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palavras-chave

resumo

vidro, vitroceramicos, dissilicato de litio, cristalizacao.

O principal objectivo deste estudo foi o desenvolvimento de vitrocerdmicos a
base de dissilicato de litio no sistema Li,O-K,O-Al,05;-SiO, contendo uma
razdo molar SiO,/Li,O muito afastada da do dissilicato de litio (Li,Si,Os)
usando composicdes simples e a técnica tradicional de fusdo-vazamento de
vidro de forma a obter materiais com propriedades mecanicas, térmicas,
quimicas e eléctricas superiores que permitam a utilizacdo destes materiais
em diversas aplica¢gfes funcionais.

Investigou-se o fendmeno de separacdo de fases, a cristalizagdo e as
relacbes estrutura—propriedades de vidros nos sistemas Li,O-SiO,,
Li,O-Al,03-SiO, e Li,0-K,0-Al,03-SiO,. Os vidros nos sistemas Li,O-SiO, e
Li,O-Al,05-SiO, apresentaram fraca densificacdo e resultaram em materiais
frageis, contrastando com a boa sinterizacdo dos vidros no sistema
Li,O-K,0-Al,05-SiO,. Pequenas adicbes de Al,O; e K,O ao sistema
Li,O-SiO, permitiram controlar a separacao de fases devido a formacéo de
espécies de Al(IV) que confirmaram o papel de Al,O; como formador de rede.
Os compactos de p6 de vidro das composi¢cdes contendo AlLO; e K,O
tratados termicamente resultaram em vitroceramicos bem densificados,
apresentando dissilicato de litio como a principal fase cristalina, e valores de
resisténcia mecanica a flexao, resisténcia quimica e condutividade eléctrica
(173-224 MPa, 25-50 pg/cm2 e ~2x10"® S/cm, respectivamente) que
possibilitam a utilizacdo destes materiais em diversas aplicag8es funcionais.

A adicdo de P,0Os, TiO, e ZrO, ao sistema Li,0-K,0-Al,05;-SiO, como
agentes nucleantes revelou que os vidros contendo apresentaram
cristalizacdo em volume, com a formacdo de metassilicato de litio a
temperaturas mais baixas e dissilicato de litio para as temperaturas mais
elevadas, enquanto a adicdo de zirconia reduz o grau de segregacéo,
aumenta a polimerizagdo da matriz vitrea e desloca o valor de Ty para
temperaturas superiores, inibindo a cristalizagao.
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The purpose of the present study was developing lithium disilicate based
glass—ceramics in the system Li,O-K,0-Al,03-SiO, featuring SiO,/Li,O molar
ratios far beyond that of lithium disilicate (Li,»Si,Os) stoichiometry using simple
compositions and traditional glass melt-quenching technique in order to get
enhanced mechanical, thermal, chemical and electrical properties which allow
the use these materials in functional applications.

Phase separation phenomena as well as the crystallization behaviour and
structure—properties relations of glasses in Li,O-SiO,, Li,O-Al,03;-SiO, and
Li,O-K,0-Al,05-SiO, glass systems were investigated. The experimental
glasses in Li,0-SiO, and Li,O-Al,O3;-SiO, systems exhibited poor
densification ability resulted in porous samples of brittle nature, contrasting
with well sintered glass-powder compacts obtained from glasses in the
Li,O-K,0-Al,05-SiO, system. Small additions of Al,O; and K,O to glasses in
the in the system Li,O-SiO, allowed to control an extent of the phase
separation due to the formation of tetrahedral four—coordinated Al(1V) species
confirming the role of Al,O; as network former. Moreover, Al,Os- and K,O-
containing sintered glass powder compacts resulted in well-densified and
mechanically strong fine—grained glass—ceramics with lithium disilicate as the
major crystalline phase, mechanical strength of 173-224 MPa, chemical
resistance of 25-50 pg/cm2 and low total conductivity (-~2><1O'18 S/cm) making
the materials suitable for a number of practical applications.

The effects of single additions of P,Os, TiO, and ZrO, as nucleating agents in
the Li,O-K,0-Al,03-SiO, system revealed that addition of P,Os led to bulk
crystallization, with the formation of lithium metasilicate at lower temperatures
and lithium disilicate at higher temperatures while the addition of zirconia
reduces the degree of segregation, increases the polymerization of the glassy
matrix, and shifts T, to higher temperatures hindering crystallization.
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“Pars Syriae, quae Phoenice vocatur, finitima ludadntra
montis Carmeli radices paludem habet, quae voc&andebia. ex
ea creditur nasci Belus amnis quinque milium passiwgpatio in
mare perfluens iuxta Ptolemaidem coloniam. lentus ¢ursu,
insaluber potu, sed caerimoniis sacer, limosus,ovafundus, non
nisi refuso mari harenas fatetur; fluctibus enimutatae nitescunt
detritis sordibus.

Tunc et marino creduntur adstringi morsu, non prutges.
quingentorum est passuum non amplius litoris spatidique tantum
multa per saecula gignendo fuit vitro. fama est €@ nave
mercatorum nitri, cum sparsi per litus epulas pamar nec esset
cortinis attollendis lapidum occasio, glaebas niérnave subdidisse,
quibus accensis, permixta harena litoris, traluennovi liquores

fluxisse rivos, et hanc fuisse originem vit/f”

Gaius Plinius Secundus
(Pliny the Elder , 2379 AD)
In Naturalis Historia, Book XXXVI1:190-191

@ |n the part of Syria adjoining Judea and Phoertl@aCandebia swamp is bounded by Mount Carmel. FHiglieved to
be the source of the river Belus, which after fiviiemruns into the sea near Ptolemais. On the stafrthe River Belus the
sand is revealed only when the tides retreat. 3&sl does not glisten until it has been tossedtadhotine waves and had its
impurities removed by the sea.

A ship belonging to traders in soda once calle@ hso the story goes, and they spread out alonghtie to make a meal.
There were no stones to support their cooking-msushey placed lumps of soda from their ship undem. When these
became hot and fused with the sand on the beaelanss of an unknown liquid flowed, and this wasdhgin of glass.
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Introduction

“Science may set limits to knowledge, but shouldetdimits to imagination
Bertrand Russell






1.1 Foreword

The multiple forms and uses of glasses are beconmagasingly important in science,
industry and in general daily life. During the lastntury, new glass and glass-ceramic
materials have been developed envisaging theimuseveral diverse functions ranging from
common materialse(g. cookware) to technological applications such astaleestorations,
medical prosthesis, electronic devices and telesagiprors, or even architectural materisfs.

In particular, lithium disilicate based glass-cei@nderived from non-stoichiometric
compositions have proven to be potential candidatedifferent functional applicationg(g.

dental restoration$® metal-glass seal& magnetic media disks for hard disk drivésetc.).

Modern science and technology constantly require meaterials with special properties to
achieve specific applications. Glass-ceramic matedgombine the properties of conventional
sintered ceramics with the distinctive charactessof glasses. Moreover, developing glass-
ceramics demonstrates the benefit of combiningouariremarkable properties in one

material*

The binary alkali silicate systems show liquid—I@jyphase separation or immiscibility at
temperatures below tHejuidus temperature of crystallisation. This type of phasparation
is often called metastable because crystalline gghase more stable than liquid at the
temperature of phase separation'® The presence of metastable immiscibility regiothis
main cause of S-like course of thguidus curve and binary LO-SIO, system is a typical
example in this regard which demonstrates S-likers® of thdiquidus curve in silica-rich
region. According to Vogéf Li,O-SiO, liquids containing less than 30 mol.%Qilead to
opalescent or opague glasses on cooling owing &selseparation. However, mechanical

properties and chemical durability of these glasdes devitrification are low.

A literature survey reveals that despite many camensive studies leading to the
development of lithium disilicate glass-ceramicsnir different systems,***° the role of
immiscibility phenomena and addition of ,8/K,O on the crystallization behaviour of
glasses far beyond the ,Bi,Os stoichiometry has not been thoroughly investigated
Therefore, this work aims to investigate the,Q+4SiO, glass system, particularly the
influence of AbO3 and KO on glass structur@roperties relationships, nucleation process

and phase formation in both bulk glasses and sidtglass powder compacts. The effect of



some nucleating agents, such as,Ji®Os and ZrQ, on glass crystallization and properties
was also investigated.

Several experimental techniques were used throughdsi investigation aiming at a better
understanding of the glass structueeg( FTIR, MAS-NMR) and microstructure (SEM) as
well as the crystallization mechanism of glasg (FTIR, DTA, SEM, XRD) and the sintering
and crystallization behaviour of the correspondjtss powder compacts.¢.DTA, FTIR,
HSM, SEM, XRD). Some glass and glass-ceramic ptsesuch as density, mechanical
strength, chemical resistance, electrical proper@d E, etc., were also evaluated to achieve a
better understanding concerning the structpreperties relations and the potential practical

(functional) applications of the produced materials

1.2 Research Obijectives

The purpose of the present work was developingihthdisilicate based glass-ceramics in the
system L3}O-K,0-Al,03-SiO, featuring SiQ/Li,O molar ratios far beyond that of lithium
disilicate (LpSi,Os) stoichiometry using simple compositions and tradal glass melt-
guenching technique in order to get enhanced meddathermal, chemical and electrical
properties which allow the use these materialsinttional applications.

The tasks of this research were:

1. Getting a deeper insight on phenomena related ttastable immiscibility and

devitrification in LbO-SiG, glasses in relevance with &z and KO additions;

2. Investigating and comparing the phase separatioenghena as well as the
crystallization behaviour and structaproperties relations of glasses in three
different systems: (1) kD-SiQ, (2) Li;O-Al,0:-SiO

3. 2 and LbO-K,0—-Al,03-SiO,;

4. Presenting an in-depth analysis pertaining to sttigy structure of LO-K,O—

Al,03-SiO; glasses and their devitrification mechanism;

5. Evaluating of the sintering behaviour and propserieé# the corresponding glass
powder compacts;



6. Investigating the effect of diverse nucleating ag€mio,, P,Os and ZrQ) on
the structure, properties and crystallization @fsges in the bO—K;O—Al,O3—
SiO, system.

1.3 Structure of the thesis

This dissertation is structured in four chaptetse Thapter 1 provides a succinct introduction
to the thesis, the research objectives and analutibthe content of each chapter. Chapter 2
presents a broad literature review that ranges faobmief introduction to glass science and
technology, to lithium disilicate based glass atakgrceramics comprising some important
achievements and covering the subjects includethisrthesis such as glass forming ability,
liquid-liquid phase separation, thermal behaviawdl arystallization of glasses. The outcome
of the experimental work done on the frame of theppsed goals and its discussion is
presented in Chapter 3. This chapter is dividedgub-chapters which correspond to the
manuscripts that resulted from the research agtaviid had been published or submitted to
ISI journals. Finally, Chapter 4 presents the oNearanclusions and some suggestions for
future work including some proposals for the amgilmn of the tested materials throughout

the work done in the frame of this thesis.
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Bibliographic review
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2.1 Glass

Glass is present in everyone’s daily life. Althoughe doesn’t realise its importance in
everyday life, glass has a vast appliance fieldjirem from simple and common materials
(e.g. bottles, cups, windows, containers, light bulbgs.)eto technical applicationse.@.

television tubes, computer screens, spectaclesteledcope lenses, spectrometer prisms,

laboratory ware, optical fibres, etc.) or artigticrposes:®

Glass has its history at the beginning of timehwaturally occurring volcanic glasses such
as obsidian which was then appreciated and uséabtate tools and jewellery during the
stone-agé€. However, in spite of the enormous technologicdli@ements obtained during
the industrial revolution only the last decadesehaitnessed great advances in glass science
in particular concerning the study of glass strietand the development of new compositions

aiming at specific applicatiors'®*?

2.1.1 The nature of glass

The origin of the word glass is the Latin teglaesumwhich was used to refer to a lustrous
and transparent or translucent body. Glassy sutxtaare also called vitreous, originating
from the wordvitrum, again denoting a clear, transparent bbd§Although glass became a

popular commodity in the growth of civilization, ib@ps because of its transparency, lustre
(or shine), and durability, the current understagdif glass no longer requires any of these
characteristics to distinguish it from other subets. Glass can be inorganic (non-carbon

based) as well as organic (carbon-based), andfissioot the only method to make a glass.

According to ASTM description of glass as issueddmynmittee C-14 in 1941 as a tentative
standard glass is an inorganic product of fusiorcwhas cooled to a rigid condition without
crystallizing®>™*° (1) glass is typically hard and brittle, and hasoachoidal fracture. It may
be colourless or coloured, and transparent to apagasses or bodies of glass may be made
coloured, transparent, or opaque by the presencdissblved, amorphous, or crystalline
material; (2) when a specific kind of glass is caded, such descriptive terms as flint glass,
barium glass, and window glass should be usedwollp the basic definition, but the

gualifying term is to be used as understood byetragistom; (3) objects made of glass are

11



loosely and popularly referred to as glass, sudijiass for a tumbler, a barometer, a window,

a magnifier, or a mirror.

In common language the terglassis assigned to a fragile and transparent materel
known since ancient times. However, in scientibBoduage its range of meaning is much
larger but difficult to define with precision. Mardefinitions for glass were proposed along

the last decades including the attempt to diststybietween glass and amorphous sdliti$:
13,17

The definition and the understanding of the glagaye are fundamental to glass science and
technology which traditionally need to face threaimdifficult problems: (1) glass ison-
crystallineand thus is absent of long-range atomic order lwtsacharacteristic of most solid
materials and unlike crystalline materials, theidure of glass cannot be defined in terms of
a simple unit cell that is repeated periodicallyspace; (2) glass ison-equilibriummeaning
that the glassy state cannot be described usingdibegum thermodynamics or statistical
mechanics and the macroscopic properties of a glapend on composition and thermal
history; and (3) glass ison-ergodi¢ since we observe glass on a time scale that hmu
shorter than its structural relaxation time. Asdiglapses, ergodicity is gradually restored and
the properties of a glass slowly approach theinldgum values. The glass transitione.,

the process by which equilibrium, ergodic liquidgidually frozen into a non-equilibrium,

non-ergodic glassy state, is the key point to thesstions®

Glasses share two common characteristics: no dlassa long range, periodic atomic
arrangement, and every glass exhibits time-depérglass transformatiorbehaviour. This

behaviour occurs over a temperature range knowheaglass transformation region. A glass
can thus be defined as an amorphous solid completeting in long range, periodic atomic
structure, and exhibiting a region of glass tramsfdion behaviour. Thus, any material,
inorganic, organic, or metallic, formed by any teicjue, which exhibits glass transformation

behaviour is a glass.

2.1.2 The glass transformation behaviour

The glass transformation behaviour is commonly ys®al and discussed using enthalpy (or
volume, since enthalpy and volume behave in a aimvilay) versus temperature diagrams
(Fig. 1)> ** *Considering a small volume of a liquid at a terapane well above its melting

temperatureT(,) it is possible to follow the variation of its @alpy (or volume) during the
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cooling process. At a point in thequilibrium liquid region, as temperature decreasies

atomic structure of the melt will gradually changesd will be characteristic of the exact
temperature at which the melt is held. Upon coglitige volume of the liquid generally
decreases. If cooling to any temperature belgvof the crystal results in the conversion of
the material to the crystalline state, the enthalplydecline abruptly to the value suitable for
the crystal. This is due to the formation of a lorange, periodic atomic arrangement.

Continued cooling of the crystal will result in arther decrease in enthalpy due to the heat

capacity of the crystal.

Liquid

Supercooled
Liquid

Glass
Transformation

Enthalpy

Crystal
Slow Cooled Glas

Tg - slow Tg - fast Tm
Tem perature ——

Fig. 1 — Effect of temperature on the enthalpy gfess forming melt.

