would help in understanding the effect of temperature on the total impedance.

The current study includes the impedance spectral studies on MASY3-1350 sample at a working frequency range 

of 1 Hz to 32 MHz. The resistance (R) and capacitance (C) values at various temperatures have been estimated 

from the spectra. The variation in R and C as a function of temperature has been studied. The nature of 

conductivity in the sample has been discussed by considering the change in the activation energy of the charge 

flow at various temperatures. The influence of frequency on the activation energies has been studied. The results 

are discussed with reference to the various reasons for the changes encountered as a function of temperature.

4.3.9.C Effect of temperature on AC Impedance

As per the procedure given in the chapter 2, the impedance spectra of MASY3-1350 were recorded at various 

temperatures viz., 300, 400, 500, 550, 600 °C. Figure 4,3,7.a shows the spectra recorded in between the 

temperature range of 300 to 400 °C for the complete range of frequency from 1 Hz to 1 MHz . Figure 4.3.7.b 

shows the expanded version of the marked region given in Figure 4.3.7.a„ which covers the total impedance 

response of the sample at 400 °C in the sample frequency range. The semicircle shows the typical model of 

combination of an R and C circuit. The reduction in the diameter of the semi circle of the spectrum at 300 “C to 

that of 400 "C is the direct indication of the reduction in the total impedance (nearly 10 fold) as the temperature 

increases.
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I M P E D A N C E  S P E C T R A  O F  M A S Y 3

Z' , ohms

Figure 4.3.7.a. The AC Impedance spectra measured in fu ll range offrequency from  I Hz to ! MHz at 
300 and 400 ° C o f  MASY3 sintered at 1 3 5 0 °  C
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Figure 4 .3 .7.h. The AC Impedance spectra measured higher frequency range at 300 ° C  and 400 ° C o f  
MASY3 sin tered at 1350 ° C. The expanded version o f  the part marked with do tted  line in the earlier 
figure 4.3.7. a.
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As given in Figure 2.3.4, chapter 2, the change in the individual contribution of the ohmic and polarisation 

impedances towards the total impedance can be realised by the change in the spectra at increasing 

temperatures.

Figure 4.3.8 show/s the AC impedance spectra recorded for the sample MASY3-1350 at 500, 550 and 600 °C in 

the frequency range of 1 Hz to 32 MHz. This shows that as the temperature increases the total impedance 

decreases. However, compared to the ohmic bulk resistance (Rn), the polarisation resistance (Rp) has a 

negligible contribution for the change in the total impedance as a function of temperature.

I M P E D A N C E  S P E C T R A  O F  M A S Y 3
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Figure 4.3.8. The AC  Impedance spectra m easured at 500, 550 and 600 ° C in fu ll frequency range o f  I Hz 
to I MHz ofM ASY3 sintered at 1350 ° C.

Table 4.3.9. shows the various parameters calculated from the AC Impedance results. 'T' is the temperature at 

which the impedance spectrum was recorded, 'Centre/ is the real centre, 'Centrei' is the imaginary centre, 'D' is 

the diameter of the estimated semicircle (Rn). low  C  and 'High C’ are the lower and upper limits of the 

intersection on x-axis by the semicircle. The 'Angled' is the angle of depression, 0 in degrees, 'comax' is the 

maximum angular frequency (= 1/C<jiRp), and 'R' and 'C  are the estimated resistance and then capacitance in 

ohms and farads respectively.
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Table 4. 3.9. Various parameters estimated from the AC Impedance results.

T
CC)

Centrer
(Ohms)

Centre]
(Ohms) D Low C High C

Angled,
(degree)

COmax R (Ohms) C
(Farads)

300 8.06E+06 1.46E+06 1.64E+06 -6395.5 1.61E+07 10.2802 1.65E+03 1.61E+07 3.68E-11

400 5.00E+05 1.04E+05 1.02E+06 368 88 9.99E+05 11.8091 3.18E+04 9.99E+05 3.08E-11

500 7.04E+04 2.03E+04 1.40E+05 3340.21 1.38E+05 16.8137 2.28E+05 1.34E+05 3.12E-11

550 3.10E+04 1.13E+04 6.76E+04 -88014 6.29E+04 19 4388 5.65E+05 6.38E+04 2.62E-11

600 1.15E+04 1161.63 2.08E+04 1152.48 2.18E+04 6.4201 1.63E+06 2.06E+04 2.96E-11

Rpwvww- Ro

— m N r

C(ii
Figure 4.3.9. Randles equivalent circuil model

The values of real and imaginary centres are lowering 

indicating the decrease in the total impedance of the 

system as the temperature increases. This reflects in the 

change of diameter of the spectral semicircle, in the low 

and high intersection on the x-axis (Rp and Rn+ Rp 

respectively). This can be easily visualised by using the 

Randles model of equivalent circuits. Figure 4.3.9. shows a 

model equivalent circuit for the polycrystalline solid phase 

similar to that of the present case where the bulk

resistance, and polarisatoin resistance along with the

double layer capacitance can be indicated as Ru, Rp and 

Cdi respectively. However, the rate of decrement of R and C are different. In other words, while the resistance of 

the system decreases drastically as a function of increasing temperature, the capacitance does not show any

significant change. This indicates that the contribution of the double layer capacitance (Cdi) that is usually

expected at the electrode-electrolyte junction, towards the total impedance is negligible when compared with that 
of the ohmic resistance due to the bulk.

4.3.9.d. Studies on the electrical conductivity mechanism

An expanded part of the plot of C and R estimated by the spectral results versus temperature is shown in Figure

4.3.10. The inset shows the full plot with range of temperature. It would be interesting to understand the reason 

for such partial influence of temperature on the R and C of the system. However, it needs more understanding 

about the nature of available infrastructure in the microstructure and the crystal structure of the ceramic phases.

Table 4.3.10 gives the R and C values calculated by the AC impedance measurements. It is well known that the 

conduction in solid electrolytes is either through electron or by ion.
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Table 4.3.10. R and C calculated for MASY3-1350

T, °C R, ohms C, farads

300 1.61e+07 3.68e-11

400 9.99e+05 3.08e-11

500 1.34e+05 3.12e-11

550 6.38e+04 2.62e-11

600 2.06e+04 2.96e-11

In either case, the diffusion coefficient of the 

carrier, 'D' and the electrical conductivity, 'a ' are 

closely related. The famous Nernst-Einstein's 

equation stales the relation as,

a

D

nq

k T

where, ‘q’ is the charge of the carrier particle and 'n’ is the concentration per unit volume which make a 

contribution 'a ' to the conductivity, 'T' is the absolute temperature and 'k' is the Boltzmann’s constant. It is more 

appropriate to remember here 

that the simultaneous

measurement of D and a  can 

disclose important information 

about the mechanism of the 

conduction and diffusion'®.

However, one of the characteristic 

features of the ionic conductivity 

of a solid electrolyte is its variation 

with temperature'®. This fact is the 

main impetus for the present 

investigation to understand the 

mechanism of the conductivity in 

this solid material. According to 

the report, two facts stand out 

plainly;
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Figure 4.3.10. The resistance and capacitance fo r  M ASY3-!350 as a 
function o f  measuring temperature

1. The existence of two main regions in the conductivity curve

2, In both these regions, the logarithm of conductivity is roughly a linear function of T '

It is also known that the diffusion coefficient, D is inversely proportional to the activation energy, Ea of the current 

flow also, reflects this trend when it is plotted versus the inverse of T. Hence, it was planned to calculate the 

activation energy of the solid samples MASY3-1350 at various temperatures and to check for the dual trend of the 

activation energy as a function of temperature, which would give an idea about the possibility of the ionic 

conduction.
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4.3.9.e. Studies on activation energies

According to Arrhenius theory, the rate of diffusion of the charge carriers, k can be written as,

k = A e -Ea/RT

where A is the pre-exponential factor, Ea is the activation energy, R is the universal gas constant (R = 8.314 

J/K/mol) and T is the temperature in K. This equation can be modified as,

log k = - Ea/(2.303 RT) + log A 

which is equivalent to the equation of a straight line, y = mx + c, where,

y = log k ; x = 1/T ; and m = -EJ{2.303 R)

Ion ic  C onductivity  D ual T rend

N
O)o

1/T (K)

Figure 4 .3 .11. Dual conductivity trend observed at 1000 Hz fo r  
different temperatures ranging from  300 to 350 °C fo r  the sample 
MASY3-J350 (from impedance spectroscopy results)

Similarly, replacing the k with the 

impedance (Z) of the system, a plot 

of log Z versus inverse of T will give 

a straight line corresponding to the 

slope from which the activation 

energy can be calculated. Similar to 

the reported work in the literature, 

the existence of dual trend in the 

change of impedance with 

temperature is a characteristic 

feature of the ionic conductivity'®. It 

was hence planned to calculate the 

activation energy of the electrical 

conductivity at various temperatures 

to verify this.

Figure 4,3,11. shows the Arrhenius plot of log Z versus 1/T in K. There are two distinct trends of the change of 

impedance as a function of temperature. The main two regions, having a "knee" at 400 °C, one from 300 °C to 

400 °C and the other from 400 °C to 550 °C, are Individually linear and have distinct slopes. The activation 

energy calculated for the low temperature range 300 "C to 400 °C Is higher (Ea = - 0.20 eV) than that of the high 

temperature region (Ea = - 0.87 eV). As this is a characteristic feature of ionic conductivity, the mechanism in 

cordierite ceramic prepared from MASY3 is more likely to be 'ionic'. The aiiovalent (any impurity ion with a 

valency differing from that of the corresponding ion of the host lattice) nature of the cations present in the system 

are usually expected to respond to the electrical field applied as the charge carrier.

1 2 0



C H A P T E R  IV -  M A S

Arrhenius plot (Figure 4.3.11) is though 

according to the result obtained at 1 

kHz, the slopes of this dual trends 

seem to have a strong influence on the 

frequency of the applied voltage. Figure 

4.3.12 shows such Arrhenius plots of 

1/T versus log Z recorded at various 

temperatures in different applied 

frequencies. Table 4.3.11 shows the 

log Z values obtained for the 

impedance response at various 

frequencies in the temperature range of 

300 °C to 550 °C. Though the dual 

slope trend having a “knee" at 400 °C 

remains in all these frequencies, the 

slope of the low temperature range 

(300 ”C to 400 ”C) changes 

significantly as a function of frequency. 

This may be explained by the concept 

of Frenkel and Schottky models of 

defects for the solid crystal structure. It 

is clear from the literature that the two different regions of the dual ionic conductivity have distinct properties’̂ .

The high temperature section of the curve below the transition region or “knee", in general is an intrinsic property 

of the substance, and measurements in this region are quite reproducible. On the other hand, the low 

temperature conductivity not only displays a smaller slope but also depends in magnitude on the particular 

specimen employed and to some extent on its thermal history. This can be realised by the variation shown by the 

measurements as seen in Figure 4.3.12. However, this fact has been proved already for few simple electrolyte 

systems like KCI’®.

1/T(K)

Figure 4.3.12. Arrhenius plots fo r  the temperature range 300 to 
550 °C in the low  frequency range from  250 to 5000 Hz
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Table 4.3.11. Impedance results - log Z values at various frequencies from 251 to 5010 Hz in the temperature range of 300

X  to 550 °C.

Frequency
(Hz)

log Z at different emperatures (°C)
m 400 500 550

1 f T ^ 0.001745 0.001486 0.001294 0.001215
5010 5.212188 5.702431 5.082785 4.768638
3980 5.350248 5.783189 5.093422 4.777427
3160 5.589950 5.845098 5.107210 4.782473
2510 5.778151 5.885361 5.110590 4.783904
2000 6.008600 5.928396 5.120574 4.788168
1580 6.181844 5.949390 5.123852 4,790285
1260 6.465383 5.978181 5.130334 4.796574
1000 6.785330 5.980458 5.133539 4.793092
794 6.918030 5.989005 5.136721 4.795185
631 6.970812 5.989450 5.136721 4.795880
501 7.033424 5.992995 5.139879 4.792392
398 7.064458 5.992111 5,143015 4.791691
316 7.086360 5.995635 5,143015 4.790285
251 7.164353 5.997386 5,146128 4.789581

To have a close look into the 

intrinsic property that is usually 

expected at high temperature 

region, the dual trend line may be 

considered as the superimposition 

of two straight lines obtained from 

the two different temperature 

regions which are having different 

slopes. Then these lines can be 

represented as A, exp (-Eai/RT) for 

the low temperature region and Aj 

exp (-Ea2/RT).

The Frenkel model of crystal structure can be used for further understanding of this. Figure 4.3.13. shows a 

typical cubic structure where an interstitial position has been marked with a bigger sphere at 'A, 'A, Va. Frenkel

supposed that under the influence of thermal fluctuations, atoms will 

from time to time undergo such large displacements that they become 

detached from normal lattice positions and find themselves in 

interlattice (interstitial) positions. An ion in the interstitial position will 

vibrate about this point in the normal way, until there is again a large 

fluctuation in energy when it will be pushed through a gap in the 

surrounding atoms to the next interstitial position (e.g., from ^  5 , 5  to

I, 5 , 5 ). The vacancies created by this jumping will be replaced by the 

neighboring ions. Thus both vacancies (also called as Frenkel 

defects) and interstitial are mobile as pairs. The formation and 

recombination of vacancies occurs until a dynamic equilibrium is 

setup depending on the temperature and pressure. The occurrence of 

this dynamic equilibrium decides the position of "knee" in the 

Arrhenius plot. Also the activation energy, Ea of the process, thus varies before and after the attainment of 

equilibrium. However, it is obvious that the concentration of defects will depend on temperature through a 

Boltzmann factor involving their energy of formation.

Figure 4.3.13. Frenkel model o f  a 
cubic crystal and the interlattice 
position at '/:)
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However, as expected, the energy of 

activation has a strong dependence of the 

temperature. Figure 4.3.14. shows the Ea 

calculated at two different temperature range 

(from 300-500 ”C and 500-600 X). Usually 

the Ea at the high temperature region is 

lower than that at low temperature region. 

The trend of the current investigation holds 

good for the same and thus additionally 

supports the possibility of ionic conductivity. 

It is also noticed that at low temperature the 

variation of Ea with respect to frequency is 

larger than that of high temperature.

0
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-0.4

>  -0.6 <D
u3 -®'8
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1000 2000 3000 4000 5000 60)0
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Frequency, Hz

Figure 4.3.14. The activation energies (E„) calculated fo r  
MASY3-1350 at low  temperature range (300-550 °C) and high 
temperature range (500-600 °C) fo r  the frequency range 300 to 
5000 Hz

4.3.9.f. Conclusions

The AC impedance studies on the cordierite-mullite composite prepared using zeolite precursors have shown that 

the ohmic resistance is the most dominating component to the total impedance compared to the double layer 

capacitance. The dual nature in energy of activation for the electrical conductivity as a function of temperature 

indicates the possible ionic conduction.
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4.4. INTRODUCTION

This part of the chapter will discuss other important aspects namely the influence of various parameters that 

affect the sintering process and property of the sintered products. This includes the preparation of MAS 

precursors with various chemical compositions and sintering of the precursors at different atmospheric conditions 

to study the influence of the effect of the atmosphere on the sintering and then phase purity. Though the major 

phase is cordierite (2 Mg0 .2 Al2 0 3 .5 Si0 2 ) the sintering atmosphere changes the dense product phases.