If no crystallization occurs when the liquid is & below ther, of the crystal a supercooled
liquid is obtained and its structure continuesdarrange as the temperature decreases, but
there is no abrupt decrease in enthalpy due t@uisaious structural rearrangement. As the
liquid is cooled further, the viscosity increases @ventually becomes so great that the atoms
can no longer completely rearrange to the equiliriliquid structure, during the time
allowed by the experiment. The structure beginagobehind that which would be present if
sufficient time was allowed to reach equilibriurasulting in a deviation of the enthalpy from
the equilibrium line. In this case, enthalpy fola curve of gradually decreasing slope, until
it eventually becomes determined by the heat cgpatithe frozen liquidj.e., the viscosity
becomes so great that the structure of the ligexbines fixed and is no longer temperature-

dependent. The temperature region laying betweelfirtiits where the enthalpy is that of the
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equilibrium liquid and that of the frozen solid kaown as the glass transformation region.
The frozen liquid is now a glass:’

Since the temperature where the enthalpy depants fine equilibrium curve is controlled by
Kinetic factors i(e. viscosity of the liquid), the use of a slower caglirate will allow the
enthalpy to follow the equilibrium curve to a lowssmperature. In this case, the glass
transformation region will shift to lower temperass and the formation of a completely
frozen liquid, or glass, will not occur until a lewtemperature. The glass obtained will have a
lower enthalpy than that obtained using a fasteltieg rate. The atomic arrangement will be
that characteristic of the equilibrium liquid atl@ver temperature than that of the more
rapidly cooled glass.

Although the glass transformation actually occwsra temperature range, it is convenient to
define a term which allows us to express the difiee in thermal history between these two
glasses. If we extrapolate the glass and supemtoldgid lines, they intersect at a
temperature defined as thetive temperatureThe structure of the glass is considered to be
that of the equilibrium liquid at the fictive temmagure. Although the fictive temperature
concept is not a completely satisfactory method dioaracterizing the thermal history of
glasses, it does provide a useful parameter famudgon of the effect of changes in cooling
rate on glass structure and properties.

The glass transformation occurs over a range ofpéeatures and not at one specific
temperature, thus it cannot be characterized bysamgfe temperatureHowever, it is useful
and convenient to use just a single temperaturanasdication of the onset of the glass
transformation region during heating of a glasssTamperature is usually named the glass
transformation (or transition) temperatufig)( Thermal analysis curves or thermal expansion
curves are generally used to evaluBfewhich is rather vaguely defined by changes ihegit
Although the values obtained from these two methaws similar, they are not identical.
Besides the experimental method to evaldgt¢he heating rate used to produce these curves
also influences the obtained value. Sifgeis a function of both the experimental method
used for the measurement and the heating rate ims¢llat measurement, it cannot be
considered to be a true property of the glass. \afe bowever, think offy, as a useful
indicator of the approximate temperature wherestifgercooled liquid converts to a solid on
cooling, or, conversely, of which the solid begitts behave as a viscoelastic solid on
heating®® **
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2.1.3 Principles of Glass formation: structure thedes and kinetic considerations

Different cooling rates are required in order tonfoglasses in different chemical systems.
Such experimental observation is on the basis\araéattempts to produce an atomic theory
of glass formation based on the nature of the ctanonds and the shape of the structural
units involved. Although proposing a structuraldheseems contradictory for a material that
is characterized by no long-range, periodic atomidering, some form of short-range

ordering makes possible and reproducible to foren shme glass from a nominal starting

composition and control the overall properties.

Two main approach@so explain glass formation are as follows: (a)strectural theories of
glass formatiorbased on structural considerations such as gepmmetture of bond forces,
etc., (b)kinetic approachfocuses emphasis to control of glass formationchbgnges in

processing.

2.1.3.1 Structural theories

Inorganic glasses are readily formed from a widdetya of materials, principally oxides,
chalcogenides, halides, salts, and combinationsaoh. There have been many attempts to
relate the glass-forming tendency of a materiaitéomolecular level structure. The first
structural methods were proposed in the 1920s vB@dschmidf® suggested that the ability
of an oxide to form a glass might be related to Wy in which the oxygen ions were
arranged around the cation to form the unit celhef crystal structure. It can be shown from
geometrical considerations that for an oxidgOy] the coordination number of the M cations
will be 4 if the radiuRu/Ro lies between approximately 0.2 and 0.4. Goldschmdied that
for some glass-forming oxides.§.SiO,, GeQ and BOs) a tetrahedral arrangement occurred
in the crystalline state and suggested that thightribe a criterion of glass-forming ability.
However, this theory has been subsequently showhetoncomplete, with a variety of
systems inadequately explained by it. For instaattbpugh all ionic glass-formers satisfy
this rule, there are many systems that satisfytitaoe not glass-formere.g, BeO and most
of the halides).

Later, Zachariaséhformulated the random network theory, according/ich glass-formers
are cations that have high valences3) and can create three-dimensional networks of
polyhedra. For instance, in silicate glasses, omygeworks are formed by polymerization of
polyhedra. By postulating that the oxygen polyhddtand in the oxide crystals would also be
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present in the glasses, Zachariasen formed theeporaf a continuous random network
structure for a glass, with periodic structural aagement is prevented by random
orientations. He proposed that the structure adgl@as similar to that of a crystal, but with a
larger lattice energy resulting from the disordemtdangements of polyhedral units, to
possess a random network lacking long-range pertgdias shown schematically in Fig. 2)
which can be demonstrated by the absence of shaigy Xliffraction spectra of glasses.
According to his experiments, Zachariasen listegr foonditions for a structure to favour

glass formation:
1. no oxygen atom must be linked to more than twaoati

2. the number of oxygen atoms surrounding any giveiorcanust be small

(typically 3 or 4);
3. oxygen polyhedra share only corners, not edgeaomst

4. at least three corners of each oxygen polyhedrast beishared — this rule was
added to ensure that the network would be threesmonal (although certain

glasses can exist in structures describable inrfelmeensions).

() (b)

Fig. 2 — Schematic 2D representation of (a) a gerdeOs crystalline compound (with

A-e and O- 9) and (b) a continuous random network of the ssmfistancé.

These conditions lead to the open structures thataccommodate a distribution of inter-
polyhedral bond angles that are associated withoggof long-range structural order when a

crystal forms a glass. Diffraction studies madevgrrerf? and later by Wrighf confirmed
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Zachariasen’s prediction that glasses and crystalge similar short-range polyhedral
structures but different long-range polyhedral mgeaments. Structural approaches, however,

do not take the thermal history of the melt intoamt**

2.1.3.2 Kinetic theories

According to Tammaf® who introduced the kinetic concepts in the ea8gds, glasses are
formed when the nucleation rate (M@rsustemperature does not significantly overlap the
growth rate (G)versustemperature curve. About 40 years later, Turntamltl Coheff
proposed the determination of kinetic stability @woling experiments through the steady-
state nucleation rate. Gutzawal® related glass stability to the non-steady-stave tiag ).
These kinetic approaches assume that one of tke frarameters (U, G aj is dominant
while the other two were neglect. In the early 1970himannet al?’ considered U and G
simultaneously, formulating a kinetic criterion feitrification. Later, the kinetic theory of
glass formation was extended to include non-steatiife effects and heterogeneous
nucleation. In 1989, Weinbewt al?®?° demonstrated that the volume fractions transformed
and the resulting critical cooling rateR;( are quite sensitive to the method of calculation.
The nose methodavhich uses isothermal TTT curves, overestim&eby up to one order of
magnitude. They also demonstrated fRats highly sensitive to the main physical propextie
that rule the nucleation and growth kinetics, crystal liquid surface energy, thermodynamic
driving force and viscosity Later on, Weinberd integrated the equation of overall
crystallization kinetics to estimate and compaitega for vitrification on cooling and glass

stability against crystallization on heating.

However, Cabraét al®? used experimental values of crystal nucleation gnosvth rates for
glasses that nucleate in the bulk to calculatécafitooling rates for glass formatioR) by
the TTT method. The resulting valuesRfwere consistent with their laboratory practice of
melting and quenching the studied glasses andnate@xperimental data d®; for one of the

glasses, lithium disilicate.

2.1.4 Silicate glasses

Inorganic glasses can be produced starting fromynm@mpositions such as silicates,
phosphates, borates, halides or chalcogenidesat@iliglasses are the most important

regarding commercially impact because they havelxt transparency and good chemical
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durability, and they can be made from inexpensiarimral ingredients. However, glass is a
brittle material susceptible to mechanical failwkich is a disadvantage to consider it as a

versatile ceramic materia.

Concerning their role in the glass production, esgiére usually classified into three groups:
(1) network formers, such as Si, B, P, Ge, andhasjng oxygen coordination numbers of 3
or 4 and tend to produce the basic cross-linked/mpetic glass structure; (2) network

modifiers, such as Na, K, Ca, and Ba, having coatibn number of 6 or more and generally
tend to reduce the degree of polymerization andogity; and (3) intermediate oxides with

cations, such as Al, Zn, Mg, Pb, and Be havingringgliate coordination of 4 to 6 and act
either as network formers or modifiers, dependipgruthe glass composition:? 1% 34

Oxides with large coordination numbers and rel&iveeak bonds (network modifiers) alter
the glass-forming network by replacing stronger B&hds between glass-forming polyhedra
with weaker, NBO bonds to modifying polyhedra. Fgu3 shows a schematic 2D
representation of the random network of an alkititade glass. The network modifiers are
important constituents to most technological glas®ecause they lower the melting
temperature and control many useful properties.ifwd are commonly used to facilitate the
glass fabrication at lower temperatures because gh@note the decreasing of the viscosity
by disrupting the network of the glass nfélSilica glass is difficult to process because its
melting temperature is about 1713 °C correspontbngristobalite—liquid equilibrium. For
instance, adding 25 wt.% of B to silica lowers théiquidus temperature to only about 793
°C, which is a great advantage from the technofbgioint of view® Alkali metal ions are
mobile and allow ion migration while alkaline-eartns like ions (one alkaline earth ion is
compensated electrically by two NBOs) are relayiveimobile and can hinder the diffusion
of other ions, in particular the alkali ones, arh¢e improve the chemical resistance of the
glass™ For this reason, most of important commercial sgasare based on compositions
comprising SIQ (network former), NzgO and CaO (alkaline and alkaline-earth modifiers
respectively).

The relative concentration of BO and NBO has anartgnt influence on the structure and
properties of glassé8.According to the number of bridging oxygen atomsaitetrahedral

unit, the following scenarios can be considered:

1. BO =4 {.e.[O]/[Si] = 2): each BO is shared by two silicomias and the network is

three-dimensional with all four corners bridging.
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2. BO = 3 {.e. [O)/[Si] = 2.5), the network is two-dimensional thvithree corners
bridging (note that some tetrahedra may be linkefbtir others and some therefore

to less than three, the said number being the geeralue over the network).

3. BO =2 {.e.[O]/[Si] = 3), the network is formed by one-dimemsal chains with one

corner bridging.

4. BO < 2 {.e. [O)/[Si] > 3), the network is composed of indivaluSiQ, tetrahedral

elements, some of these being bound together.

The rigidity of the glass network decreases grdguml replacing the bridging oxygen atoms
by non-bridging ones until only individual isolate@trahedra remain. Using th@"
terminology (withn the number of BO on a tetrahedron), it is possiblesfer to (1)Q*, (2)
Q°, (3)Q% and (4)Q", Q° structures, respectively.

Fig. 3 — Schematic 2D representation of the randetwork of an alkali silicate glass
(Si~e, BO- 9, NBO- @, alkali ion-@).3

Considering an oxide glass of general composithyOj(SiO.)1—«, with A the alkali metal,
for x = 0 (.e. pure silica) only BO existq") while increasing alkali concentration yields a
dramatic decrease of BO and an increase of NBOrdicapy.*? The intermediate oxides have
coordination numbers and bond strengths between ndteork formers and network

modifiers and tend to have an intermediate effaaglass properties.
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2.1.4.1 Silica glass

In the case of oxide glasses, the short-rangetateican be extremely well-defined in terms
of the coordination polyhedra of the network-forgniration such as silicoithese glasses are
characterized by predominantly heteropolar bondietyveen network-forming cations and
oxygen. Bond lengths and angles in the first comtion shell of oxygen around these cations
vary only over a narrow range. Glass-forming catmtygen polyhedra like SiCare usually
corner-linked through ‘bridging’ oxygens (BO) andrh a three-dimensional extended
connected network. The properties of glass are Ijndependent on its structure which in the
case of silica glass consists of well-defined S&rahedra connected to another neighbouring
tetrahedron through each corner (Fig 2b). The€Siistance in the tetrahedron as obtained by
neutron diffraction studies is about 0.16 nm arat the shortest €D distance is about 0.26
nm, the same dimensions as found in crystallineasilThe inter-tetrahedral (SD-Si) bond
angle distribution is centred near ~143°, but iximbroader than that found for crystalline

silica, producing the loss in long-range order sh@shematically in Fig. 25" %’

2.1.4.2 Alkali and alkaline—earth silicate glasses

As in silicate glasses, the structure of alkalcate glasses also consists of a network of,SiO
tetrahedra, but some of the corners are now ocgupienon-bridging oxygens that are linked
to the modifying polyhedra (Fig. 3ncreasing the concentration of modifying oxidedie#o

the increasing of the relative fraction of non-piiy oxygens associated with the glass
network which results in the reduction &§ and melt viscosity and increasing values of

thermal expansion coefficient and ionic conducyivit

The changes in the silicate network, and so thepositional dependence of many of the
glass properties, can be described by the reldtaetions of bridging and non-bridging
oxygens or by the types and concentrations of ifierent Si-tetrahedraQ@").'? The rigidity

of the network decreases gradually by replacingbtidging oxygen atoms by non-bridging
ones until only individual isolated tetrahedra rem@Q"). Glasses containing < 10 mol.%
alkali oxides are considerably more difficult to Iméue to higher viscositie€sMoreover,

alkali-deficient glasses are prone to phase saparand devitrification on a scale of 0.1-1
um.*® Modifiers disrupt the network and are used in tactower the viscosity of the glass

melt and hence to facilitate its fabrication at ésvtemperatures. Thus, as expected then, the
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relative concentration of bridging and non-bridgoxygens has an important influence on the
properties of glasses.

2.2 Glass-ceramics

Glass-ceramics are fine-grained polycrystalline anals formed when glasses of suitable
compositions are heat-treated and undergo cordraltgstallisation to the lower energy
crystalline staté®*! In many cases, the crystallization process caalim@st complete but a
small content of residual glassy phase is oftersgme In these materials, the crystalline
phases are entirely produced by crystal growth feotnomogeneous glass phase while in
traditional ceramics most of crystalline phasesiai®duced when the ceramic composition
Is prepared although some recrystallization carulooc new crystal types can arise due to
solid state reactiors.

Glass-ceramics are normally produced in two stéijsa glass is formed by a standard glass-
manufacturing process; and (2) the glass articéhagped, cooled and reheated above its glass
transition temperature. The second step is somsthegeated as a third step. In these heat
treatments, the article partly crystallizes in ihierior. In most cases, nucleating ageetg (
noble metals, fluorides, ZeO TiO,, P,Os, Cr,O3 or FeOs) are added to the base glass
composition to boost the nucleation process. A tesguently used method is to induce and
control internal crystallization during the coolipgth of a molten viscous liquid. This process
is used sometimes to form relatively coarse-graglads-ceramics from waste materials to be

used in the construction indust/+* 4°

Glass-ceramics also can be produced by concuristdr€rystallization of glass-particle
compacts. In this case, crystallization startslassg-particle interfaces. A main advantage of
the sinter-crystallization process is that nucteptagents are not necessary, because the
particle surfaces provide nucleation sites. A disatiage of this method is the presence of
some residual porosity (0:8.0 %). However, this can be sometimes minimizece\an
eliminated by hot-pressing techniques. The singeroute also is attractive to produce glass-
ceramics from reluctant glass-forming compositiomdyich could be made as a *“frit,”

moulded and sinter-crystallize®.***3
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2.2.1 Development of glass-ceramics and its commmization

Glass-ceramics derive particular interest for s@vend applications, such as thermal,
chemical, biological and dielectric ones, becalssd systems provide great possibilities to
manipulate their properties, such as transparestogngth, resistance to abrasion, coefficient
of thermal expansion. These properties can be \asthidby proper selection of the
composition which can control the extent of cryigtation, crystal morphology, crystal size
and aspect ratio. The ease of fabrication techsiqueonjunction with lower production cost

offer additional advantagés> 102 4445

It has been known for a long time that glasses lwarcrystallized to form polycrystalline
ceramics. In the eighteenth century, Réadfbad the idea of fabricating polycrystalline
materials by first forming glass and then nucleatand crystallizing it to form a highly
crystalline material. Réaumur experiments resduiltethe creation of opaque, porcelain-like
objects that had low mechanical strength and aréxt shape compared to the original shape
of the bottles because he was unable to contratrystallization process that is necessary for
the production of true glass-ceramtésdowever, a real breakthrough was made in the $950°

by S. D. Stookey when the theory of glass phasaraéipn was advancéd.*’*®

Over the last decades, glass-ceramics have gradwetbme established in a wide variety of
technical and domestic applications. The interestglass-ceramics has become greater
because they comprise an important group of médenghich have an enormous
technological significance and commercial vali@his can be explained by the fact that
glass-ceramics possess an extremely favourable inatidm of mechanical, thermal,
chemical, electrical and physical properties. Thepprties of these materials are superior to
those of the majority of conventional glass or itiadal ceramics materiaf8. The following

key points are in the basis of this importaht®'

1. Glass-ceramics can attain high mechanical streagth good electrical insulation
due to a very fine-grain microstructure with almost porosity. These particular
properties can be acquired owing to uniform chehdoanposition of glass-ceramics

which can be achieved from the homogeneity of dremt glasses.