Unlike LAS systems, in MAS systems we have a very basic difference in the nature of chemical modifications. Li+ 

is a univalent cation whereas Mĝ * is a divalent Ion. Hence, there is a reduction in the number of cations per unit 

cell in MAS and if would be just Yi that of LAS. Thus, each Mĝ * cation would be supporting two neighboring AP* 

atoms through oxygen atoms for the total charge balance. It is observed from the ion exchange results that the 

loading of M* per exchange (in wt. %) is lesser for MAS system than LAS. Also, as explained in the first part of 

this chapter, the thermal stability is higher for MAS than LAS and hence the structure collapse and shrinkage are 

at much higher temperature for MAS systems. However, the amorphous window (the range of temperatures in 

which the system prefers to be amorphous i.e., the temperature range from the structure collapse and 

recrystallisation of dense phase.) is longer for MAS than LAS. Mullite is the key intermediate phase for MAS 

systems. However, the study on the sintering behaviors of MAS precursors in the cases of higher and lower Mg
'At' ■*

content and higher and lower Si/AI ratio is very interesting and important. Son Yong studied the effect of higher 

silica and alumina content in the precursors on the glass ceramic product. He has reported that both the 

conditions affect the crystallisation and the microstructure of MAS glass^°. However, it is a non-zeolitic route. ’

Ruedinger and coworkers have studied the phase formation of MAS ceramics on Mg exchanged P zeolite^'. 

However, the phase formation may be influenced by various possible factors and it is really meaningful to study 

them as this novel route of precursor powder synthesis and the product ceramics have got an immense potential 

in microelectronic applications. However, there are no reports on the various factors and their influences on the 

cordierite phase formation from Y zeolite especially on the properties of the ceramic products like density and 

shrinkage. As these properties are vital, which make these products to be better candidates In the ceramic market 

for special applications like MEP, they are, thus important to study.

4.4.1. EFFECT OF CATION CONCENTRATION AND SI/AI RATIO

4.4.1.a. Plan of work

Similar to the variation studies described in chapter 3 - part B, samples with varied chemical compositions were 

prepared and differences in the sintering behaviors with respect to the different concentrations of Mg and Si/AI

CHAPTER 4

P A R T  B . IN F L U E N C E  O F  P R E C U R S O R  S T O IC H IO M E T R Y  O N  MAS S Y S T E M



C H A P T E R  VI -  M A S

ratio in tfie precursor samples were studied by various techniques. The influence of ch^miGaKtomposition 

changes on phase formation, density and shrinkage of the ceramic product were studied.

4.4.1.b. Experimental

4.4.Lb.I. Sample preparation

The IVIg2* content in the zeolite precursor was modified by changing the concentration of the cation solution and 

the number of exchanges similar to the procedure followed as described in chapter 2 section 2.1.2.a. Zeolite Y 

was first exchanged three times with 1 M solution of NH4NO3 to get the NH4 form of Y and then with different 

molar solutions of Mg(N0 3 )2  to obtain fî ASY precursors with different Mg loading.

Table 4.4.1. Sample details for cation concentration variation and the elemental compositions

Sample name Cone, of 

Mg soln.

No. of 

Exchanges

Elemental ratios, v^. % Residual Na 

wt.%SI/AI Mg/AI Na/AI

MASY01 0.1 M 1 3.4206 0.0790 0.00756 0.081

MASY05 0.5 M 1 3.3539 0.0814 0.00932 0.101

MASY1 1.0 M 1 3.3921 0.0940 0.01035 0.111

MASY2 1.0 M 2 3.4061 0.1069 0.00966 0.103

MASY3 1.0 M 3 3.4198 0.1072 0.00837 0.089

Solutions were prepared with different molar concentration from 0.01 M to 1 M as listed in the Table 4.4.1. The 

number of repeated exchanges were changed with sample to sample as listed in the table. The elemental ratios 

were calculated for the X-ray fluorescence analysis.

10 g of three zeolites namely zeolite A, zeolite P and zeolite Y with a Si/AI ratio 1.12,1.80 and 2.51 respectively 

were exchanged with each 300 ml of 1 M Mg(N0 3 )2  solution for three times using the similar procedure described 

in chapter 2 for ion exchange. The Si/Al ratio of the samples as obtained by XRF analysis for the powders 

designated as MASA3, MASP3 and MASY3 respectively are given in Table 4.4.2.

Tab/e 4.4.2. Sample nomenclature and details for Si/AI variation

S am p le  nam e Source S i/A I (before  

excahnge)

C one, o f Mg 

so lu tion

N o .o f  exeh ang es

MASA3 Zeolite A 1.12 1 M 3

MASP3 Zeolite P 1.80 1 M 3

MASY3 Zeolite Y 2.51 1 M 3
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4.4.l.h.2. Consolidation and sintering

The powders of all samples were mixed with appropriate amount of binder PVA and dried. They were pressed 

into pellets and then sintered at various temperatures from 480 "C to 1350 “C as per the procedure given in 

chapter 2 section 2,1.4.

2k

CO
Q_
t_J

e
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1 3 5 0  C
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MASY2

U '
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MASY1

. MASY0 5

MASY0 1

2 - theta
60

Figure 4.4.1. Multiple XRD plots o f  all the MASY samples healed at 1350 °C fo r  6 h.

The pellets were fired at different temperatures viz., (T2 =) 480, 700, 800, 900,1000,1100,1200,1300,1350 ” C 

in a programmable furnace at a heating rate of 4 “C/ min. The samples were heated at 580 °C (T1) for 180 min. 

(t2) to remove the binder, The samples were heated at higher temperature (T2) isothermally for 360 min. (t4) and 

cooled naturally (refer chapter 2, section 2.1,4, for more details).

4.4.1, b. 3. Characterisation

The powder XRD patterns of the samples sintered at different temperatures were recorded. The phases were 

identified and matched with the JCPDS files. The semi-quantitative analysis of the various phases present in the 

samples heated at 1350 °C was carried out. The results are discussed in the following sections.
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I
Densities of all the MASY samples heated up to 1350 °C were measured and the general trend of density 

changes with respect to the cation concentrations and Si/AI ratios were analysed. The density variation at various 

temperatures indicates the extent of densification. The shrinkage of the samples due to densification were 

measured and analysed.

4.4.1.c. X-ray based phase study

4.4.1.C.I. Effect o f  cation concentration on phase transformation

Figure 3.4.1 shows the multiple plot of XRD profiles for samples heated at 1350 X  of the precursors MASY01, 

MASY05, MASY1, MASY2 and MASY3. Table 4.4.1. shows the elemental ratios of each element present in the 

systems and the residual Na present in each sample. The phase estimations of the XRD profiles have been 

carried out.

Table 4.4.3. Various phases identified during the sintering of the sample with different Mg concentrations (JCPDS riles with 
which the recorded XRD profile ivas compared, are given below)

0>
Q .

Temperature (°C) and the phases formed
E
CO</> 480 800 900 1000 1100 1200 1300 1350

Zeolite Y Zeolite Y Zeolite Y Mullite Mullite Mullite Mullite Mullite
o>~
tn

AMORPH* AMORPH* AMORPH* AMORPH* AMORPH* Cordierite
<
S Silica Silica Silica Cordierite Silica

Silica

t o
Zeolite Y Zeolite Y AMORPH* Mullite Mullite Mullite Mullite Mullite

M  /
o Mullite AMORPH* AMORPH* AMORPH* AMORPH* Cordierite
<
s

Silica Silica Silica Cordierite Silica

Silica

Zeolite Y Zeolite Y AMORPH* Mullite Mullite Mullite Mullite Mullite

<
Mullite AMORPH* AMORPH* AMORPH* Cordierite Cordierite

S Silica Silica Silica Silica

Zeolite Y Zeolite Y AMORPH* Mullite Mullite Mullite Mullite Mullite
C> l
>-to Mullite AMORPH* AMORPH* AMORPH* Cordierite Cordierite
<
S Silica Cordierite Silica Silica

Silica

Zeolite Y Zeolite Y AMORPH* Mullite Mullite Mullite Mullite Mullite
C O

>-W Mullite AMORPH* AMORPH* AMORPH* Cordierite Cordierite
<
S Silica Cordierite Silica Silica

Silica
AMORPH* - Amorphous phases

Phase Formula JCPDS file Phase Formula JCPDS file

Mullite AleSi20i3 150776 Cordierite Mg2AUSi50i8 130294
Silica Si02 270605
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(■

R E L A T IV E  P H A S E  
E X IS T E IV C E  IIV  

M A S Y s  A T  9 0 0  °C

Table 4.4.3 shows the simplified and comprehensive results of the phase identifications along with the matching 

JCPDS files. As per the results, 

the overall phase transformation 

of MASY sample of different 

chemical compositions with 

respect to the cation 

concentration seems to be 

simple and the number of 

phases involved are less 

compared to that of LASY 

samples. It has been found from 

the semiquantitative estimation 

that silica (JCPDS 270605) is in 

low amounts (5 to 8 wt. %) and 

is almost same in all the samples 

heated at 1350 °C and this shows that the silica formation is not significantly influenced by Mg loading. Hence, it 

will be convenient to exclude the amount of silica for the further discussions. Apart from this, the key intermediate, 

mullite (JCPDS 150776) seems to be the only satellite phase and seems to be dominating in all these samples 

above 1000 °C.