2. Changes in the chemical composition of the paréagsgand the thermal treatment
permit producing glass-ceramics comprising divgrhgsical properties which in
turn permit their application in a wide range odgtical fields. It is possible for them

to combine a variety of desired properties, fornegke: combining very low thermal
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expansion coefficient with transparency in thehlesiwavelength range for cooking
ware or combining very high strength and toughnegish translucency,
biocompatibility, chemical durability and relatiyellow hardness for dental

applications.

3. The control of the shape and dimensions of thesgtasamic materials is easier in
comparison to conventional ceramic materials sittee later usually feature a
relatively large shrinkage during drying and firipgocesses, which can result in

variation of dimensions and/or distortion.

4. Parent glasses can be easily shaped using seeefatiques such as pressing,
blowing or drawing which offer certain advantagesrothe available techniques for

shaping conventional ceramic materials.

The first use of glass-ceramics as commerciallybleigproducts was developed in the
aerospace industry in the late 1950s. These gkrssrics were used as radomes to protect
radar equipment in the nosecones of aircraft amkets’® For such applications, these
materials must exhibit a challenging combinatiopmaiperties to withstand critical conditions
resulting from rain erosion and atmospheric reyestich as: homogeneity; low dielectric
constant; low coefficient of thermal expansion; Idiglectric loss; high mechanical strength;
and high abrasion resistance. No glass, metalngtescrystal can simultaneously meet all of
these relevant specifications. Glass-ceramics mewsed in nose cones of high performance

aircraft and missile¥’

Another class of traditional, but still modern aneéry interesting glass-ceramics, is
represented by Corning’s Fotoceram and Schott'sirBot These glass-ceramics can be
patterned by ultraviolet light and selectively d¢ajzed by thermal treatments. The
crystallized regions then are completely dissolbgdcid etching. The patterned glass can be
used as-is or can be heated once more to form pyshatline glass-ceramic plates that have
high-precision holes, channels or any desired catei pattern. The products are used in
electronics, chemistry, acoustics, optics, meclsaaitd biology in applications that include
micro-channels in optical fibres, ink-jet printeeduds, substrates for pressure sensors and

acoustic systems in head-phon®s" 44

Commercial applications of sintered glass-ceranmickide devitrifying frit solder glasses for

sealing TV tubes, cofired multilayer substratesdigctronic packaging, marble-like floor and

1

wall tile and some bioactive glass-cerantt$? **Commercially successful glass-ceramics
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can be divided in several categories accordinghwr tapplications, both technical and

consumer, as proposed examples below:

Glass-ceramics for thermal use<Glass-ceramics featuring low-CTE can be usedhembal
applications such as panels for cooktops fireplaresstoves’ A relevant thermal property
of glass-ceramics is their limiting use temperat&ecause of their residual glass phase, most
glass-ceramics flow and deform at relatively lomperatures, typically below about 700 °C.
However, some notable exceptions exist. An exangpée celsian glass-ceramic in the SrO—
BaO-ALOs—SiO, system, which has use temperatures as high as @%hd CTEs that
match silicon, SiC and $N..>? Materials with low CTE values are also of high e in
applications for which thermal dimensional stapilis of prime importance. Particularly
demanding are the requirements in optical appboatiwith service temperatures between
=50 and+100 °C. For these special applications, opticadgtzeramics have been developed
for which the thermal expansion characteristic basn optimized to be as close to zero as
possible in the working temperature interval. Tlstlexample of low expansion optical glass

ceramic is the glass-ceramic Zerodtt

Machinable glass-ceramics These materials rely on mica crystals in theirrostructure
and usually present high CTE and very low porodityey can be quickly and inexpensively
machined to complex shapes and precision parts evilinary metalworking tools. Some
machinable glass-ceramics can be used as dentaloamel bioactive applications via modern
CAD-CAM techniques®*" ** Machinable glass-ceramics found wide applicationsiich
diverse and speciality areas as precision eletinsalators, vacuum feedthroughs, windows
for microwave-type parts, samples holders for field microscopes, seismograph bobbins,

gamma-ray telescope frames, and boundary retaimettse space shutté.

Glass-ceramics used as construction matertalglany glass-ceramics have been developed
from a wide variety of waste materiaksd.incinerator ashes, blast furnaces slags, stegs sla
and sugar-cane ashes), showing big variation ofpositions and predominant crystal
phases®*® These low-cost, dark-coloured (because of the leigél of transition elements in
wastes) materials are generally strong, hard aethidally resistant. Their intended use is for
abrasion and chemically resistant parts or float aall tiles used in chemical, mechanical
and other heavy-duty industries or constructfon.

High-strength glass-ceramies The average fracture strength (100-250 MPa) anghttess

(1-2.5 MPa.M? of most glass-ceramics are generally higher tttase of commercial
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glasses (50-70 MPa and 0.7 MPY¥mrespectively). For instance, glass-ceramics with
impressive mechanical properties have been repddaedanasite glass-ceramics and for
lithium disilicate glass-ceramic¢&.These glass-ceramics feature lath-shaped crythtztidead

to crack deflection and toughening. Fibre reinfareat, chemical strengthening by ion-

exchange methods and development of a thin suléges with a lower thermal expansion

than the interior to induce a compressive surfageerl are other successful strategies to

increase strength and toughness.

Glass-ceramics for medical applications Bioactive glass-ceramics fornin-situ a
biologically active layer of hydroxycarbonate apmtthat bonds to bone and teeth and
sometimes even to soft tissue. Many products haaehed commercial success and have
been used as granular fillers, artificial vertebraeaffolds, iliac spacers, spinous spacers,
intervertebral spacers, middle-ear implants anathsr types of small-bone replacements.
Another interesting class of bioactive glass-cecamis heat-generating bioactive or

biocompatible glass-ceramics intended for use ypetthermic treatment of tumouts>®

Glass-ceramics for dental restoratiorsRestorative dental materials are used to fabricate
e.g, dental crowns, bridges, inlays, and vené®rs® These materials, therefore, are not
implanted in bone. Instead, they are bonded tolitieg tooth by bonding or cementation

systems. The main objective is to produce a nemaierial featuring properties (mechanical
properties, biochemical compatibility with the oetvironment, abrasion resistance, and a
degree of translucency, shade, opalescence, amédkence) similar to those of natural teeth.
The new biomaterial must demonstrate higher chdndaaability than natural teeth, to

prevent it from being susceptible to decay. Thesmaterials are an integral part of a system

used to fabricate dental restorations.

Glass-ceramics for electrical and electronic apations— Some glass-ceramics.. spinel-
enstatite, spinel, lithium disilicate, and canagitpes) are used as magnetic memory disk
substrated® °%® For instance, the development of spinel glassroiesa from the Si@-
Al,0:-ZnO-MgO-TiQ system represented a significant contributionh® fiabrication of
magnetic memory disk substrates due to a very appanostructure. The crystallites of the
gahnite type (ZnAd0,), spinel (MgALO,) or the solid solution of both types of crystaie a
smaller than 0.Jum. Enstatite (MgSig) is an important accessory phase, increasinguiract
toughness above 1 MP&:frand the crystals grow in an isolated manner itassgmatrix. As

a result, the spinel-enstatite material is suit@slea substrate for magnetic memory disks. It
demonstrates a favourable low surface roughnespa@a with other materials. The local
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roughness of the glass-ceramic after the polishingess is 5 A, which is important because
the electromagnetic recording head can fly welhwit20 nm of the spinning disk surface.
Solid oxide fuel cells (SOFC) are another exampléne application of glass-ceramics in this
field.> SOFC are ceramic solid-state energy conversioicegvhat produce electricity by
electrochemically combining fuek(g, hydrogen gas or natural gas) and oxidang,(air)
gases across an ionic conducting oxide at opertgimgeratures of about 800 °C. The planar
SOFC configuration provides a simple manufactupngcess and high current densities, but
it requires hermetic sealing to prevent fuel-oxtdamxing and to electrically insulate the
stack. A suitable sealing material must meet séwaiteria: chemical stability at 800 °C
under oxidizing and reducing wet atmospheres {aidrogen gas); electrically insulating;
chemical compatibilityi(e., must not poison other cell components); abilitydrm a seal at
about 900 °C that results in a hermetic bond with tstrength; CTE of 10-¥10° /K; and
long-term reliability during high-temperature opgya and during thermal cycles to room

temperature.

Optical glass-ceramics Cookware that allows continuous visualization amoiitoring of

the cooking process; fireplace protection; transparmours for visors or vehicle windows;
substrates for LCD devices; ring laser gyroscopesssile noses; fibre grating
athermalization; precision photolithography; prahigptical circuits; and small or very large
telescope mirrors are just some examples of suttesptical applications of glass-
ceramics *° *'The keen interest in glass-ceramics for opticaliegiions is caused by their
advantages over glasses, single crystals and ethteansparent ceramics. Unlike glasses,
glass-ceramics demonstrate properties similar tsethof single crystals. In contrast with
single crystals or sintered ceramics, glass-ceman be made in intricate shapes and sizes
by fast and cost-efficient glass-manufacturing peses. Transparent glass-ceramics based on
fluoride, chalcogenide and oxyfluoride doped witlrerearth ions have been successfully
used for wavelength up-conversion devices for aurogloped waveguide amplifiers.
Transparent mullite, spinel, willemite, ghanite galenite-based glass-ceramics doped with
transition-metal ions have been developed for usdunable and infrared lasers, solar
collectors and high-temperature lamp applicati@tber optically active applications include
luminescent glass-ceramics for solar concentratgrssonversion and amplification devices;
illumination devices using IR; heat-resistant materthat absorb UV, reflect IR and are
transparent to visible light; materials that absoNs and fluoresce in red/IR; substrates for

arrayed waveguide grating; solid-state lightinghitevlight; and laser pumps.
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2.2.2 Glass-ceramic processing

Glass-ceramics are fine-grained polycrystalline emals formed when glasses of suitable
compositions are heat-treated and thus undergorati@at crystallization. The important
feature of the processing of glass-ceramics isttiatrystallization must be controlled. For
instance, common window glass is too stable anficdif to crystallize, whereas other
compositions crystallize in an uncontrolled manresulting in undesirable microstructures.
Usually, a glass-ceramic is not fully crystallingpically the microstructure is 50-95 vol.%
crystalline, with the balance volume being thedeal glass. One or more crystalline phases
may form during the heat treatment and their comtiposis normally different from the
parent glass, and the composition of the residiaalsgs also different from that of the parent

glass™™*?

Initially the glass batch is heated to form a hoerapus melt. The shape of the desired
object is formed from the glass at the working péivhen viscosity is ~10Pa.s) by the usual
processes such as pressing, blowing, rolling, stic@ After annealing to eliminate internal
stresses, the glass object then undergoes a théneasinent that converts it into a glass-
ceramic® Crystallization is the process by which the wettared or regular periodic
crystalline structures are produced from the namege structure of glass. In its simplest
form, crystallization is observed when a melt airggle pure element or compound is cooled.
The crystallization process is generally consideesd consisting of two independent
processes: (Inucleation which corresponds to the formation of crystatia centres, and
(2) crystal growthfrom the formed centres. The rate at which thesegrocesses occur is a

function of temperaturé: ** %%

2.2.2.1 Nucleation

Nucleation is the key factor for controlling crylfitation in glass-ceramics. Crystal nuclei
must be present in the glass matrix to commencectistallization process. Nucleation
involves the initiation of regions of longer-rang®mic order émbryo3 which are normally
present in molten materials or in the super-codiguaid.** The temperature dependence of
nucleation and crystallization in glasses can bscrileed by the classic theory and the
nucleation rate and crystal growth rate as a fonctif temperature are accurately measured
experimentally®** *® Two distinct types of nucleation can occur: (1)mogeneous

nucleation and (2) heterogeneous nucleatidh®®In homogeneous nucleation the first small
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seeds are of the same composition as the crysthAishwgrow upon them, but in
heterogeneous nucleation the nuclei are differéetmically from the formed crystals. In
heterogeneous nucleation, foreign boundaries sschubstrates and grain boundaries are
usually involved?® This is also called catalyzed nucleation. Hetenegeis nucleation is the
typical mechanism used in the development of gt@samics, as boundaries cannot be
excluded and are indeed generally effective indiyeelopment of most glass-ceramitbe
embryos turn into nuclei when they attain a criticanimum size capable of developing

spontaneously into gross particles of the stabéseh

2.2.2.1.1 Homogeneous nucleation

The theory of nucleation involves a thermodynanmacameter known as free Gibbs energy
(G), which is a function of other thermodynamic paesens: the enthalpyH), i.e., the
internal energy of the system, and the entr®yi(e., a measurement of the disorder of the
atoms or molecules. The change in free enéi@ys an important thermodynamic parameter
regarding the phase transformations, since a wamstion will occur spontaneously only
when4G has a negative value.

Considering that each nucleus is spherical andahasliusr the classical theory gives the

work of formationAG as®%°’

AG = —ganAGV +47r° Y+ AG, Eq. 1

where AGy is the free-energy change per unit volume asstiatth the formation of the
new phasey is the interfacial energy (per unit area) of tlevrsurface of the nucleus, and
AGg is the elastic distortion energy (often not coastd because from a mathematical point
of view, this contribution can be ignored for melystal and vapour-crystal
transformations). These volume, surface, and total free energytritonions are plotted

schematically as a function of nucleus radius o Bf °> %

The curve corresponding to the first term on tlghtrhand side of Eq. 1, the free energy
(which is negative) decreases with the third poafr and the curve resulting from the

second term for in EQ. 1, energy values are p@aséivd increase with the square of the radius.
Consequently, the curve associated with the subothf terms first increases, passes through
a maximum, and finally decreases. In a physicabsethis means that as a solid particle
begins to form as atoms in the liquid cluster tbgetits free energy first increases. If this
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cluster reaches a size corresponding to the dritachusr*, then growth will continue with
the accompaniment of a decrease in free energyh®mwther hand, a cluster of radius less
than the critical will shrink and redissolve. Tkigbcritical particle is an embryo, whereas the
particle of radius greater thah is termed a nucleus. A critical free energ¥s{) occurs at
the critical radius and, consequently, at the maxmof the curve in Fig 4 corresponds to an
activation free energy, which is the free energyneed for the formation of a stable nucleus.

Equivalently, it may be considered an energy bataé¢he nucleation process.

4G ff4 )
/ nry
+ 7
‘_ *
2
= AG*
O ‘-H"h r.

N 4i3nrtaG,

Fig. 4 — Schematic plot of free energy versus emycleus radius, on which is shown the

critical free energy changélG*) and the critical nucleus radiug ).

Because* and AG* appear at the maximum on the free energyadius curve of Fig 4,
derivation of expressions for these two paramaseassimple matter. Far, we differentiate
the 4G equation without considerindGe (Eq. 1) with respect ta, set the resulting

expression equal to zero, and then solve {err*):% %

@Lzr* =47TAG, r**+8myr =0 Eq. 2
which leads to the result

r*= _
AG,

The critical nucleus sizet corresponds to the critical free enthalg@*. The critical free

Eq. 3

energy is determined by the substitution of thigregsion for* into Eqg. 1:
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AGH = 167y’
3(AG,)*

This volume free energy changtsy is the driving force for the transformation, ard i

Eq. 4

magnitude is a function of temperature. At the Bouim temperature, the value diGy is

zero, and with diminishing temperature its valuedmees increasingly more negative.

2.2.2.1.2 Heterogeneous nucleation

Heterogeneous nucleation involves phase boundapesijal catalysts, and foreign substrates
that are distinct from the parent phase. This typsituation occurs when the driving forces
involved in the formation of a new phase are stesriban those required by the parent phase
for its transformation into a crystal. Fig. 5 showse model on which heterogeneous
nucleation is based. It is assumed that both thediand solid phases “wet” this flat surface,
i.e., both of these phases spread out and cover tHfacsurThree interfacial energies
(represented as vectors) exist at two-phase bowsd@s, ys. andy, ) as well as the wetting

angleb (the angle between tlyg andys, vectors):®

The theory for the formation of critical free erifhain heterogeneous nucleatiadGy*) is

derived from the contact angle) (relationship of Young's equation and is given by

AG,, =AG’ f(8), wheref (49)=%(2+cos6?) (1-cos@) Eq. 5

Mother phase, L VsL

Nucleous/Solid, S
i

Surface or interface, |

Fig. 5 — Model for heterogeneous nucleation. THielssurface ¥s)), solid—liquid {/s)
and liquid—surfacey( ) interfacial energies are represented by vecidrs.wetting angle)

is also showr® 68

Considering Eg. 5 and Fig. 4, special situationsukh be taken into account: (1) if the
heterogeneous substrate (1) is not wetéed,180° and(8) = 1,i.e., this phenomenon returns

to a homogeneous nucleation process; (2) if theasairof | is completely wetted arfilis
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close to 0°, the(B) > 1 andAGy* are very small; thus fd < 180°, heterogeneous rather
than homogeneous nucleation will occur. Furthermotelei with the critical size af are
preferentially formed. Heterogeneous nucleatiopasticularly effective if there is epitaxy
between the nucleus and substrate. There can bepitexial relationship if the lattice
geometry of the nucleus and substrate crystalgndas (less than 15% mismatch in lattice
parameter). Further influences on epitaxy in g@Esmics include: the bonding state in the
substrate and nucleus crystals, structure defantsthe degree of coverage of the nucleant
surface with foreign nuclei. During the productioh glass-ceramics, special nucleation
agents can be incorporated into the base glass agtigm which acts as catalysts for the
nucleation process in the glassy matrix. The refatiips between the different interface
energies of the three phasgs, (ys. andyi.) will also provide several criteria for determigin

the effectiveness of the nucleating agent.

Taking a surface tension force balance in the ptertbe flat surface leads to the following

expression:

Vi = Vs Vo COSE Eq. 6
Using a similar procedure similar to the one présgmabove for homogeneous nucleation, it

is possible to derive equations fdrandAGy*; these are as follows:

w—_2Vs
r = —_1 o
AG, Eqg. 7
167y’
NG+ = =T g ) Eq. 8
3(AG,)*?

The SP) term of Eq. 8 is a function only 6f(i.e., the shape of the nucleus), which will have
a numerical value between zero and 1 (For exanfigied angles of 30° and 90°, values of
S(0) are approximately 0.01 and 0.5, respectivelyntEx. 7, it is important to note that the
critical radiusr* for heterogeneous nucleation is the same as fmoheneous, inasmuch as
YsL is the same surface energyyan Eq. 3. It is also evident that the activatioermgy barrier

for heterogeneous nucleation (Eq. 8) is smaller thenhomogeneous barrier (Eq. 4) by an

amount corresponding to the value of thi8)S¢nction, or

AG,* = AG* S(6) Eq. 9
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Figure 6 plots curves for both types of nucleatiand indicates the difference in the
magnitudes ofAG*,om AG*he, in addition to the constancy aof. This lower AG* for
heterogeneous means that a smaller energy mustdseome during the nucleation process

(than for homogeneous), and, therefore, heterogmsneacleation occurs more readify.

«— r —»l_____________
AG T
- AG*hom
o4 }
AG*het r

Fig. 6 — Schematic free energyembryo/nucleus radius plot on which are presented
curves for both homogeneowdQ*on) and heterogeneous nucleatiadl®tye). Critical free

energies and the critical radius are also sh&wn.

2.2.2.2 Crystal growth

The crystallization process will be concluded witie tgrowth of crystals on the nucleated
glasses, which should be heat-treated at highepdeatures. The growth step in a phase
transformation begins once an embryo has exceégectitical sizer*, and becomes a stable
nucleust® ' ®8 Nucleation will continue to occur simultaneousljthwgrowth of the new
phase particles, but cannot occur in regions thaelalready transformed to the new phase.
Moreover, the growth process will finish in anyigggwhere particles of the new phase meet,
because here the transformation will have reachatptetion.

The crystal growth is a complex stage of the criigtdion process due to several motives:
(1) more than one phase may crystallize simultaslgp() the composition of the crystals is
usually different from the composition of the parghass, implying that the crystal-glass
interface is continuously changing in compositi@), fractions of the primary crystal phase
may start transformation into a new structural t{fo€he crystallization rates in glass can be
enhanced or inhibited by the presence of someiadslitFor example, low concentrations of

various transition metal ions such as Fe, Zn aridcvease the rate of crystal growthyhile
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Cr ions were found to decreasé‘iMoreover, this effect may be specific to particideystal
surfaces.

The crystallization rate of glasses is determinedhgyextent to which material transport to
the interface between the nucleus and the surrogndjlass matrix is achievéd.
Accordingly, particle growth occurs by long-randeraic diffusion, which normally involves
several steps such as diffusion through the parease, diffusion across a phase boundary,
and then into the nucleu€onsequently, the growth raté is determined by the rate of
diffusion, and its temperature dependence is theesas for the diffusion coefficied,

_ de
D =D, exgd - << .
X p( = Eg. 10

where Dy is a temperature-independent pre-exponen@al,is the activation energy for
diffusion, R is the gas constant afidhe absolute temperature. ThUsgan be express as

Q
U=cexp-— .
xp{ ij Eq. 11

whereQ is the activation energy amds a pre-exponential, both independent of tempesat
Processes whose rates depend on temperaturt), ias Eq. 11, are sometimes termed
thermally activated and a rate equation having ekgonential temperature dependence is

termed an Arrhenius rate equatf®n.
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Rate of nucleation and crystal growth—»

Fig. 7 — Schematic plot showing the variation @& tucleation ratd Y and growth rate

(U) with the temperature.
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Fig. 7 shows the temperature dependenceJoénd | (again, almost always the rate for
heterogeneous nucleation). At a specific tempegatilre overall transformation rate is the
combined effect and is represented by a third cuf\:e general shape of this curve is the
same as for the nucleation rate, presenting a peakaximum that has been shifted upward

relative to the curve fdr.

In general, crystal growth.e. the rate of advance of a solid-liquid interfacan de described

as a function of temperatuf&’’ by:

{8 *

whereU is the growth ratd,is a site factor (fraction of sites at the intedavhere atoms can
be preferentially added or removed),is the diffusion coefficient for molecular transpo
across a solid liquid interfaceg is a jump distance, artiG is the difference in Gibbs free
energy between the solid and liquid phase. UsiegSfokes-Einstein relation it is possible to

express D as a function of viscosity)®

p=_KT Eqg. 13
3a, mn q
wherey is the viscosity an#d is the Boltzmann constant. Replacing D by Eq.nlBq. 12:
fKT AG
U=s|——[|1-exp| ~—— Eq. 14
(3%271/7]{ p( RTH )

From Eq. 14, it can be seen that the crystal groatid (J) in any glass system is controlled
primarily by two factors: (1) the thermodynamic tacor barrier represented as flexp
(—4G/RT)], and (2) a purely kinetic factarge., related to the motion or mobility of the ions or
group of ions present in this glass, representgtlkas/ (3a 211 /7)). From the analysis of Eq.

14, several scenarios can be considered:

1. At temperatures higher than the melting poiftX T,), the change in the free
energy {G) is positive, hence the term H expt4G/RT)] will be a negative
number leading to a negative valuelbfThis is in agreement with the fact that the

crystals start to dissolve at temperatures hidtem the melting point.

2. ForT =Ty, 4G = 0, which will yieldU = 0. This is essentially in agreement with
the definition of the melting point. As the tempera T is lowered belowl,, the
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thermodynamic factor [} expE4G/RT)] has a significant influence on crystal
growth rate. At that region, because the viscasitpw, the thermodynamic factor
will mainly control the crystal growth rate becausfethe higher driving force of

AG is negative.

3. When the system is at a temperature far from dagiuln (T < Ty), the term [1-
exp4G/RT)] approaches unity and the crystal growth ratmastly governed by
kinetic factors (viscosity and diffusivity). The dbating changes in the crystal
growth rate are due to changes in the thermodynamdckinetic factors, resulting
in a maximum in the temperature dependence ofriystat growth rate. As a result,
the crystal growth rate curve is a skewed bell-sdapeaching a maximum &t
(somewhere below ) and reaching zero at both the high and low teatpes

ends.

2.3 Liquid-liquid phase separation

Liquid—liquid immiscibility is very common in glasselts, in fact so common that Shelby
states that far more binary glass-forming meltstekhquid—liquid immiscibility than exhibit
homogeneous behaviouPhase separation in glasses influences a varfgtyoperties and
has been an important subject of debate of modkxss gesearcf. Shvetsov (1932) is
referred as publishing the first account of metastammiscibility as a cause for chemical
inhomogeneity in glassé$.A number of review articles dealing with phaseasafion in
glasses have been published, including frequemtigrenced publications by Mazufiif°,

Tomozaw& %2 Uhlmanii® and Jamé%,

Phase separation occurs in many organic and inmrgaaterials including polymers, metallic
alloys and ceramics.!” ** 8 Some binary or multicomponent systems have theiljgec
characteristic that over a certain region of terapge and composition, callediscibility
gap the system exists in equilibrium, or metastaljeildrium, as two liquid phases of
different composition. This phenomenon is knownigsid-liquid immiscibility. The process
whereby the homogeneous liquid separates intoityuids as it is brought into the two-liquid

region is known aphase separatiafy 3 8%
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2.3.1 Stable and metastable miscibility gap

In simple oxide mixtures such as Mg8iO,, Ca0-SiO, and SrGSiO,, stable (above the
liquidus) liquid immiscibility is often observed, which isadily evidenced by the tendency of
the melt to segregate eventually as two bulk liguidne or more glass phases are usually
formed during the cooling of these two-phase metlis: silica-rich phase almost invariably

forms a glass, while the other phase sometimesatiiges® 2

In systems such as A-Si0,, NaO-SiO, and BaGSiO,, there are liquid miscibility gaps
that occur somewhat below thiquidus but above the glass transition. These are known as
metastable miscibility gap§ **Cooling the melt of glasses of these systems tesuthe
formation of two phases, usually on a microscog@les The supercooled liquid begins to
unmix during the cooling through the miscibility ggand the unmixing process continues
until it is stopped by (a) the interference of tajlization, or (b) by the high viscosity reached
by the system as it passes through the glass titansegion. The time that the system
remains within the miscibility gap at high enougmperatures for the kinetic processes of
separation to occur is determinant for the extenwhich the phase separation proceeds. If
crystallization does not occur, the resulting gleéss phase separated glasse. a solid
composed by two phases, both gladssuch a system is rapidly quenched to form a
homogeneous or nearly homogeneous (slight separaleds this is said to bphase
separable which means that the phase separation will oeqon heating to a suitable
temperature for molecular transport to take pladthgugh at these temperatures it will be
competing with the crystallization process).

Many silicate glasses phase separate at tempesauaie aboveTy. There may be a much
greater tendency for silicate glasses to sepdnateis presently thought, but in many systems
the thermodynamic condition favouring immiscibiltyay occur only at sub-glass transition
temperatures. For these glasses, the problems s#nobg the miscibility gaps are quite
similar to the problems of getting any glass toaxelto its metastable equilibrium
configuration, once it is below its glass transittemperature. Such a glass cannot be termed

phase separable since such behaviour is impodsitkmetic reasons.

2.3.2 The relation of the miscibility gap with theshape of theiquidus line

Observing phase diagrams such as the ones remdsientig. 8, there are three possible

positions of the miscibility gap with respect t@ tlyquidus (a) intercepting théquidus (with
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consequent stable two-liquid region); (b) tangenthieliquidus and (c) entirely metastable.
The slope of thdiquidus can suggest the presence and possible positian roetastable
miscibility gap® Therefore, phase diagrams can give important irdtion about what we
may expect to be the nature of the resulting glaiss.9presents the series of binary alkaline-
earth and alkali-metal oxide silicates whdsguidus curves for the composition range
between 55 and 100 mol.% of Si3 Stable liquid immiscibility is shown by the MgSiO,,
Ca0-Si0, and SrGSiO, systems. The kD-SI0O,, NaO-SiO, and BaGSiO, and
K.0O-SiO, systems show successively decreasing S-shapentgeslén theidiquidus curves.
This would suggest that metastable miscibility gapsur in the LiO-SiO,, NaO-SiO, and

BaO-SiO, and KO-SiO, systems at successively lower temperatures.

(b) (©)

~
e &

Fig. 8 — Three possible locations of a liquid imnbgdity gap: (a) interrupting théquidus,
(b) tangent to théquidus, and (c) entirely metastabié.

The greatest amount of phase separation would bectegto occur during glass formation in
the BaG-SiO, system and the least in the@&-SiO, system because viscosity of each of these
systems increases rapidly with decreasing tempeatindeed, it is extremely difficult to
guench BaBGSiO, melts of composition between 5 and 10 mol.% of BaQlear glasses.
Phase separation occurs to such an extent durioiingathat the glasses look opal-white,
owing to light scattering by the resulting inhomoegities in the index of refraction. In both
the LiO-SiO, and NaO-SiO, systems, suitable heat treatments will developh suc

opalescence while no such opalescence has beeth ifotine KO-SiO, system.

The investigations of the metastable miscibility gap the BaGSiO,, Li,O-SiO, and

NaO-SiO, systems made in recent years showed that they acsguccessively lower
temperatures (approximately 1450 °C for B&@D,, 1200 °C for LiO-SiO, and 850 °C for
Na,O-Si0,) as predicted by thigquidus shape*®® Fig. 10 presents the 40-SiO, system as
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an example. No gap has been found in th@4SiO, system, and it has been suggested that

any tendency for such a gap most likely occursweele glass transition temperature where it

will never be observetf.

Temperature (°C)
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Fig. 9 —Liquiduscurves for several binary silicate systeths.
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Fig. 10 — Metastable liquid immiscibility in the A9-SiO, system’**°

2.3.3 Mechanisms of phase separation

Models for phase separation, based on thermodysaamd the free energy of mixing

arguments, are described in detail by several asthd ®* *Immiscibility in glasses is

controlled by the Gibbs free energy of mixing ahd tompetition between the enthalpy of

mixing (AHmix) and the ent

ropy of mixingdGmix):
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AG,, =AH . -TAS,, Eq. 15
Above a critical temperaturd,, the entropy term will always dominate and freergy of
mixing will always be lower for the homogeneous imBElow T, the free energy is lower if
the melt separates into two phases of differentpmsitions than if it remains a homogeneous
melt. There are two distinct mechanisms by whichsphaeparation can develop: (1)
nucleation and growthand (2) spinodal decompositionThese mechanisms have been
characterised by many authors, for example: nuoleand growth mechanism references
45,90, 96-9 ghinodal decomposition reference§® %¢ %8 190-103Thage mechanisms lead to very
different microstructures and properties. The cumeaf the free energy of mixing at the
bulk composition of the melt will indicate the meacism by which phase separation occurs.
An idealized immiscibility diagram for the binaryg0-SiO, system is presented in Fig. 1.
1% The inserted drawings represent the typical miouosires that will develop if allowed by

kinetics, when heat treated within the variousaagiof the phase diagram.