MASY01 

MASY05 

MASY1 

MASY2 

MASY3

composite 

amorphous n  zeolite

zeolite
m amorphous 

□  composite

Figure 4.4.3. The schematic representation o f  the relative existences o f  
the phases in various MASY samples at 900 degrees

2k
9 0 0  X

CD ^   ̂ „ MASY2

(7)
c
0)

5 20 2 - t he t a

Figure 4.4.2. Multiple p lo t o f  different MASY samples at 900 °C. (z -  zeolite : m -  mullite)
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However, one can see the distinct change in the existence of the phases as the effect of cation concentrations. 

The starting material (zeolite Y) and the final products (muilite and cordierite -  JCPDS 150776 and 130294 

respectively along with low quantity of silica) are highlighted. It shows that at low cation concentrations (MASY01 

and MASY05) the zeolite precursor's themial stability is higher and so the structure collapse occurs at higher 

temperatures (900 °C) whereas the other three high Mg content samples start collapsing around 800 °C itself.

Similar results are seen at higher temperatures too. The final composite material (muilite and cordierite) is formed 

at relatively higher temperatures (1350 °C) for samples with low Mg content whereas the high Mg samples 

crystallise into the product at a lower temperature (1300 °C). However, as the amorphous window is observed as 

relatively longer for MAS system, two stages of temperature were selected to monitor the effect of cation. One is 

the collapse of the zeolite structure at 900 °C and the second temperature is 1100 where the recrystallisation 

occurs. Figure 4.4.2. shows the multiple plot of all MASY samples heated at 900 ”C for 6 h.

At 900 °C, MASY01 shows the collapse of zeolite phase whereas MASY3 shows the formation of cordierite- 

mullite composite. This is a clear evidence that cation concentration has a strong effect on the ease of high 

temperature phase transfomiation of zeolite MAS precursors. The schematic illustration (Figure 4.4.3) shows the 

relative existence of different phases, which indicates the proportionate change of phases at 900 °C. This shows 

that the Mg cation concentration is directly proportional to the relative ease of the phase transformation in MAS

2k
1 1 0 0 X

A . . I U  A M A S Y 3

CO
Q_
t_)

d

i fw

/ • ^

k

5 20  ^0  6 0
2 - theta

Figure 4.4.4. XRD mulliple profiles o f  various MASY samples healed at 1100 °C.(m -  muilite)
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zeolite precursors, which is similar to that observed for LAS systems. However, this does not seem to have 

similar influence on the fomiation of the cordierite-muliite composite product at higher temperatures. Figure 4.4.4 

shows the XRD multiple plots of all MASY samples, which are heated at 1100 °C for 6 h.

S T E P  I

MASY
900 °C

S T E P  II

Amorphisation K Cordierite-
and mullite >uui-------- Mullite
formation

1100 °c
composite

STEP I : - Influenced by cation concentration 

STEP II Not influenced by cation concentration

At 1100 °C the XRD of all MASY samples show the formation of the cordierite-muliite composite starts from the 

amorphous matter. This state of phase transformation is not showing any significant difference as a function of 

Mg concentration. It is clear from this that though there is a distinction in the phase status and the mullite 

formation which starts selectively in the higher Mg loaded sample MASY3 at a temperature of 900 °C. The 

formation of cordierite-muliite composite is not affected by the cation concentration variation. This is a typical 

example where the thermodynamics takes over the formation of the reaction products irrespective of the chemical 

stoichiometry. However, the semi-quantitative estimations show a trend as function of Mg concentration. Using 

the in-built Rigaku search-match facility, the semi-quantitative individual phase estimations were carried out on 

the XRD output of all MASY samples sintered at 1350 °C for 6 h. The results are as given in Table 4,4.4.

Table 4.4.4. The phase estimations of all MASY samples sintered at 1350 °C for 6 h. (excluding silica)

Sample Name Heated up to, ®C Matching phases Estimation, %

MASY01-1350 1350 Cordierite 71.0

Mullite 29.0

MASY05-1350 1350 Cordierite 73.6

Mullite 26.4

MASY1-1350 1350 Cordierite 73.4

Mullite 26.6

MASY2-1350 1350 Cordierite 75.4

Mullite 23.6

MASY3-1350 1350 Cordierite 76.6

Mullite 23.4
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Figure 4.4.5. shows a typical plot of the phase estimations (excluding silica) with respect to the MASY samples 

heated up to 1350 ”C for 6 h. The cordierite formation is naturally enhanced by the increase in the Mg content 

where as the relative existence of mullite is decreasing. This result supports the discussion given in the earlier 

section 4.4.1.C.1. on influence of cation concentration on phase transformation. This study is relatively simple, 

due to the fact that the number of phases 

involved in MASY system are only two 

(excluding the low quantity of silica), unlike 

LASY (lithium aluminosilicates from Y 

zeolite precursors) systems.

4.4. I.e. 2. Effect o f  Si/A I ratio

In section 4.4.1.b.1., Table 4.4.3. show the 

details of MAS samples prepared for the 

study of effect of Si/AI ratio on the sintering 

of the MAS systems and their phase 

transformations. The Si/AI ratios of these

SS
§

E

UJ

•c
.2
■E
oo

MASYO l MASY05 MASY1 M ASY2 MASY3

Figure 4.4.5. The relative existence o f  the phases in 
cordierite-mullite com posite estim ated by ‘search-match

samples were analysed by XRF and are reported in the Table, The samples were heated at 1350 " for 6 h and 

their XRD were recorded. Figure 4.4.7. shows the multiple plot of the XRD patterns recorded for the cordierite- 

mullite composites prepared by heating the zeolite precursors at 1350 °C. This shows almost similar pattems for 

all three samples. Table 4.4.5 shows the semi-quantitative estimations of the phases formed during the heating of 

MAS samples with different SI/AI ratios at 1350 °C for 6 h. The phases were identified and matched with the 

JCPDS files using the search-match facility of the Rigaku XRD software.

Table 4.4.5. MAS samples prepared with different Si/AI ratios

Sam ple Source Si/AI P hases formed at 1350 °C Estim ations, %

IVIASA3 Zeolite A 1.12 Cordierite 79.1
Mullite 20.9

MASP3 Zeolite P 1.80 Cordierite 78.5
Mullite 21.5

MASY3 Zeolite Y 2.51 Cordierite 76.6
Mullite 23.4

On heating the precursor at 1350 °C for 6 h. all the three samples form the mullite-cordierite composite. Though 

th change in the estimated phase fractions of mullite and cordierite is not much significant, it is clear that as the 

Si/AI ratio increases the mullite fomiation is more pronounced. In other words, at low Si/AI ratio the cordierite 

formation is higher. The over all finding is that lower Si content with maximum Mg content enhances the formation 

of cordierite in the composite. The overall result of this study has been depicted schematically in Figure 4.4.6.
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Table 4.4.6. Green and Sintered densities ofLASY samples

SI. Sample Elemental ratio Density, g/cc

No. Mg/AI, wt. % Green Sintered

1 MASY01 0.0790 1.238 2.472

2 MASY05 0.0814 1.201 2.468

3 MASY1 0.0940 1.119 2,459

4 MASY2 0.1069 1.020 2.457

5 MASY3 0.1072 1.062 2.454

Figure 4,4.7. shows the trend of density changes as a function of f^g loading. The green density of the MASY 

samples seem to have little differences in the range from 1.062 to 1.238 g/cc where as the sintered density do not 

have much change. However, there is a

gradual decrease in the sintered density 

(from 2.472 g/cc to 2.454 g/cc) as a function 

of increasing Mg loading. It is important to 

note that the formation of cordierite is 

enhanced by the increase in Mg loading. The 

X-ray densities (from CRC Handbook of 

materials, 1985) of the individual phases 

present in the composites are given in the 

Table 4.4.7,

D E IV S IT Y  A IV D  M g  C O IV C E IV T R A T IO IV
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Figure 4.4.7. Influence o f  cation concenlralion on sintered  
ceramic density.