Within the nucleation and growth region of the ghdggram, the formation of nuclei occurs
if the free energy of the system decreases, thaiga change in composition must take place.
This region is referred to as the metastable reberause the system is unstable to small
fluctuations in composition, but can be stable aogér changes in composition. After
nucleation, the new phase will grow in size throdgfusion and some regions may coalesce
depending on their proximity. During the growth geathe chemical composition of the
nucleated phase is invariant with respect to titnsahermal temperature. Phase separation
resulting from nucleation and growth is characttizby distinctly separated spherical
droplets of the nucleated phase in a continuousixnaita second phase, as shown in Fig. 11.
The spheres will have a composition of the phasehvibiffers the greatest from the bulk

composition. The spherical phase will nucleate ramg@nd have poor connectivity.

The phase separation in the spinodal region begitis sfnall fluctuations in composition,
which at a given time grow in compositional diffieces, resulting in two continuous
interpenetrating phases. Because these changessponianeously, and no energy barrier to
separation is present, the region is consideredables with respect to immiscibilityThe
system will lower its free energy by continuallyaclging the composition of the two phases
until the equilibrium compositions are reached. ©ribe equilibrium compositions are
attained the free energy is at its lowest state. §gagial variations of the structure remain
fairly constant until the equilibrium compositiorege achieved, after which the phase
separated regions will grow in size through diftussithereby reducing the interfacial energy
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of the system. Both phases formed in the spinodglon will show a high degree of

connectivity.
@ °
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Fig. 11 — Metastable immiscibility diagram for tNe,O-SiO, system with typical
microstructures expected from the various regidriesystem. Dark phase in drawings is
sodium rich and light phase is silica rich. Immigsitly and spinodal boundaries were

reproduced from data of Shefby

2.3.4 The effect of phase separation on crystallizan

Many glasses exhibit amorphous phase separatiocediregy the crystal nucleation and
growth during the heat treatment schedule requioedonvert them to glass-ceramidsis
well known that such separation may aid subseqergstallisation by producing a phase with

a greater tendency to nucleate than the initiagifa

Fine-grained glass-ceramics are obtained throu@heascale, uniform dispersion of nuclei
for the growth of the desired major crystalline gdan general, this may be accomplished by
one or more different mechanisms: (1) in the sisiptae, although rarely encountered, the
desired major crystalline phase nucleates homogeshe¢without a catalyst) on a fine scale
throughout the bulk of the glass; (2) the introduttof minor crystalline phase may
homogeneously nucleate throughout the glass. Thaltires finely dispersed crystalline
precipitate may then act as a nucleation catalysttiie desired major crystalline phase,
usually because of a favourable low interfacialrgpdetween the nucleus and the growing

crystal; (3) alternatively, the crystallization afmajor phase may be initiated by a liquid-
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liquid phase separation without the necessity ofrgstalline nucleation catalyst. Such
separation may result in a fine-scale dispersioseabnd-phase liquid droplets that are very
poor glass formers and therefore crystallize vedily® Moreover, Ohlberget al (1962)
have presented evidence that crystal nucleationrscat the two-liquid interface of certain

two-phase glasség>

2.4 The LL,O-SiO, system

2.4.1 Formation and properties of crystalline phase

The phase diagram in Fig. 12 shows the crystaltinatiindency for the kO-SiO, systent”
108 | i,0-SiO, systems with composition close to lithium disitedLi»Si,Os) are among the
most studied systems regarding the control crys&ibn in glassceramic synthesiS: "®The
structure of orthorhombic lithium disilicate crylstéinvolves corrugated sheets of £3) on
the (010) plane that gives excellent mechanicapenties for the glass-ceramic mateffal.
The melting points of LD and SiQ are 1727 and 1713 °C, respectively. The stoichiomet
composition of lithium disilicate crystal phase £i0s) melts congruently at 1033 ¢’
Different phases include lithium orthosilicate £&10,), lithium metasilicate (LiSiOs;) and
lithium disilicate (LbSi,Os).** % A polymorphous transformation of the crystal phases
observed at approximately 936 ¥ As the LyO content increases, lithium metasilicate,
Li,SiOs, crystallizes. Other crystalline phases can forepethding on the starting glass
compositiorm->°

Lithium occupies a particular position in the pdi®mtable, which confers to its compounds
differentiated properties from those of the oth&alss, but not entirely similar to those of the
alkaline-earths, with which they are often comparf@de to this particular behaviour, the
lithium compounds with silica exhibited a kind afamsition character in a remarkable
manner, and hence the study of the(QdSiO, system is of particular interest. The
intermediate position of the lithium silicates beem those of the alkalis and the alkaline
earths is evidenced in the nature of the compotordsed and in their properties, such as the
melting points, optical constants, crystallizatimility, solubility in water’® Alkalis tend to
form stable compounds of relatively high silica wort due to their high basicity, such as the
disilicates and the tetrasilicates (K, Rb, Cs),lavltine alkaline earths (with the exception of

Ba) do not form disilicates. On the other hand, dhibosilicates of the alkalis are relatively
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unstable, while those of the alkaline earths anmy wtable. Lithium forms a highly stable
metasilicate (LIO-Si0,), with a higher melting point than that of any ethalkali
metasilicate. Lithium orthosilicate (210+SiO,) is also stable at a higher temperature than the
other alkali orthosilicates, but the disilicate {Ri2Si0,) is only stable over a narrow region

of composition in contact with tHeuidus
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Fig. 12 — Phase diagram of the@+SiO, system.

Among the two-component alkali silicate glasses, ti»O-SiO, binary system is one the
most important for the preparation of glass-ceramaterials-****In the L,O-SiO, phase
diagram, an addition of approximately 30 mol.% O to SiQ causes thdiquidus
temperature to drop rapidly from 1713 to 1030 hsthat the resulting liquid forms a clear
glass on cooling which is very easy to obtain. Hesveliquids containing less than 25 mol.%
LioO give opalescent or opaque glass on cooling owghase separation within a
metastable immiscibility dom&: % *2Upon crystallization between the glass transition
temperature (~500 °C), and the solidus temperat@rghe melting temperature (~1030 °C),
Li,Si,Os is the main phase together with small amountsitbEe SiQ and/or LpSiOs. 10!
Usually, in order to produce a fine-grained lithiwificate glass-ceramic, the crystallization
would typically involve nucleation followed by growv of the LpSibOs crystals, and

nucleating catalysts, such as Fiér BOs, can generally be addéliHowever, the simple
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Li,O-SiO, system alone shows poor chemical durability and neechanical characteristics.
Addition of oxides acting as network former and mfied can greatly improve these
properties and confer glass-ceramics very highhtagshock resistance and surface hardness,

and low coefficients of conductivity and thermaparsion->* 110111

Lithium metasilicate crystallization was found teepede lithium disilicate crystallization as a
metastable phase in some lithium silicate glassek aaystallizes at a lower temperature.
Henchet al!*® determined that lithium metasilicate crystals fdvefore lithium disilicate in
two glass compositions of 30 and 33 mol.%Q,ibut the amount of lithium metasilicate was
extremely limited and disappeared on further hesdtinent at higher temperature. As the
Li,O content increases over the stoichiometric contehtlithium disilicate, lithium
metasilicate crystallizes and other crystallineggsacan form depending on the starting glass
composition. When the (0O is less than the stoichiometric content of thsilidate
composition, metastable glass-in-glass phase deparaccurs that influences crystal
nucleation and crystal growth. Lithium disilicatedalithium metasilicate can crystallize by

homogeneous bulk crystallization depending onniteal glass composition and temperature.

2.4.2 Research regarding lithium disilicate basedlgss-ceramics: a brief history

Simple silicate glass-ceramics are composed ofiadka alkali earth silicate crystals whose
properties dominate that of the glass-ceramics.nibst important ones were lithium silicates
based glass-ceramics which consist of two main csitipn groups: (1) the first group based
on lithium disilicate crystals (LD+2Si0,), nucleated with s, develops high expansion
glass-ceramics which match the thermal expansiosewéral nickel based superalloys, and
are used in variety of high strength hermetic seasnectors, feedthroughs, and related
materials based on a microstructure of fine-grailitbctbm disilicate crystals with dispersed
nodules of quartz crystals have been extensivedjuated for use as magnetic disk substrates
for computer hard drives? (2) the second group based on lithium metasilicagestals
(LioO-SIO,), photosensitively nucleated by colloidal silvprpduces a variety of chemically
machined materials which are useful as fluidic desj display screens, lens arrays, magnetic

recording head pads, charged plates for inkjetipinand other patterned deviéés.

Numerous works have been published on the cryzasilhin of lithium disilicate glass since it
crystallizes by homogeneous bulk crystallizationtheiit changing compositich. Lithium
disilicate glass crystallizes more easily than oti&ali disilicate glasses and serves as the
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model system for the study of glass-ceramicS'® Since the findings of Stookéy“® ¢

n
the 1950s, many researchers have dedicated thaistigation works to lithium disilicate
glasses and glass-ceramics. Experiments were cawiettd shed some light in diverse fields
such as crystallization mechanisms, crystallizati&imetics, phase evolution and
microstructure, use of nucleation agents and alditives, etc.. Some examples of research

works regarding lithium disilicate system are presd below.

The initial works for the development of materiats the lithium disilicate system were
compositions that were derived from the stoichiagimoetomposition of lithium disilicate (or
phyllosilicate) crystal$’ The base glasses with stoichiometric compositio8383 LpO -
66.66 SiQ (mol.%) revealed certain opacity when theQ.icontent ranged between 5 mol.%
and almost stoichiometric amount of,Qi in lithium disilicate. Vogel explained this
phenomenon as glass in glass phase separation S@ibitily of glassesj® These results
demonstrated that phase separation processeskaheth play a part in the nucleation of
lithium disilicate glass-ceramics. However, if glageramics are produced from base glasses
with the exact stoichiometric composition phaseasafon does not occur. For many years
after Stookey's fundamental findinQs!® the mechanisms of nucleation were never
completely determined although many comprehensivéies have been conducted regarding
the nucleation of base glasses with stoichiometrimposition of lithium disilicate for glass-

ceramic manufacture: 1’

Stookey?® incorporated metal ions, such as silver )Aim glasses near the lithium disilicate
composition as nucleating agents for controlling ¢hystallization of base glasses comprising
the typical composition (wt.%): 80 Si04 Al,O3, 10.5 LbO, 5.5 KO, 0.02 Ce@, 0.04 AgCl.
The formation of neutral silver was achieved by esjoan to UV light. With subsequent heat
treatment of the glasses (at about 600 °C) collofdsetallic silver were obtained, which
forms heterogeneous small nuclei (~8 nm) needeth@ésubsequent crystallization of lithium
metasilicate primary crystal phaSé&Lithium metasilicate possesses a chain silicatesire,
features dendritic crystallization and its crystale easily dissolved from the glass-ceramic in
dilute hydrofluoric acid (HF). This knowledge pertad Stookey to develop a high-precision
patterned glass-ceramic, the structure of whichultesrom the etching’ High-precision
structural parts in different shapes were produogdlacing a mask on the material and
exposing the open areas to UV light. This was thginmeng of the production of a new
product predominantly composed of a glass matrikreamed Fotoform. If these products are
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exposed to additional UV and thermal treatmentfhaum disilicate main crystal phase is

produced.

Apart from the possibilites of shaping the glassamic as desired, StooKéy and
McMillan! discovered additional properties of these glasaries, which were very
promising for industrial applications of the magériThese works were clear evidence of the

importance of non-stoichiometric compositions ia th,O-SiO, system.

In the early 1960s, Kalinina and Filipovichinvestigated the phases and the crystallization
sequence in LD-SIO, glasses using XRD analysis. They concluded thatdgemeous bulk
crystallization of both lithium disilicate and litm metasilicate occurred, depending on the
initial glass compositions. For example, the 34d.% Li,O glass compositions crystallized
into both lithium disilicate and lithium metasiliea depending on the temperature. Heat
treatment at lower temperatured, 480 °C) led to crystallization of lithium disiate while
heat treatment at higher temperaturesy,( 630 °C) led to crystallization of both lithium
disilicate and lithium metasilicate. In generak timetasilicate phase has lower intensities on
an X-ray diffraction pattern than the disilicateagh, so it is harder to detect. The glass
composition comprising 43.7 mol.%,0 crystallized into lithium metasilicate after 24ah
480 °C.

West and Glasser (1971 performed an extensive study on the crystallizatbLi,O-SiO;
glasses using X-ray diffraction. They did not detkttium metasilicate crystallization at
composition equal to or less than 36 mol.%CLfor any heat treatment time or temperature.
Difficulties arose in determining phases from thRX patterns of materials treated at lower
temperatures due to the low intensities in X-raffrattion patterns. Lithium metasilicate
crystallization was found to precede lithium disalie crystallization as a metastable phase in
some silicate glasses. Hensthal. (1971)*2 determined that lithium metasilicate crystal forms
before lithium disilicate in two glass compositionfs30 and 33 mol.% kO, but the amount

of lithium metasilicate was extremely small andigappeared on further heat treatment.

In 1972, Tomozawa" and Doremust al*?? focused on the nucleation and growth behaviour
of lithium disilicate crystal from glasses neahilitm disilicate compositions. When theQi
content is less than the disilicate compositiontastable glass-in-glass phase separation

occurs and influences crystal nucleation and chgstavth*

In the late 1970s and early 1980s, several researdbcused on the nucleation kinetics for

lithium disilicate glas$®” *?****The experimentally determined nucleation ratesioétain
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their research works were much higher than thatigied by the classical theory. The
formation of a metastable crystalline precipitatgop to crystallization of the final

equilibrium composition was suggested as a possibtanation for that difference. Joseph
and Pye'?® stated that a metastable phase, whether glasysialc precedes lithium disilicate
crystallization, but they failed to identify it. Rher, prior heat treatment of the disilicate
composition showed no metasilicate crystal or amowus phase separation, only

crystallization of lithium disilicaté?*

In 1980 Ahmedet al. investigated the leaching of binary and ternaficae glasses and
glass-ceramics by HCf®> The leaching rate of binary lithium silicate glassexhibiting
liquid-liquid phase separation increases with tierease of the volume fraction of the easily
leachable phasé® When a third component was introduced, the ledtihabf glass was
remarkably affected by the effect of the third came@nt on phase separation. Oxides which
eliminate phase separation are the most effeativenproving the leachability of glass. If the
oxide promotes phase separation the deteriorafiiegteof the easily leachable phase will
rapidly become the dominant factor. For glass-casnthe solubilities of both the formed
crystals and the residual glass phase in the legdulution have an almost equally important
influence on the stability of glass-ceramics asngxdied by lithium silicate glass-ceramics
containing ZnO or BOs.

The chemical durability of lithium disilicate glassramics was improved by Barettal. **°

to a significant extent by incorporating additicush as AlO; and KO to the stoichiometric
base glassimproving the chemical durability of these glassameics was essential to make
the material suitable for use as a biomaterial umén medicine and, in particular, as a
restorative material in dentistryt must be noted that a significant improvementttod
chemical durability of lithium disilicate glass-eanics was achieved later in the development
of glass ceramics with non-stoichiometric composii (non-stoichiometric implies that the
SiO,:Li,O molar ratio deviates from 2:1 and that the systemendered considerably more

complex with numerous additional componenfs).

A nucleating agent may be broadly defined as atitaeat added to a glass, typically in
amount of a few percent, which promote volume rated® and enable a glass-ceramics to be
produced. Examples are metallic particles, oxidesram-oxides. $Os is common nucleating
agent for lithium silicate glass-ceramics, whiclomptes heterogeneous nucleation and
produces a fine grained interlocking morphologegmfteat treatmenrt’ James (19825 found
that the crystal nucleation rate of lithium disdlie in 33.3Li0:65.7SiQ+*1P,0s (mol.%) glass
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were 1000 times greater than in,@Qt2Si0O, base glass at 500 °C. Amorphous phase
separation was observed in the glass containi@g But not in the LiO-2Si0O, base glass.

Headley and Loehman (198#) found that LiPO, crystals were precipitated from a
Li,O-Al,03-SiO, based glass after treatment at high temperatutteeimange 80a1L000 °C.
Lithium disilicate, lithium metasilicate and cri@lite were observed to crystallize by

epitaxial growth on the kPO, crystals.

In the beginning of 1990s, Bek¥fi and Echeverrfd’ achieved notable results in the
development of a new lithium disilicate glass-cerarihe new material is distinguished by
the particular ratios of SgOand LpO, which are responsible for the formation of thainm

crystal phase; the nucleating agents; and the coemts of the glass matrix. The chemical

components were selected to confer good chemicabdity.

Jacquin and Tomazawa (199%) investigated the crystallization behaviour of ilitn
disilicate glass powder heated in molten LiN€It using X-ray diffraction techniques. Heat
treatment with LIN@Q molten salt caused a lithium metasilicate cryptedse to appear after
5-96 h. By contrast, glass powder heat-treated iatai00 °C remained amorphous after 5 h
and turn into lithium disilicate crystal after 40 Glass powder heat treated at 575 °C in both
molten salt and in air turned into lithium disilieacrystal. Metasilicate crystallization occurs
with LINO3 molten salt at 500 and 400 °C due to the incotpmraof lithium into the sample
glass powder from the melt during crystallizatidkn increase in lithium content in the
sample after molten salt heat treatment was coefirtoy chemical analysis using dc plasma
emission spectroscopy.

In addition to the examination of the nucleationchenism of lithium disilicate glass-
ceramics, the analysis of the microstructure aedriprovement of the chemical durability of
glass-ceramics with a stoichiometric compositionrevalso major concern for glass
researchers. On the pursuit of this goal, SchnmidtRrischat’ (1997) got images of various
structures by using scanning electron microscopy camjunction with atomic force

microscopy. Furthermore, they were also able tdrobthe development of these structures.

Goto et al **? developed a lithium disilicate glass-ceramic withmposition (wt.%) 6583
Si0,, 8-13 Li,O, 0-7 K,0, 0.55.5 (sum of MgO, ZnO, PbO), with-8 ZnO, 6-5 PbO, +4
P,0Os, 0-7 Al,O3 and G-2 (As03, SIpO3) for magnetic memory disk substrates.

In 1998, Igbalet al*? investigated LiO-SiO, glass containing s by XRD, TEM and

NMR. They found metastable phases of lithium diaticphase increased. No evidence was
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found for the presence of JHO, crystalline phase from XRD, possible because efsimall
percentage present. However, preliminary resutigf8P MAS NMR of 1 mol.% BOs glass

did indicate possible formation of thesRO, phase in the heat treated glasses and even in the
as-quenched glasses. For the composition contatnmgl.% BOs XRD revealed crystalline
LisPO, in the as-quenched glass and after an extend themtiment. TEM revealed the
presence of high density of fine volume nucleatggtals in the FOs containing glasses,

much higher than in the base lithium disilicatesglafter similar heat treatment.

Using a special hot-press procedure, Schwesgjerl. developed a powder-processed lithium
disilicate glass-cerami¢’***To optimize the viscous properties for the hot-presocedure
at approximately 920 °C, components such a®©4,avigO, and pigments were added to the
main components SiOLi»O, R.Os, K,O and ZnO. An ingot is transformed into a viscous
state at approximately 3:610° Pa.s in a special hot-press apparatus (EP 500aigivadent
AG, Lichtenstein). Thereafter, it is pressed at appnately 920 °C for about 15 min to form
a glass-ceramic body. This glass-ceramic of theuhthdisilicate type does not require
additional heat treatment and the end-product amntaain crystal phases of,Bi,0s and
LisPQO,.

Soare=t al. (2003)*° studied the early crystallization of lithium diséte glasses using TEM
and XRD techniques. Three lithium silicate glassearioy the LiO-2SiO, composition were
heat treated aty = 454 °C, two distinct crystalline phases, stdiildum disilicate and
metastable lithium metasilicate coexist up to 1261 K54 °C (crystalline fraction < 1 vol.%).

For longer treatments (24600 h) only the stable phase {Qt2Si0,) was observed.

Mishima et al. (2004}*" studied the crystallization behaviour ifi,O+(1-X)Na0+2SiO,
glass doped with platinum (Pt). It was found thet &ddition of Pt induced the crystallization
of Li,O-SiO, in the interior of crystallized glasses with higfa,O (x = 0.4 to 0.6) and
Li,O-2Si0O, were observed in crystallized glasses with higiOtsiO, were observed also in
the range ok = 0.6 to 0.8.

Morimoto and Emem (200%¥ studied the properties of the glass-ceramic witimposition
77.7SiQ°2.2A1,03°18.8L1,0+1.2R.0s (mol.%). They found that the transparent glass-
ceramics can be obtained by heat treatment beld@dv°80 The main crystalline phase is
Li,O-2Si0,. The percent crystallinity and crystal size ranffjedh 60 to 70% and from 20 to
60 nm, respectively. The density of glass-ceramiuzeases with increasing heating
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temperature and time of crystallization. The fragtatrength of transparent glass-ceramics
increases linearly with crystal size ranging froa@0 nm.

Morimoto'3°

investigated the effect of X on the crystallization in k©O-SiO, glass. It was
found that a small amount of ;& affected the mechanism of phase separation and
crystallization process. Moreover, it was also ¢aded that KO suppressed the
crystallization of L3O-2Si0O,, but promotes the precipitation of,O+SiO, crystal. LpO+SiO,

crystal can precipitate in 4@ rich continuous phase containingdX

In 2006, Fusset all* studied the effect of pressure on crystal grovete U of lithium
disilicate glasses. They conclude that the crystalwth rate in a LiO-2Si0O, glass is
suppressed and thég-curve shifts to higher temperatures with increggmmessure up to 6
GPa. They attributed this behaviour to an increasasicosity. The glass partially crystallized
under a hydrostatic pressure of 4.5 GPa has a tdehgher than that of crystalline
Li,O-2Si0,, comparable to or smaller than the density gOt5iO, crystals. The density of
the glass becomes comparable or larger than thatysfalline LpO+SiO, when pressed at 6
GPa.

Kuzielova and co-worker$! presented a preliminary investigation of the lithi disilicate
and the fluoroapatite crystallization in bio-glagsramics. Composite glass-ceramics with
various content of J®s in oxide system Si@-Li,O—CaO-CafP.Os were prepared by heat
treatment of glass at different temperatures attduin disilicate and fluorapatite were
developed in the samples depending eBsRtontent and temperature. It was evidenced that
addition of BOs has caused the formation of fluoroapatite, wherdas amorphous
fluorapatite inhibited the crystallization of J3:-2Si0,, the crystalline fluorapatite promoted
it. The obtained glass-ceramics featured hardndsewyahat satisfy the requirements set on
implants used in loading parts of human organism.

Apel et al. *#

(2007) evaluated the effect of the incorporatiérzidd, on phase formation,
microstructure, biaxial flexural strength and tdaosncy for glasses in the J0-SiQ—

Al ,0:—K,0-P,05 system. According to this study, Zrihfluences the reaction kinetics of the
crystallization processes of both lithium metaatiec and lithium disilicate. The Zpdree
glass-ceramic has a very fine and strong microgtrec The incorporation of Zrdnto the
glass matrix does not increase the strength dwam timcrease in the viscosity content in the
glass-ceramic and the linked reduction in crystawgh of Li,SiO; and LpSi,Os. The

addition of ZrQ increases the translucent properties of the glasamic leading to contrast
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ratio values between 0.35 and 0.80. Therefore rémesiucency of this lithium disilicate glass-
ceramic can be customized for applications in @stihestorative dentistry.

The effects of fOs content and heat treatment on the species of atiyst phase and
microstructure of lithium disilicate glass ceramiesre studied by Zhenet al.'** According

to this work, the crystallization temperature desexl and nucleation density increased with
increasing KOs content (from O to 4 mol.%). Therefore, the mianosture was refined from
plate-like polycrystalline aggregates to interloakirod-shaped crystals and even spherical
crystalline phases. The results suggested th#®Qyicrystals acted as the heterogeneous
nucleation sites for LB5iO; crystals, which could be the precursors ofSkiOs crystals.
Furthermore, LiSi,Os probably crystallized by epitaxial growth on,&iO; crystals. With
increasing FOs content, the relative content of,61,05 crystals decreased and,&iO; and
LisPO, crystals increased in one- and two-stage treasndbreover, the precipitation of
Li,SibOs crystals was hampered during the one-stage treatarel the two-stage treatment
was favourable for the growth of stable%ibOs crystals.

The mechanism and kinetics of crystallization afiams of grain size and rate of heating in
lithium disilicate glasses with and without fluoedipe were investigated by Palet al.***
Their results showed that smaller particles cryig@lpreferentially by surface crystallization,
which is replaced by volume crystallization at Ergarticle sizes. Moreover, the inclusion of
fluorapatite in the lithium disilicate glasses fav® crystallization through the surface
mechanism. The calculated activation energies ofgthsses indicate that the tendency of
glass to crystallize is enhanced by the presencdluotrapatite. Also,in vitro testing
demonstrated an improvement in bioactivity for tllasses and glass-ceramics containing

fluorapatite.

Abd El All and Ezz-Eldin* studied some physical properties of lithium disite glasses
doped with different ratios of XDs were investigated before and after gamma-raydiatian.
Results indicate that crystallization is predomtharcontrolled by a surface nucleation
mechanism, even though a partial bulk nucleatioa been encountered in composition
containing more than 2 wt.% of doping oxide. The nsstructure of the glass-ceramic
materials clearly shows a marked dependence umoanttount of YOs due to the presence of
phase separation for content higher than 0.5 win@easing ¥Os ratio causes remarkable
changes in the properties studied. The observedtiars in the properties may be correlated

with the changes in internal glass network with nges in the chemical composition.

50



Vanadium ions are believed to be present in thomssiple valence states’ V** and V",
and the ratios of these states depend on glassasiop.

The possibility of using #s and NBOs as nucleation agent in the LZrO,-Li,O—CaO-
Al,05-Si0O, system was investigated by Goharian al.**® They showed that in glass-
ceramics comprising nano and submicrof©O4? the main crystalline phase was lithium
disilicate. The results also showed that change©f Particle’s size had significant effect on
the crystalline phases and microstructuue, with decreasing the size of® particles, the
relative content of LiSi,Os crystals was increased and the microstructureladseceramic
was changed, leading to better mechanical progeBig replacement of submicrop® with
submicron NBOs, crystallization mechanism was changed from voluhoe surface

crystallization.

Recently, Bischofkt al. **” used quantitativé®Si MAS-NMR and®°Si{7Li} rotational echo
double resonance (REDOR) NMR spectroscopy to ewalin crystallization mechanism of
a high-strength lithium disilicate glass-ceramictie SiQ—Li,O—P.0Os—Al,03—K,0—-(Zr0,)
system, used as restorative dentistry material.ofliog to them, although the SiQi,O
ratio is higher than 2, the formation of,&iO; (SiO,/Li,O=1) plays a prominent role in the
crystallization mechanism, contrary to the situatio stoichiometric glasses where,$L05

is formed directly. In the studied system, the tfigystallization product is lithium
metasilicate (formed at 650 to 700 °C). At highemperature, this material reacts with
amorphous Si@to produce the final lithium disilicate crystaldizon product. The obtained
results illustrated that the lithium ions tend ® dustered in the glassy starting material and
remain clustered to some extent in the glassy phihaé stays behind after J9i0;
crystallization via reaction @gass) © Qeryst) + Q'glass) This crystallization process also
results in some segregated glassy.Si@terial. At higher temperatures, lithium metasile
reacts with the surrounding glassy material viactiea Q*gass) + Q%eryst) « 2Q%eryst)
resulting in the formation of crystalline lithiunisdicate in addition to a residual glass matrix
in which the lithium ions are quite well-dispersédioreover, the absence of a well-ordered
crystalline LsgPO, phase below crystallization temperatures (850 8Gggests that the
formation of the crystalline silicate phases carbunderstood as heterogeneous nucleation
processes through epitaxy, but as a heterogenemleation at the interface of an amorphous

lithium phosphate phase and the glass matrix.

The effects of densification and crystallizatiorhagh pressure of lithium disilicate glasses on

the mechanical properties were evaluated by Buchmerco-workers?® They concluded that
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the hardness and elastic modulus of the samplemigadl to high pressure at room

temperature decreased with increasing pressureéh®nther hand, the hardness and elastic
modulus of the samples submitted simultaneouslyigh pressure (up to 7.7 GPa) and high
temperature increased noticeably, showing thathigh temperature treatment under high

pressure improved the mechanical properties atinthdisilicate glass-ceramics.

Khalkhali and collaboratot® evaluated the Weibull modulus, flexural strendiacture
toughness, Vickers microhardness, and chemicabdityeof sintered lithium disilicate glass
ceramic specimens doped withB or Zr0,. They observed that phase formation induced by
the addition of FOs led to precipitation of PO, which in turn caused more intensive
crystallization of L3SiOs. The high-temperature crystalline phaseSiiOs was precipitated
more intensively in s containing specimens resulting in an interlockedrostructure of
needle like disilicate crystals, conferring to thmterials good mechanical and chemical
properties (values of 3-point flexural strength andemical resistance of 1815 MPa and
53+9 pg cmi?, respectively). Addition of Zr@led to a high glass viscosity which deteriorate

both sintering and crystallization.

Mahmoudet al. **® investigated the crystallization of lithium dis#ite glass using a variable
frequency microwave (VFM) processing techniquewshg that it was possible to crystallize
lithium disilicate glass in a significantly shortieme and lower temperature, when compared

with conventional heating process.

2.4.3 Technological importance of lithium disilica¢ based glass-ceramics

Lithium disilicate glass-ceramics feature highlyemesting properties such as high flexural
strength, outstandingly high fracture toughness higth electrical resistivity> *°* These
electrical properties combined with a low loss éacre impressive for a glass-ceramic with a
high alkaline ion content. Lithium disilicate glassramics also demonstrate a relatively high
linear coefficient of thermal expansion (~¥a8 ' K™). This property is favourable for the
fabrication of special composite materiadgy.for sealing to metal substrates in the electrical
industry*?® Therefore, these properties presented ideal prisitzgi for applications in
electrical engineering. Some specific and intengstpplication fields of lithium disilicate
based glass-ceramics are listed below as exammigkd technological importance of these

materials.
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2.4.3.1 Dental materials

All-ceramic dental restorations are attractive tenttsts and patients, because they are
biocompatible, have superior aesthetics and thawr thermal conductivity makes them
comfortable in the moutt’. Moreover, the material is extremely durable, anig relatively
easy to manufacture to customized units. All-cecarastorations can be used to cover even
dark tooth corese(g, if the tooth is severely discoloured or a titaniabutment is used).
Current commercial lithium disilicate glass-ceraspice.g, IPS e.maX (lvoclar,
Liechtenstein) are ideal for fabricating singlettoaestorations® This innovative glass-
ceramic produces highly aesthetic results. Itstnesd is similar to that of natural teeth, and it
is two to three times stronger than other dentasgjceramics. The material can be either
pressed or machined to the desired shape in thtaldahoratory and restorations fabricated
with this material can be cemented by various tepgles. These glass-ceramics possess true-
to-nature shade behaviour, natural looking aesthetnatural-looking light transmission,

versatile applications and a comprehensive speatfiindications " *°

2.4.3.2 Electronic applications

Electrically insulating materials such as lithiunsiticate based glass-ceramiesy. produced

by Corning Inc. (U.S.A%? or Ohara Inc. (Japa} **3 are used in magnetic media disks for
hard disk drives. These materials offer the key griogs necessary for today’s higher areal
density, smaller, thinner drive designs. They haigh toughness, provide low surface

roughness and good flatness, ultralow glide heiginid excellent shock resistance. On the
other hand, lithium-ion conducting glass-ceramies@omising solid electrolytes for lithium

batteries.