Table 4.4.7. Individual phases formed on sintering of MASY samples and their x-ray densities

ai. No Name Formula Corresponding JCPDS file Densityx-ray, g/cc

1 Mullite Al6Si20l3 150776 3.166

2 Cordierite Mg2Al4Si50i8 130294 2.508

Since mullite has a higher X-ray density (3.166 g/cc) the reduction in mullite content as a function of increasing 

Mg content reduces the apparent density of the composite. Also the increase in the presence of the relatively 

lower density phase, cordierite (2,508 g/cc) as a function of Mg loading also accounts for the gradual decrease in 

the apparent density of the composite from 2,472 g/cc to 2.454 g/cc.

4.4.l.d.2. Effect o f  Si/AI ratio on density

Table 4.4.8. shows the sintered density of the cordierite-mullite composite formed at 1350 °C on heating the MAS 

samples varying with the Si/AI ratio. Comparing the X-ray densities of cordierite and mullite, mullite is a dense
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phase, which is, formed more in the composite prepared by using the precursor with high Si/AI ratio. MASY3 has 

a high Si/AI ratio and hence the presence of mullite is more. This raises the apparent density of the composite to 

2.454 g/cc. On the other hand, the low Si/AI ratio precursor fonns a composite in which the cordierite phase is 

leading to a lowering in the density (2.151 g/cc)

Table 4.4.8. MAS sample with different Si/AI ratios and their ceramic densities

Sample Si/AI P hases present X-ray density 

g/cc

Estimation Sintered density, 
g/cc

MAS A3 1.12 Cordierite 2.508 79.1 %
2.151

Mullite 3.166 20.9 %

MASP3 1.80 Cordierite 2.508 78.5 %

Mullite 3.166 21.5 %
2.237

MASY3 2.51 Cordierite 2.508 76.6 %
2.454

Mullite 3.166 23.4 %

4.4.1.e. Shrinkage based study

4.4. I.e. 1. Effect o f  cation concentration on shrinkage

The percentage shrinkages of the MASY samples with different Mg concentrations, which are heated at various 

temperatures, have been calculated and listed in Table 4.4.9.

Table 4.4.9. Shrinkages measured for different MASY samples heated at different temperatures

Tem perature, ® C Sam ples & Shrinkages, %

MASY01 MASY05 MASY1 MASY2 MASY3

1000 13.6 14.46 15.01 15.12 15.63

1200 33.02 33 04 32.94 32.71 31.95

1300 33.07 32.94 32.56 32.38 30.42

1350 33.19 33.24 33.07 32.91 32.86

Figure 4.4.8.a shows the shrinkages of these samples plotted against the various temperatures. Though till 1200 

°C all the samples show similar shrinkage patterns, above 1250 °C the shrinkage trend changes from sample to 

sample. To have a close view of these values the high temperature part of the plot has been given in Figure

4,4.8.b. Around 1300 °C the sample MASY3 (high Mg concentration) shows a coarsening phenomenon that is 

usually expected to be accompanied by a rapid phase transformation process. Also XRD patterns shows that 

though the mullite starts forming above 1000 °C, the cordierite fomiation occurs only around 1300 °C (reported 

temperature of phase transformation to cordierite is 1345 {± 5) °C)^^
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F igure 4 .4 .8.a. Shrinkage o f  M ASY sam ples with  
different M g  concentrations at various 
tem peratures
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F igure 4.4.8.b. Shrinkage o f  M A SY sam ples with  
different M g  concentrations a t highe 
lem pera tu res(l200-1350)

As the Mg concentration increases the coarsening is an indication of the rapid fonnation of more cordierite. This 

is another clear indication for the influence of cation concentration on the phase formation. However, around 1350 

°C the systems again shrink back to original trend line as the formed cordierite phase sinters to dense phase.

4 .4 .I .e .2. E ffe c t o f  S i/A l ra tio  on  S h rin k a g e

It is known that for any composite material, for instance the present system of interest, viz., cordierite-muilite 

composite, the shrinkage Is based on the relative quantities of the phases formed and their individual shrinking as 

a result of high temperature treatment. The increase in the Si/Al ratio has resulted in the increment of mullite 

fonnation in this system as discussed in 

section 4.4.2.b. As mullite is relatively denser 

(3.11 g/cc) compared to cordierite a dense 

composite is formed with maximum shrinkage 

of 32.86 % (refer Table 4.4.10). Figure 4.4.9 

shows the trend of shrinkage as a function of 

Si/Al ratio. Though high shrinkage is not a 

very attractive factor for the MEP application, 

a dense and highly shrunk composite is highly 

hermitic and hence is very idea! for the 

application in this view.
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Figure 4.4.9. Effect o f  Si/Al ratio on shrinkage o f  MAS 
samples after heating upto 1350 °C fo r  6 h
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Table 4.4.10. Shrinkage of MAS samples with different Si/AI ratio on heating upto 1350 °C

Sample Si/AI Shrinkage

MASA3 1.12 27.14

MASP3 1.80 29.44

MASY3 2.51 32.86

4.4.2. EFFECT OF SINTERING ATMOSPHERE

4.4.2.a. Plan of work

The section 3.4.2. of chapter 3 has described the various results of similar studies on LAS systems. The 

important finding is that in reduced atmosphere the number and quantity of side products are less and also in few 

cases there are possibilities for a single-phase formation. With that background infomiation similar studies were 

tried on MAS systems. It was planned to study the sintering of MAS samples at different atmosphere. It was 

planned to carry out the sintering of three different MAS samples namely MASY3, MASA3 and MASY01. The 

results of MASY3 (high Si/AI ratio), MASA3 (low Si/AI ratio) were supposed to be compared to understand the 

variation of Si/AI ratio. The results of MASY3 (high Mg content) and MASY01 (low Mg content) were supposed to 

be compared to understand the effect of Mg loading.

4.4.2.b. Experimental

The samples MASY3, MASA3 and MASY01 (Table 4.4.1. and 4.4.2.) were sintered using the same heating 

program as followed for other samples but at different atmospheres. As per the reaction setup described in 

chapter 2, the sintering was carried our either in air and argon atmospheres. The flow rate was adjusted to 40 mL 

mi n Th e  heating rate was fixed to 4 °C min *. The pellets of the samples were heated upto 1350 °C with a 

holding at 550 °C for binder removal and with a holding at 1350 °C for 6 h. The pellets were cooled naturally 

inside the furnace in respective atmospheres and crushed into fine powder using agate mortar and pestle. The 

powder XRD profiles were obtained for ail these ceramic products and the phases were identified. The semi- 

quantitative phase estimations were carried out using the Rigaku search-match facility and the results were 

compared.

4.4.2.C. Results and discussion

Figure 4.4.10 , Figure 4.4.11. and Figure 4.4.12 show the multiple plot of XRD profiles of the sample MASY3, 

MASA3 and MASY01 heated upto 1350 °C for 6 h. respectively.
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Figure 4.4.10. XRD multiple profile o f  MASY3 heated in air and argon atmosphere

Figure 4.4. H . XRD multiple profile o f MASA3 heated in air and argon atmosphere
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Figure 4.4.12. XRD multiple profile o f  MASYOl healed in air and argon atmosphere

The Figures include the XRD multiple profiles of samples heated both at air and argon atmospheres. The semi- 

quantitative phase analyses of all these XRD profiles were estimated and are given in Table 4.4.11.

Table 4.4.11. The semi-quantitative analyses of various phases formed during the different sintering of MAS samples in 

different atmosphere.

Sample Zeolite In air (oxidative) In argon (reductive)

source Phase Estimation, % Phase Estimation, %

MASY3 Y Cordierite 76.6 Cordierite 73.8

Mullite 23.4 Mullite 26.2

MASY01 Y Cordierite 71.0 Cordierite 78.0

Mullite 29.0 Mullite 22.0

MASA3 A Mullite 100 Mullite 100

The effect of cation concentration on the different sintering studies at various atmospheres shows an unusual 

trend. While the oxygen-free argon atmosphere reduces the cordierite formation in the high Mg content sample 

(MASY3), it facilitates the formation of cordierite in low Mg content sample, MASY01. This indicates that the Mg 

content governs the cordierite formation whereas the available oxygen governs the mullite formation. Also to
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some extent the Mg concentration does not influence the formation of mullite as mullite does not include any Mg 

in its structure.

Another interesting observation is that at low Si/AI ratio (sample MASA) in both oxidative and reductive 

atmospheres, only mullite (100 %) is crystallised at 1350 ”C. As compared to the other samples and their 

phases, cordierite phase may fomi above 1350 °C which has not been checked during the current investigation. 

This suggests that high Si/AI ratio is needed for the formation of cordierite phases. As the results shows that the 

change in atmosphere does not have a same trend for samples with different Mg ratios (MASY3 and MASY01) 

further studies on few more samples with different Mg concentration may help in understanding the effect of 

atmosphere on this system.

4.5. CONCLUSIONS

One of the popular commercial magnesium aluminosilicate (MAS) materials is cordierite (- mullite composite) that 

could be prepared successfully through the zeolite precursor method during the present investigati^ AC 

impedance spectroscopy is/one of the advanced solid state analytical tools')and has been fried toT the 

characterisation of the MAS ceramic products and their electronic behaviour at various temperatures. Other 

techniques like TG/DTA, SEM, XRD have been used for the routine characterisation. The lattice parameters for 

the crystal structure of cordierite phase have been determined and found matching with the reported. The XRD 

results show that the phase transformation includes an amorphous phase around 900 °C. However, the phase 

remains amorphous upto 1200 °C followed by a slow formation of mullite. Supporting inferences were observed 

by the change in particle sizes using SEM. The shrinkage studies on MASY3 sample shows a single step 

shrinkage at high temperature around 890 °C with an over all shrinkage of about 32 %. This material has a 

relative density of 98 % that is very attractive for MEP applications along with this minimum shrinkage. The 

expansion study proves that this material can be exploited as a low expansion material in special applications like 

MEP and the TEC is matching the reported values for the similar material prepared by other routes. The low 

dielectric constant (7.5 at 1 MHz) observed for this material shows its immense scope in electronic industries.

The effect of measuring temperature on the electric conductivity of the cordierite-mullite ceramic composite 

(prepared from MASY3 after heating at 1350 T )  has been studied in the temperature range of 300-600 “C. The 

AC impedance spectra results show that as the temperature increases the total impedance reduces to nearly 10 

fold. However, polarisation resistance has a negligible contribution to the total impedance as a function of 

temperature. This indicates that the contribution of electrical double layer capacitance to the total impedance of 

the system is negligible. The microstructure of the material has been visualised using a simple Randles model of 

equivalent circuits. The rate of decrement of the resistance and capacitance has been analysed.

An attempt has been made to understand the electrical conductivity in the material. With the fact that one of the 

characteristic features of the ionic conductivity of a solid electrolyte is its variation with temperature, the
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conductivity changes of this material as a function of temperature were studied. The results show that the energy 

of activation (Ea) changes with the temperature. The energy values ({Ea (300 -400 °C) = - 0.20 eV} and {Eg (400- 

600 °C) = - 0.87 eV}) calculated, have a significant difference for two different temperature ranges to prove that 

this characteristic dual trend is an indication of a possible ionic conductivity in the material. The reason for the 

dual trend in activation energy as a function of temperature has been explained using the Frenkel crystal model 

with interlattice positions and the dynamic equilibrium between the creation and recombination of Frenkel defects 

(vaccancies).

The second part of the chapter discusses the influences of different changes in the chemical composition of the 

precursor on the phase transformation processes at high temperatures and on density and shrinkage of the final 

phase assemblages. It is observed that the cation concentration influences the amorphisation of zeolite precursor 

around 900 °C where as the formation of cordierite-mullite composite is not influenced. Increase in the Mg 

loading increases the formation of cordierite and decreases the mullite formation. For precursor with low Si/AI 

ratio more cordierite is fonned where as more mullite is formed for the one with high Si/AI ratio. The density 

measurement shows that the Mg loading facilitates a good sintering as it increases the density of the composite 

and the Si/AI ratio also increases the density. Shrinkage generally decreases with an increase in Mg loading 

where as increases with Si/AI ratio.

Sintering atmosphere has a peculiar effect on sintering of MAS samples. With low cation loaded sample, 

reduction atmosphere increases the formation of cordierite where as, with high Mg loaded sample the reduction 

atmosphere reduces the cordierite formation. Moreover with low Si/AI ratio sample like MASA3, mullite is fonned 

as a single phase in both reductive as well as oxidative atmospheres.

"...Science seldom proceeds in the straightforward logical manner imagined by  

outsiders. Instead its steps forward (and backward) are often very human events in

which personalities and cultural traditions play major roles"

- James Watson 
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COMPREHENSIVE SUMMARY AND 
FUTURE SCOPE

Chapter

5.1. INTRODUCTION

The preparation of electronic ceramic materials using zeolites as precursors is a novel approach by itself and in 

fact it is an incipient area of research. This method has been claimed for its wide range of advantages over the 

conventional way of ceramic preparations. However, the curiosity to understand the extent of these advantages 

and limitations if any, was the basic objective of the investigation. The commercial importance of the two dense 

phase systems, viz., LAS and MAS ceramics has given an extra-stimulus to select these two systems for the 

investigation. Exposing this field of research to the modern spectroscopic techniques and understanding the 

nature of the materials as well as the techniques are the two prime advantages gained by this research work. The 

present chapter presents a comprehensive summary of this dissertation and future scope of the research 

problem.

5.2. THE DISSERTATION WORK

In view of the idea that it would help in understanding the uniqueness of the present novel route from the 

conventional ceramic preparation routes, a basic introduction about the various processes that are involved in the 

preparation of precursor powder and ceramic fabrication has been given in the first chapter. The first chapter 

provides an overview of the global ceramic market and demands. It also describes the advantages of zeolite^ 

precursor over the conventional routes along with an introduction about MEP technology and zeolites. It briefs the 

present research problem along with the plan of work of the thesis.

The second chapter describes the methodology adopted for the preparation of precursor powder and the ceramic 

preparations. It gives the details of the materials that are used for the sample preparations. The last part of this 

chapter describes the principle and instrumental details about various characterisation techniques and the 

experimental conditions that are followed during the measurements. A theoretical introduction and details of

instrumentation have been given for few of the new techniques such as AC impedance spectroscopy.