2.4.3.3 Military applications

Some patents have been filed and others have lvaated for inventions related to armour
materials for the protection of people or equipmeagginst high-speed projectiles or
fragments. Ceramic materials are used particularlyarmours for which low weight is
important: bullet-proof vests; and armour for autdntes, aircraft and helicopters, especially
in cockpits or seats and for protection of funcéitbynimportant parts. The first and still-used
ceramic armour materials consist of high modulud hard AbOs, although its density is

quite high (about 4 g cr). Other very hard, but less dense materials, ss&iC and BC,
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can be produced only at very high temperaturesdsylyc manufacturing processes and are,

hence, expensive.

Most glass-ceramics have lower hardness and Youmgdulus than the above-described
ceramics, but have the great advantage of low tfeasd much lower cost. Moreover, glass-
ceramics can be transparent to visible light. Retance, TransArm (Alstom Grid Ltd, UK) is
a transparent glass-ceramic armour based on litdisiticate It originally was developed
for protective visors for bomb disposal work. Thefprredcomposition for the glass-ceramic
armour is 71.8 Si®) 11 LiO, 8 ZrQ, 2 RBOs, 4.5 AbOs, 0.5 ZnO, 2.2 KO (Wt.%). The
manufacturing of the armour is carried out by Hesditing a base lithium disilicate glass to a
transparent glass-ceramic, which is then submtitieal molten-salt to promote ion exchange
at the surface of the material, resulting in annehegher level of resistance. The glass-
ceramic armour can be attached to a transparehktugaplate €.g.polycarbonate), so as to
avoid the shards of the ballistic impacted sheespmead, but also to absorb part of the
impacting energy through ductility. This innovatisemour material can be used in visors,

vehicle observation and helicopter windscre@fis.

However, there is little available information ohist particular use of glass-ceramics,

compared with other applications, due to the seesitature of this military-related research.
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Lithium disilicate based glasses and glass-ceram&ge been subject of many research
works, ranging from stoichiometric to non-stoichiimc compositions, from simple binary
system to very complex compositions, regarding tjuspretical concepts or aiming functional
applications. Glass crystallization kinetics, stane-properties relationships, or sintering and
crystallization of glass powder compacts are justmes examples of scientific and
technological interest about lithium disilicate edgylasses and glass-ceramics. Commercial
lithium disilicate glasses and glass-ceramics featomplex compositions with the presence
of nucleating agents (usually.®). Nevertheless, a systematic research work ainng
develop and characterize lithium disilicate glasses glass-ceramics based on a very simple
system such as 10-K,0-Al,03-SiO, aiming both scientific and technological (functibn
applications) has not been yet published. Thusptlkeeent manuscript aims to present the
results of the scientific research work carriedtba L,O-K,0-Al,03-Si0O, glass system,
including the study of glass structure, crystatima kinetics, sintering behaviour, evaluation

of properties and possible (purposed) functionaliegtions for the obtained materials.
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3

Results and discussion

“We've arranged a civilization in which most crucedements
profoundly depend on science and technology.”
Carl Sagan
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This chapter gathers the outcome of the experimeargd done on the frame of the proposed
goals and its discussion. It is divided in sub-¢begpwhich correspond to the manuscripts that
resulted from the research activity and had bedsighed or submitted to ISI journals. The
first three papers regard the experiments in thplel Lb,O-K,O-Al,0s—SiO, glass system.
Sub-chapters 3.4 and 3.5 consider the effect ofngddxcess of KO to glass G3if.
K,O/Al,O3 > 1), while sub-chapters 3.6 and 3.7 comparessyts¢ems LIO-SiQ, Li,O—
Al,0s-Si0O, and LpO—K,0-Al,O3-Si0O;, including a study of crystallization kinetics. The
role of nucleating agents on the microstructure angbtallization behaviour of lithium
disilicate based glass is presented in 3.8. Fipaipb-chapter 3.9 introduces the apatite
crystallization from glasses in the §fRO,)sF—CaALSi,Os—CaMgSiOs—NaAlSEOg system,
aiming to estimate the potential of these compasétifor applications as fine grade glass-

ceramic coatings on ceramic substrates with cortiposisimilar to that of G3.

65



66



3.1 Crystallization process and some properties afi ,O-SiO,

glass—ceramics doped with AD; and K,0
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Abstract

We report on the role of AD; and KO on crystallization in glasses featuring a SiGQ0
ratio (3.13 to 4.88) far beyond that of lithiumiticate (LD, Li,Si;Os) stoichiometry. Glasses
in both bulk and frit form were produced by the wemtional melt-quenching technique.
Scanning electron microscopy analysis revealed asarfnucleation as the dominant
crystallization mechanism in glass-ceramics (G@&sjved from bulk glasses richer in8l;
and KO in the temperature range 8®00 °C and dendritic skeletal surface growth diidin
metasilicate crystalline phase (LS,%I0s). The glasses with lower amounts of,@4 and
K2O showed an intermediate type of crystallizationch@mism (simultaneous surface and
volume nucleation) resulting in the preferentiainfiation of LbSi,Os. The formation of LD
GCs by sintering and the crystallization of glassvger frits seems to occur via the precursor

phase of LS, resulting in high-strength materials.
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1. Introduction

Since the fundamental research of Stookey refeteecby Holand and Bedllon the
stoichiometric composition of layered phyllosiliedithium disilicate (LD, LiSi,Os), many
comprehensive studies have been undertaken thatoletle development of LD glass—
ceramics (GCs) from a variety of systelfidn particular, the main emphasis was addressed
on the investigation of compositions in the birffaty,O-SiG or in the multicomponent
systems? According to Vogef, Li.O-SiQ liquids containing <30 mol.% kO appeared as
opalescent or opaque glasses upon cooling, owingh&se separation. He explained this
phenomenon on the basis of the segregation ofygf#sase into droplet-like zones of Li-rich
phase and Si&rich glass matrix. Moreover, within the,D content range of 14-16 mol.% in
the entire glass, LD composition was already reagdhéhe droplet phaseFurther increasing
the LLO content in the entire glass reduced the surfansidn of the two phases because
Li,O entered into the Siaich phase surrounding the droplets and the siztheo droplets
reduced continuously. Subsequently, with g0L.content of 33.3 mol.% (LD composition) in
the entire glass, the droplet phase and the phaseusding the droplets had the same
composition, and glass of LD composition had thestrttomogeneous possible structure.
However, this simple LO-SiO, system alone showed poor chemical durability and
mechanical properties. Therefore, there was a neextld different oxides into the parent

glasses, improving these properties as discusseftybin the following paragraph.

The introduction of Si@excess to stoichiometric LD glass along with addg, such as
ZrO,, Al,Os, ZnO, Ca0, KO, and BOs, has been suggested by Echevétaad Beaft? ™ for
developing LD GCs featuring translucency, smootenetiny surface, high mechanical
stability, and fracture toughness. The chemical hilita was improved by developing GCs
with nonstoichiometric compositionsl or via the #@dd of Al,O3 and KO into
stoichiometric LD glas$**® The addition of FOs into LD glass was observed to induce
amorphous phase separation and increase the cryst&ation rate, simultaneousf/'®
Subsequently, the addition ob® (as nucleating agent) in amounts of 1.5-2.5 mol.%
resulted in GCs with fine-grained interlocking naistructures, conferring high mechanical

strength to the final product$?°

A Li,O-AlL,0s-Si0, system with low AIO; content has been proposed as a potential
candidate material for the substrate of hard discgomputers because of its excellent

mechanical characteristics (impact resistance andnlessf’ 2% Kim et al. ?*?®* demonstrated
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that the replacement of MgO by® improved the glass-forming ability of As-poor Lib,O—
Al,03-SiO, melts and the surface quality of polished GC disks

LD GCs in a multicomponent system with a wide cosifonal range of (in wt.%) 57-80
SiO,, 11-19 LyO, 0-13 KO, 0-5 AbO;, 0-8 ZnO, 0.1-6 L#®s, and 0.1-11 s were
thoroughly investigated to produce the materialngishe IPS Empresss 2 via hot pressing

technique’® Holandet al,?® Franket al,?® and Schweigeet al?’

have reported its properties.
The reaction mechanism in the GC powders, usechéosynthesis of LD GCs, is complex.
%8 In Al,Os-containing GCs, the predominant crystallization L6§Si,Os occurs via the
precursor lithium metasilicate. In the 8k-free glass composition of (in mol.%) 63.2 SiO
29.1 LpO, 2.9 KO, 3.3 ZnO, and 1.5,Bs, both LS and LD form as primary crystalline
phases at ca. 600 & The growth of LD increases at 680 °C because ofstfie-state

reaction as in the following chemical equation
Li»SiO; + SIO, - LisSibOs (1)

The machinability features of LS have motivated pheduction of GCs, in the composition
range of (in wt.%) 64—-73 SiO 13-17 L3O, 0.5-5 A}Os, 2-5 KO, and 2-5 fOs, via
CAD/CAM, where machining is applied at an earlygst®f production, when crystallization
of LS is predominant. Further heat treatment cagsgstallization of LD, according to Eq.
(1), resulting in high-strength LD GGS.

Novaes de Oliveirat al** investigated sintering and crystallization of gla®wder having a
composition (in mol.%) of 23.12 }0®, 11.10 ZrQ and 65.78 Si@ Crystallization took place
just after completion of sintering and was almosinplete at about 900 °C in 20 min.
Secondary porosity prevailed over the primary pioyaduring the crystallization stage. The
glass-powder compacts first crystallized into L®jck transformed into LD, zircon (ZrSi)
and tridymite (SiQ) after the crystallization process was essentialbmplete. The
microstructure was characterized by fine crystatsfoumly distributed and arbitrarily

oriented throughout the residual glass phase.

A literature survey reveals that despite many cahensive studies leading to the
development of LD GCs from different systems, tluderof ALO; and KO on the
crystallization behaviour of glasses with a 80,0 ratio far beyond that of LD
stoichiometry has not been thoroughly investigatBderefore, the present work aims at
investigating how the crystallization processes aarhe properties of ¥D-SiQ GCs are
affected by doping the batch formulations with eliéint amounts of AD; and KO. These
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oxides were added at the expense gDLin order to underline the influence of the ZlO,0

ratio on the crystallization features of the exmpemtal glasses.

2. Experimental procedure

Three experimental glass compositions designate@1asG2, and G3 with LD contents
15.22, 19.09, and 22.96 mol.% and the correspon8i@g/Li,O ratios 4.88, 3.83, and 3.13,
respectively, were investigated in this work (Taldle Doping by AJO; and KO was

performed on an equimolecular basis, and the anufuadditives decreased from G1 to G3.

Table 1 — Compositions of the experimental glasses.

Oxides (mol.%)
Li,O KO AlLO; SiO,  SiO,/LiO

Gl 15.23 5.24 5.24 74.30 4.88
G2 19.08 3.94 3.94 73.04 3.83
G3 2296 2.63 2.63 71.78 3.13

Powders of technical grade Si(purity > 99.5%) and of reactive grade,@}, Li,COs, and
K2COs were used. Homogeneous mixtures of batches (~L@btained by ball milling, were
preheated at 800 °C for 1 h for calcination and tinelted in alumina crucibles at 1550 °C for
1 h in air. Glasses in bulk form were produced burmg the melts on preheated bronze
moulds followed by annealing at 550 °C for 1 hotder to study the crystallization behaviour
of the bulk glasses, the annealed bulk glasses heaie treated at 800 and 900 °C for 1 h,

respectively, at a heating rate of 2 K/min.

The glass-powder compacts were produced from glass fvhich were obtained by
qguenching the glass melts in cold water. The frigsendried and then milled in a high-speed
agate mill in order to obtain fine glass powderse Tihe glass powders had a mean patrticle
size of 5-1Qum as determined by the light scattering techniqi®u(ter LS 230, Fraunhofer
optical model, Amherst, MA). Rectangular bars wdimensions of 4 mnx 5 mmx 50 mm
were prepared by uniaxial pressing (80 MPa). Ths begere sintered under non-isothermal
conditions for 1 h at 800, 850, and 900 °C at aleating rate of 2 K/min aimed to prevent

deformation of the samples.
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The coefficient of thermal expansion (CTE) of the sspvas determined by dilatometry,
using prismatic samples of bulk glasses and sidtgtass-powder compacts with a cross
section of 3 mmx 4 mm (BAHR Thermo Analyse GmbH 2000, model DIL 8QHiillhorst,

Germany, heating rate 5 K/min). Differential thetnamalysis of fine glass powders was

carried out in air (DTA-TG, Labsys Setaram, Callirance; heating rate 10 K/min).

The crystalline phases were determined by X-rayratiffon (XRD) analysis (Rigaku
Geigerflex D/Mac, C Series, CuKradiation, Japan). CuK radiation § = 1.5406 A),
produced at 30 kV and 25 mA, scanned the rangeffohation angles (R) between 10 and
60° with a B step of 0.02 °/s. The phases were identified bypesimg the obtained
diffractograms with patterns of standards comphbgdhe International Centre for Diffraction
Data (ICDD). Microstructure observations were danehe polished (mirror finishing) and
then etched (by immersion in 2 vol.% HF solution 3omin) surfaces of samples using field
emission scanning electron microscopy (FE-SEM, Hit&4100, Hitachi, Tokyo, Japan; 25
kV acceleration voltage, beam current dA) under secondary electron mode. Archimedes’
method (.e., immersion in diethyl phthalate) was used to measue apparent density of the
samples. Three-point bending strength tests weferpgzd on rectified parallelepiped bars (3
mm x 4 mmx 50 mm) of sintered GCs (Shimadzu Autograph AG 2§ Tokyo, Japan 0.5
mm/min displacement); the results were obtainednfrat least 10 different independent
samples.

3. Results
3.1 Characterization and properties of glasses

Melting at 1550 °C for 1 h was adequate to obtaamdparent and colourless glasses.
Nevertheless, the presence of bubbles was evideatl ithe experimental glasses, which
disappeared after remelting of glass frits at 1850or 1 h. The amorphous nature of the as-

quenched glasses was confirmed by XRD (not shown).

Dilatometry curves of the cast and annealed budkggs (glass blocks) are plotted in Fig. 1.
The transition pointsTg) and softening pointsT§) for the investigated glasses ranged between
485-501 °C and 512-550 °C, respectively (Tablé&Bss G1 exhibits the highekf andTs,
while the lowest is shown by glass G3. From theeslof the linear part of these plots(
200-400 °C), the thermal expansion coefficients (Cd&he glasses G1, G2, and G3 were
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calculated as 8.0A0° 9.3%10° and 10.2810° /K, respectively. Consequently, the
increase in AlO; and KO in the as-investigated proportions (Table 1) fagdhe decrease in

CTE and the increase iy andTs of the glasses (Table 2).

©
\‘

Dilatation (%)
o o o o o
N w1 o

o ©
o -
1
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Temperature (°C)

o

Fig. 1- Dilatometry curves obtained from as-cast and deddaulk glasses with reference to

Ty (©) andTs (#) temperatures.

The experimental results showed that the densithefglasses decreases in the order G3 >
G2 > G1. The molar volumé/g), oxygen molar voluméw), and excess molar volum@

were calculated using the apparent density datthébulk glasses using following relations:
Vo= (2)
P

whereM is the molar mass of the glass gnds the apparent density of the bulk glasses.

Similarly, excess molar volume of the glasses capxpressed as

%:%—wamﬁ)

Here, x; is the molar concentration of every oxide ang} is the molar volume of every

oxide. Oxygen molar volume of the glasses was tatied using the following relation:

szwwi
v _

=—1__ (4
N
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whereM,; is the molar weight of the oxide, ahendn; are the oxygen contents in tffedxide,
respectively. The lowest values ¥f, V,, and V. were obtained for glass G3, while the

highest value of these parameters were calculategldss G1 (Table 2).

Table 2 — Properties of the experimental glasses.