The third chapter of the thesis deals with lithium aluminosil cate (LAS) system. (3-Spodumene ceramic samples 

were prepared using the; powder of'^zeolite Na-Y thaL-was exchanged with lithium after three ammonium 

exchanges (LASY3). Thermal stability and other transformations that are involved on heating were analysed by
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TG/DTA experiments. The pellets of the PVA bound powder were heated to high temperature upto 1200 “C. The 

change in the nature of the sample at different temperatures was analysed using XRD and SEM. The particle size 

variations during the course of heating and lattice constants of the ceramic phase [3-spodumene were determined 

and analysed. The dielectric constant, TEC, shrinkage and density of the final ceramic product prepared from 

powder sample tJ\SY3 were determined. A multinuclear solid state NMR study, including for ^̂ Al, ^Si and L̂i 

nuclei on U\SY3 samples heated at various temperatures was tried. The effect of cation concentration and Si/AI 

ratio of the precursor powders on phase transfomiations from zeolite to ceramic phase and on the density and % 

shrinkage of the final products were studied. A possible phase transformation mechanism and other findings are 

given in the end of the chapter.

Magnesium aluminosilicate (MAS) dense system has been studied in fourth chapter. Similar to LAS preparation, 

the Na-Y zeolite was exchanged with Mg nitrate solution to prepare MAS powder and other studies were carried 

out. Apart from the common characterisation techniques used, AC impedance spectroscopy, an advanced tool 

was employed to study the properties of the cordierite ceramic samples. The contributions p f  the possible 

individual components for the total impedance of the system were analysed. The most feasible nature of electrical 

conduction in the sample was predicted and the influence of temperature on the energy of (activation of) electrical 

conduction was also studied. The findings are summarised at the end of the chapter.

5.3. R E A L IS A T IO N

J
After a series of detailed studies as described in the previous chapters, few substantial concepts werejgalised.^ 

The process of ceramic preparation using zeolite as precursor is not only novel but also a competent route by 

which a variety of phase assemblages with different phase compositions could be prepared. The characterisation 

of the^owder precursor)shows that tl»  powder f»s-a'small particle size with a narrow distribution, which is 

usually considered as one of the very important criteria for better ceramic fabrication. The premier ion exchange 

capacities of these zeolite powders offer an excellent way to alter the chemical composition of the precursor 

effectively. Compared to the literature reported, this route is found to have a facile phase transfomiation with 

relatively lesser impurity phases. This is due to the better chemical homogeneity of the precursor powder. The 

following scheme illustrates the concept of various levels of homogeneity that can be achieved by different ways 

of precursor preparation procedures.
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This zeolite route gives an atomic level homogeneity, which reduces the transformation temperature to 
considerable extent. Hence, it is possible to think about the usage of inexpensive metals for making conducting 
patterns on MEP substrates, which is one of the today’s most wanted demands and which is expected to bring 
down the cost of such products drastically. However, more systematic optimisations are needed to practically 
reach such levels of low temperature processability.

One of the distinct features of this route is the collapse of crystalline phase to an amorphous phase during the 
heat treatment of these precursors. It is interesting to observe that the formation and existence of this amorphous 
phase is dependent on the chemical n a t u r e  o f  the precursor. For instance, LAS samples had a narrow 
amorphous region between 700 ”C to 800 “C whereas MAS samples had a broad window from 800 °C to 1100 
°C. This is due the nature and relative amount of the cation. Li is a highly mobile cation and fluxing action at high 
temperature reactions to minimise the sintering temperature. Mg, in that way is not a very mobile cation. One 
point is very clear that due to the valency difference of Li (1+) and Mg (2+), the ratio of the number of cations 
exchanged into zeolite Y will be 2:1 with respect to the cations Li and Mg respectively. As the relative amount of 
the cations available during the recrystallisation of dense phases from amorphous stale Is more for LAS than for 
MAS, LAS facilitates the solid state reaction at relatively low temperatures.

However, the crystallisation of the dense phases from the amorphous mixture does not appear to be simple. At 
this stage, if one considers the amorphous powder as a mixture of (three) individual oxides of Si, Al and Li or Mg 
as the case may be, all the metastases of the respective ternary phase formations are possible. Also, the 
individual single component systems as Si02, AI2O3 and Li20 or MgO, as the case may be, can have its own 
internal transformations. For e.g., SiOz usually has many such processes namely quartz inversion, inversion of 
_____________  J44
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cristobalite, inversion of trydimite and conversion of quartz at different temperatures. Consequently, these kind of 
processes increase the complexity in understanding the simultaneous transfonnation mechanisms of the systems 
like the ones, which are presently studied during this investigatioR. However, it was attempted to understand thet 
phase transfer mechanism of LAS high temperature reactions. The high-quartz to keatite conversion has been 
identified by the XRD reflections as a most possible mechanism, which in tum goes to virgilite and finally to (3- 

spodumene phase. This result indicates that many such studies could yield more infonnation to understand the 
mechanism.

The understanding about the mechanistic pathway helps to predict the properties of the final ceramic product, Trt 
cite an instance, the intermediate phase fonned during a heat treatment has a direct impact on the particle shape \ 
and the formation of porosity, which eventually decides the density of the product (for e.g., density varies with the \ 
different amounts of mullite phase formed in various MASY samples. Refer Table 4.4.4. and Figure 4.4.7. in i 
chapter 4). The pores and grain boundaries are responsible for their characteristic reflections on the property of 
the material as they fomi the so-called 'microstructure’. Its strong influence on the electrical conductivity and the 
dielectric constants (DEC) is well known. However, the DEC values of the ceramic materials prepared using this 
method are found to be lower and hence these materials are useful in MEP applications. Another conspicuous 
point is that the ceramic materials fonned were having a very high relative density (as good as 98 ®/o). Because, 
achieving high bulk density has been one of the major problems’-̂  usually faced during many ceramic  ̂
preparations (for e.g., using clay precursors like kaolin).

Enhancing the qualification of these materials for MEP application, the TEC studies show that these ceramic 
materials prepared using zeolite precursors have a relatively lower thennal expansion, which is matching with that 
of silicon. However, the TEC measurements at higher measuring temperature range (above 400 °C) would give 
more details about it which was not possible during the course of the present study due to instrumental 
limitations.

The ability of NMR spectroscopy has been well realised by the multinuclear NMR studies carried out on the LAS 
samples. The NMR results support the other observations like the ones from powder XRD. The shift of the ®Si 
bands from -106 ppm towards the upfield in the range of -  87 ppm cleariy indicates that the Si environment is 
changing from the typical (zeolite) to Q' and (chain and ring) type which is typical for dense phase systems 
like mullite and quartz. There is a distinct band split at high temperatures (>1000 ”C) for the LAS dense phases 
along with cristobalite type of environment. The ^̂Al spectra shows a third band around 23 ppm indicating a 
distorted tetrahedral environment (A1*) apart from the regular octahedral (Ml) and tetrahedral (M2) 
environments. The regular quadaipolar features were suppressed and not seen in L̂i quadecho spectra 
indicating the nullifying dipolar interactions between Li and Al quadrupolar nuclei. However, the resolution of the 
spectra could be further improved by increasing the spinning speed of the sample rotor (e.g., above 10 kHz or 
more) to distinguish the individual bands cleariy so that the overiapping peaks can be identified and correlated 
well.

_________  2 4 5
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Many reports are found in literature about the novel materials for the applications in gas and temperature 
sensors. Even zeolites being porous materials have been tried for this application̂ . However, mechanically strong 
and thermally stable porous as well as dense ceramics are preferred for many reasonŝ -®. As one of the 
preliminary screening tests, usually the nature of electrical conductivity is checked for the material. The current 
investigation includes such an attempt on the cordierite ceramic sample prepared from MASY3 powder. The 
result suggests that the conductivity of the material is ionic type. Further studies in this area may extend this 
concept of employing this type of stable ceramic materials in sensor applications. Literature shows that cordierite 
has been tried earlier for this kind of application®.

It is well known that mainly the number of phases and the quantity of each present in the sintered ceramic body 
decide many of these properties. The semi-quantitative phase estimations carried out on LAS and MAS materials 
reveal |i strong and sharp influence of the chemical nature of the precursors. However, the overall observation 
leaves Jew points to o u r  perception. The c a t io n  ( L r  or Mĝ * as the case may be) concentration level in the 
precursor powder has a direct impact on the ease of phase transformation reactions. High cation concentration 
reduces the phase transformation temperature to considerable extent. High cation concentration increases the 
yield of the desired major ceramic phase ((3-spodumene in the case of LAS and cordierite in case of MAS). 

However, the nature o f  the cation has a specific influence on the width of the temperature window at which the 
amorphous phase exists. Precursor composition with highly mobile cation (like Li*) crystallises into dense phase 
at relatively lower temperatures.

It is observed in both the systems that the density of the c e r a m i c  product goes down with the increase in  t h e  

cation concentration of the precursor and the reason is that in both the cases, the prominent side product is 
mullite. Mullite is denser than the desired LAS or MAS phases and it is formed m o r e  w h e n  the c a t io n  

concentrations are low. Hence, the density of the total system is low at high cation concentration levels, as the 
extent of formation of relative lower density LAS or MAS phases increases. However, the shrinkage i n c r e a s e s  

along with the cation concentration.

A swing in the relative formation of mullite and silica was observed when the Si/AI ratio of the precursor is 
changed. At a situation where the Si content in the precursor is high, silica is formed more than mullite and this 
increases the density and % shrinkage and vice versa. This kind of variations in relative existence of the phases 
helps to alter the properties of the ceramic materials for specific applications. This m a y  reflect on the other 
properties also like thermal expansion coefficient and the thermal conductance.
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5.4. LIM ITATION

Though this novel ceramic route using zeolite precursors offers many advantages, there are few limitations 
realised during the course of the work. The non-framework cation loading through ion exchar^e has a maximum 
limit for a given zeolite-cation pair. It is the limiting equilibrium that puts constraint to reach the proper 
stoichiometry in some cases. However, this can be encountered to some extent by choosing the ratio of the other 
two components viz.. Si and Al. On academic interest, if one wants to study the phase formation at extreme (too 
low or too high) levels of individual components viz., Si02, AI2O3 and Li20 or MgO, these precursors may not 
support. The modification of chemical composition of all three components becomes difficult if once the system is 
set or exchanged for ions. For instance, lowering the Si content of a given zeolite is not as easy as to lower the Li 
content. However, the zeolite source could be chosen with the desired Si/AI ratio.

Many zeolite preparations usually involves the usage of alkali hydroxides (like sodium hydroxide) to achieve and 
maintain high pH level (as high as pH =12) for zeolite crystallisation. This sodium is exchanged with the desired 
cation later as per the stoichiometric need. However, the zero Na level is not possible by ion exchanges in many 
cases. As the presence of Na, according to literature, disturbs the phase transformation by inducing pre-matured 
sintering before the completion of high temperature reaction or crystallisation of dense phase, Na removal 
becomes very important. According to the literature, the safe Na level may be less than 15 ppm. This leads to 
more number of ion exchanges on the precursor powder. However a possible alternative has been suggested in 
the following sections. Compared to the conventional oxide route, this route seems to be more time consuming as 
the preparation of the powder involves series of ion solution phase exchanges, handling of slurry and filtration.

5.5. UPDATE OF THE FIELD )

Though the present work was started in the end of 1994 with, availability of minimum references in literature, 
during the course of the present investigation, few reports appeared in the related area from other research 
groups. i

Hoghooghi and coworkers worked on the development of near-net shape fonning of celsian-ceramics using 
zeolite precursorŝ  A ceramic composite consisting of gahnite (ZnAl204) crystallites in an amorphous sodium 
aluminosilicate matrix from zinc exchanged zeolite-A precursor was reported by Coyler and coworkerŝ . He has 
reported ^̂Al NMR characterisation of the materials. Later, he reported an in situ study of ceramic fomiation from 
Co2* and I r ? *  exchanged zeolite-A using combined XRD/XAFS techniques®. However, the idea about large-scale 
preparation from natural resources was a constant drive for many researchers. In 1995, a spanish research group 
reported the possibilities of such exploitation from natural zeolite rocks. The sintering, electrical and mechanical 
properties of ceramic materials prepared from Cuban natural zeolite minerals were studied and reported'®. The 
possibilities of using natural zeolite for synthesizing ceramic pigments were investigated by Pogrebenkov and 
coworkers".
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-jW^very interesting to see the analogues of branches started ift this area of research. Dondur and coworkers 
have reported the crystallisation kinetics of the dense phase, hexacelsian, from the amorphous phase prepared 
by heating the ion exchanged zeolite powders’̂ . The ceramic materials prepared by zeolite route have got 
applications in multiple directions. For instance, a process for manufacturing of the zeolite ceramics, useful for 
control of Escherichia coli (including enterohemorrhagic E. coli), soil microorganisms in water has been patented 
in Japan'3, The possibility of obtaining ceramic facing tiles based on natural zeolite in combination with calcium- 
magnesiam materials (diopside, wollastonite, tremolite) has been reported by Pogrebenkov and coworkers'̂  
Si3N4 is another system, which has been at high demand in advanced ceramic industries. The synthesis of 
combination of this material along with celsian has been tried using zeolite route very recently and reported’®.

5.6. FUTURE SCOPE

It has been really a problem to reduce the residual Na level in the precursors even by multiple ion exchanges. To 
overcome this problem, the idea of synthesizing the zeolite itself in sodium free conditions can be thought off. For 
instance synthesis of zeolite A in presence of cation like Li has been already reported. Perhaps, the ceramic 
produced from this powder could be expected to form highly pure single spodumene phase. Solid state ion 
exchange technique, which is believed to be a better process in some cases, may also be tried to increase the 
extent of cation exchange.

Many new combinations of zeolites and cations could be tried to produce different assemblages of phases with 
improved properties of ceramic products. The phase transformation discussion in the present work is all based on 
the XRD recorded for the samples that are heated at different temperatures, cooled to room temperature and 
then crushed into powder before the scanning. Hence the temperature we mention here are not the real 
temperature that was being felt by the sample during the course of XRD scanning. Hence, an in-situ high 
temperature XRD study will give a clear picture about the actual and accurate temperature at which the phase 
transformation and other changes occur. In addition this will reduce the time of phase transformation study to a 
large extent.

The AC impedance studies on these materials can be extended to follow up the sintering process and the results 
can be improved after further optimisation. The details about the gradual change in the microstmcture of the 
precursor powder during the course of sintering and phase transformation processes could be acquired if the 
spectra are taken for samples heated at different temperatures which was in fact the original aim of the present 
work.

The new emerging field of microwave sintering can be tried on these precursor powders so that the energy or 
temperature required for sintering might be reduced and also, it may change the phase transformation 
mechanism. Shrinkage and dilatometric measurements can be carried out for samples with different cation
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concentrations to study the influence of cation concentration on the sintering (by shrinkage) and TEC (by 
dilatometry). High-resolution solid state NMR with enhanced speed of sample spinning can be used for the 
characterisation of these materials to confirm the phase transformation mechanism. Many such studies in future 
may improve this special route of ceramic preparation and the quality of the products.

This area of research could be apprehended as an extra dimension of the versatility of zeolites by a zeolite 
chemist or as a search for new raw materials to prepare improved ceramics by a ceramist. However, one point is 
clear that this field of research will keep going ahead for severaJLdecades as we anticipate its potential scope.

May these materials be called in future as z e o m ic s !  meaning c e r a m i c s  from zeolites?

" . . . I  d o  n o t  k n o w  w h a t  I  m a y  a p p e a r  t o  t h e  w o r l d ,  b u t  t o  m y s e l f  I  s e e m  t o  h a v e  b e e n  o n l y  l i k e  a  

b o y  p l a y i n g  o n  t h e  s e a s h o r e ,  a n d  d i v e r t i n g  m y s e l f  i n  n o w  a n d  t h e n  f i n d i n g  a  s m o o t h e r  p e b b l e  

o r  a  p r e t t i e r  s h e l l  t h a n  o r d i n a r y ,  w h i l s t  t h e  g r e a t  o c e a n  o f  t r u t h  l a y  a l l  u n d i s c o v e r e d  b e f o r e  m e "

-  N e w t o n
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