Gl G2 G3
Density (g/cm) 2.34+0.01  2.35:0.01  2.36:0.01
T, (°C) 501 492 485
T, (°C) 550 532 512
CTE200-4000c(10° /K) 8.00 9.39 10.23
Molar volume Vi, (cn/mol) 25.38+0.14 24.34:0.01 23.35:0.05

Oxygen molar volumeY, (cm*/mol) 15.23+0.09 14.89+0.01 14.57+0.03
Excess molar voluma/ (cn/mol) 2.06:0.15  1.60:0.01  1.19+0.05

The DTA thermographs, as obtained from the fine gfa®sders at a heating rate of 10
K/min, revealed a single broad exothermic crystation curve for both G1 and G2 (Fig. 2)
with a peak temperature of crystallizatidip)(at 737 and 659 °C, respectively. In the case of
G3, an exothermic shoulderBt= 600 °C followed by a stronger exothermic curvéh W, =

656 °C were observed. Thg of the investigated glasses was found to depenith®@®bO;

and KO molecular fraction because it increased fromgy@3 to glass G1.

3.2 Crystallization behaviour of bulk glasses

Transparent parent glasses transformed into theevi@ihslucent opaque GC materials after
heat treatment at 800 °C. The degree of opacityifsigntly increased with further heat
treatment at 900 °C. SEM images of glass blocks tneated at 800 and 900 °C for 1 h are
presented in Fig. 3 while their X-ray diffractogranmare presented in Fig. 4. The
crystallization process of the bulk glasses, dsvad by XRD and SEM analyses, was found
to depend on the contents of;® and KO. Dendritic microstructure for LS was observed in
the SEM image of glass G1 heat treated at 800 % &a)) while nucleated droplet phase
separation was evident in the inner part (part Bhe sample (Fig. 3(b)). k$iO; crystals
grew from the surface of the glass specimen towlaednterior, and the crystal growth rate
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increased at 900 °C (Fig. 3(c)). This type of ddiwdskeletal crystal growth and surface
crystallization has been previously documentedterother systen's?

IExo 656
< 600
> 659
= |G3
2
o
= G2
(¢D)
T

737
M

450 550 650 750 850
Temperature (°C)

Fig. 2— Differential thermal analysis (DTA) of the invesitgd compositions.

The XRD results are in good agreement with SEM oladienvs depicting the presence of
very low-intensity peaks of k5iO; among the amorphous halo for the G1 specimentat bo
800 and 900 °C (Fig. 4(a)). Figure 3(d) presents $SEM image of specimen G3 at a
comparatively low magnificationx@0Q), after heat treatment at 800 °C, evidencing the
existence of simultaneous surface and bulk cryssaibn in the form of dendrites, and big
droplets (designated as B), respectively. The detadbservation of the skeletal surface
dendrites (part S, similar to G1) can be assigodd,SiOs (Fig. 3(e)).

The SEM image of oriented structure, presented in3iy, was extracted from the inner part
of specimen G3 (Fig. 3(d), part B), which, undegh@r magnification (Fig. 3(g)), was found

to be composed of fine cylindrically shaped nansiatg. According to XRD (Fig. 4(c)), the

relatively big droplets as observed in Fig. 3(dg¢ &D crystals, assuming that LS crystals
(which also were registered by XRD analysis in Hfg)) have been mostly formed at the
surface of the specimen (Fig. 3(e)).
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(a ‘ 00 Hm (b) 1um

Fig. 3— Scanning electron microscopy images of bulk gla&xt and G3 heat treated at 800
°C and 900 °C for 1 h: (a)—(b) G1, heat treate®Dat°C; (c) G1, heat treated at 900 °C; (d)—
(g) G3, heat treated at 800 °C; (h) G3, heat tdeat®00 °C.

Heat treatment at 900 °C caused further growthdfpkaks in the XRD pattern (Fig. 4(c)),

while LS peaks were suppressed and very low-intgpsiaks of quartz appeared. It is worth
noting that the XRD patterns of composition G2 hesdted at 800 and 900 °C (Fig. 4(c)) are

very similar to those obtained for G3 under simdanditions. Homogeneous microstructure
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composed of configured lathes and fine-grainedtalysf LD in chemically etched zones
(Fig. 3(h)) were observed for the G3 specimen diféat treatment at 900 °C.

3.3 Crystallization behaviour of glass-powder cogtpa

Fully dense GC materials were obtained after smgenf the glass-powder compacts at 800—
850 °C. Crystallization seems to start after themgletion of sintering because the intensity of
the reflections related to crystalline phases @ 8D are relatively low, evidencing a more
amorphous structure (Fig. 5). In particular, X-idiffractograms revealed LS as the single
crystalline phase in GC1 after sintering at 800(Fg. 5(a)), while highly amorphous GC2
and GC3 comprised low-intensity LS, quartz (Q), drd peaks (Figs. 5(b) and (c)).
Significant changes in phase assemblage occurrdteitemperature interval of 800-850 °C,
resulting in the appearance of LD phase in GC1 amcemendous growth of LD intensity
peaks in GC2 and GC3. Therefore, LD precipitated toubecome the major phase in all
investigated compositions after sintering at 85@ &0 °C, probably occurring via the
precursor phase of L8.LS and orthoclase (F) in GC1, and LAS in both GB& GC3 were

found as minor crystalline phases.

SEM images of compositions GC1 and GC3 sintered0at °@ reveal the existence of a
densely packed microstructure. The evidences ofgagrderived from both the entrapment
of air during the preparation route (so-called @uiynporosity) and the differences in density
of the parent glass and crystalline phases (sedtakkcondary porosity) are also evident (Fig.
6). The insert presented in the Fig. 6(b) showsekistence of fine-grained LD crystals

forming endless chains in the region free from sfupal glassy phase.

The variation in density and the bending strengt®G& along with the firing temperature are
plotted in Fig. 7. The density values were stabteF61 (2.34 g/cri) at both 800 and 850 °C
followed by a smooth decrease after firing at 3000N the contrary, the density for GC2 and
GC3 showed a significant increase within the terafpee interval 800-850 °C, reaching the
maximum value 2.35 g/chfor both compositions. A negligible decrease insigy for GC2

and GC3 was observed after firing at 900 °C.

The relatively low degree of crystallinity (Fig. 3{lesulted in poor mechanical properties for
the GC3 fired at 800 °C (58:2.3 MPa). However, under the same conditions G@gifed
better mechanical properties (92320 MPa) in comparison with GC3, while the highest

flexural strength value was recorded for GC1 (122.3 MPa). The mechanical strength
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increased significantly for all experimental composas at 850 °C. The flexural strength for
all the investigated GCs varied between 152 and\B& with GC1 exhibiting the maximum.

Similar results were recorded for GC1 at 900 °Q(&630.7 MPa), while GC2 and GC3
demonstrated significant further increases to \alok 181.330.4 and 201#414.0 MPa,

respectively. A smooth surface effect of the sam@e a result of self-glazing was also

observed.
(@) (b) (c)
g 900°d 900°C
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% 800°C
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Fig. 4— X-ray diffractograms of bulk glasses heat-treae800 and 900 °C: (a) G1, (b) G2,
and(c) G3. LS, lithium metasilicate @gSiOs, ICDD card 01-070-0330); LD, lithium disilicate
(Li,Si,Os, ICDD card 00-049-0803); Q, quartz (3j@CDD card 00-046-1045); Q*, quartz
(SiO,, ICDD card 01-085-0794) [scale bar: (a) = 2150 ¢psand (c) = 63000 cps].

The CTE (200-700 °C) values of the GC1, GC2, an@ Gi6tered at 900 °C were calculated
as 8.4610° 9.20<10°°, and 9.2%10°° /K, respectively. A similar trend.e. decreasing CTE
values with increasing AD; and KO molecular fraction, was also observed for thespar

glasses (Fig. 1).

4. Discussion

The roles of AJO; and KO on the crystallization behaviour of glasses V@t0,/Li,O ratios
(3.13 to 4.88) far beyond that of LD stoichiometgvealed some interesting features.
Transparent bulk glasses were obtained after aimgeat 550 °C, contrasting to the cloudy
glasses obtained by Vodebhen investigating compositions with similar@i contents (15—
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23 mol.%). The different crystallization behaviowisserved can only be attributed to the
presence of AD; and KO (besides LO and SiQ) in the glasses used in the present
investigation. It is well documented in the litena that the addition of AD; simultaneously
suppresses the immiscibility temperature while ingisthe Ty of the glasses so that
immiscibility no longer occurs at any temperaturdéegs not prevented by slow kinetics. It is
worth noting that the existence of immiscibility potassium silicate glasses has not been
conclusively establishetf. Metastable immiscibility may be formed in the gles
investigated, but with such a fine scale of morplyglthat the glasses appear homogeneous to
the naked eye. The slightly higher upper immistiptiemperatures of the lithium disilicate
melt in simple LIO—SiQ; system often leads to a slightly coarser morphofdg

@) (b) (©)

A LD | |
i b L 900X IL |, 850°G
-5; LD* H\ ‘ 8500(:
S P b oo LAS | ‘ LAS* |
£ N VOB 850°¢ L., 800°d r| h 800°C
LD, ‘ Q | Q |
5 deed 800°Q LD, I ‘ LD, il ‘
LS | [ 1 . Ls 1 | . | = R
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Fig. 5— X-ray diffractograms of glass-powder compactsesed for 1 h at different
temperatures: (a) GC1, (b) GC2, and (c) GC3. ltBiuim metasilicate (l.5i0s, ICDD card
01-070-0330); LD, lithium disilicate (k5i,Os, ICDD card 00-040-0376); LD*, lithium
disilicate (LpSi,Os, ICDD card 00-049-0803); LAS, lithium aluminumiséte (LiAISizOsg,
ICDD card 00-040-0073); LAS*, lithium aluminum sisite (LIAISEOg, ICDD card 00-035-
0794); F, potassium feldspar (KA, ICDD card 01-071-0957); Q, quartz (Sj@CDD

card 01-076-0912) [scale bar = 13000 cps].

It can be assumed that due to the presence of al@bns in the glasses, Al will exist in a
four-coordinated position. To maintain local chargaitrality, (AIQ)° units will be charge

compensated by alkali cations, which must be ptasehe vicinity of each such tetrahedron.
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Therefore, the (AIG)® tetrahedral will substitute directly into the netk for silicon—oxygen
tetrahedral, causing an increaséjmand a decrease in CTE. This phenomenon was olaoserve
in the experimental glasses when theland KO molecular fraction increased from glass
G3to G1. Also, glass G3 exhibited the lower valok¥,, V,, andV, in comparison with G2
and G1. This can be explained by a higher volunaetiivn of network modifiers in this

composition.

Fig. 6— Typical microstructures of glass ceramics sintdéoed. h: (a) GC1 (900 °C); (b) GC3
(900 °C).

Both crystallization process and liquid—liquid phaseparation seem to have contributed to
the transformation of transparent parent bulk glassto the opaque GC materials after heat
treatment at 800 °C. SEM images of bulk glass Ghténing the highest amounts of.8k
and KO) after heat treatment at 800 °C revealed dendtiface crystallization of LS at 800
°C (Fig. 3(a)) and nucleated droplet phase separaones in the silica-rich matrix (Fig.
3(b)). Li;SiOs crystals grew from the surface toward the intefibig. 3(c)) and no LD
crystals were formed, while the sample continuethéchighly amorphous after further heat
treatment at 900 °C (Fig. 4(a)). Because glass &lthe highesTy (Table 2), it can be
suggested that the embedded disilicate zones @trpplase in Fig. 3(b)) will be unable to
grow as they are separated from one another byindgre highly viscous Si@rich glass
phas€’. This can be also supported by the fact that diigsttion of LS removes an equimolar
quantity of LbO and SiQ from the molten glass, thus increasing the ;SiOntent of the

remaining glass, leading to an increase in itsosi'rty.34

SEM images of bulk glass G3 at 800 °C (Figs. 3(d) @)) also revealed the dendritic surface
crystallization of LS, which most probably precgiéd first because of its lower activation

energy for crystallization in comparison with 6% LD crystals were formed in the interior
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of this specimen G3 (Fig. 3(g)) via a bulk crystation mechanism; that was, however, not
the case for G1. This type of LD formation mosthably is attributed to the separation of
glassy phase into droplet-like zones of Li-rich ghand Si@rich glass matrix (Fig. 3(d))
that occurs during heat treatment of the parerstsgda a result of a flow process. Note that G3
features the lowelly (Table 2) and, hence, a less viscous glassy pl@sefurther heat
treatment at 900 °C, a highly homogeneous microtstre comprising of fine-grained crystals
of LD were formed (Fig. 3(h)). It is worth notindpat apart from the high intensity of
reflections related to LD crystalline phase, tracé4.S and quartz were also present in the
XRD spectra of both GC2 and GC3 at 900 °C (Fig))4(c

2.6 —_
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Fig. 7— Evolution of density (dashed lines) and bendimgragth (full lines) of glass-powder
compacts GC1«), GC2 @), and GC3 £) with sintering temperature.

During the preparation of GCs via sintering of glg®wder compacts, the crystallization of
LD seems to occur via the precursor phase of LStaltiee solid-state reaction as in chemical
Eqg. (1). In particular, LS was exclusively formedG1 at 800 °C. However, with temperature
increase, the intensity of the reflections relatedlS decreased, and LD appeared as a major
crystalline phase in GC1 at both 850 and 900 °@G. #{ia)). Interestingly, LD was not formed

in the heat-treated bulk glass blocks of glass Tils behaviour may be associated with the
difference in preparation routes of the parent gas as water quenching of the glass
increases the OH content. The hydroxyl groups ntayaa a modifier and break the silicate
network, thus reducing the viscosity and activagmergy of viscous flow.*® Therefore, the
appearance of orthoclase (F) in GC1 and LAS in 8888 and GC4 as minor crystalline

phases (Fig. 5) also can be explained. Moreovecipitation of F and LAS phases evidences
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that (AlO,)°> units, charge compensated by alkali cations, s¥semt in the structure of parent

glasses.

The mechanical strength of GCs produced from gbaseder compacts increased
significantly at 850-900 °C, resulting in high-stgéh GCs (Fig. 6). This can be explained by
the precipitation of fine LD crystals uniformly tlikbuted in the glass matrix. It has been
documented in the literature that the presenceighidOs crystals enhances the strength,
whereas the presence 0$$i0; crystals does not change the strength of the pgtess®®

Nevertheless, further experimental investigatioms tbe microstructural features of as-
received bulk glasses and their crystallizationelitcs are needed in order to have a better
understanding about the phenomenon related to tabtasmmiscibility and crystallization
processes in this system. In particular, a chalelogcompare the microstructural features of
the investigated experimental glasses with releygasses free from AD; and KO in a

Li,O-SiQ, system will be undertaken and presented in odihédoming publication.

5. Conclusions

The parent bulk glasses featuring a high degradafion-stoichiometry appeared transparent
after annealing, while the compositions with a gamiamount of LiO in the LpO-SiG
system were previously found to be cloudy..@y may simultaneously suppress the
immiscibility temperature while raising thig of experimental glasses. After heat treatment,
seemingly both crystallization process and liquigkid phase separation contribute to the
transformation of transparent glasses into opagGentaterials. The crystallization process,
as followed by XRD and SEM analyses, was foundeaé&pendent on the amount ot@4
and KO components as well as on the 8I0,0 ratio. In the composition of G1, featuring
the highest AlO; and KO and the maximum Sili,O ratio (4.88), dendritic surface
crystallization of LS was observed. For glasse$ witver amounts of AD3; and KO and a
lower SiGQ/Li,0 ratio, the mechanism seems to be a mix of sudackebulk crystallization

resulting in the preferential formation of,Bi,Os.

During the preparation of GCs via sintering of gla®wder compacts, crystallization of LD
seems to occur via the precursor phase of LS asutrof the solid-state reaction as in
chemical Eq. (1). LS was exclusively formed in G18Q0 °C followed by LD, which
appeared as the major crystalline phase in thigposition at both 850 and 900 °C. LD was
not formed in the heat-treated bulk glass blockihefsame composition.
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Finally, the mechanical strength specimens proddiced glass-powder compacts increased
significantly at 850—900 °C resulting in high-sigdn GCs.
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Abstract

The effect of AJO; and KO content on structure, sintering and devitrifioatbehaviour of
glasses in the kO-SIiQ, system along with the properties of the resulglass—ceramics
(GCs) was investigated. Glasses containingOAland KO and featuring SigLi,O molar
ratios (3.13-4.88) far beyond that of lithium dcsakte (LbSi;Os) stoichiometry were
produced by conventional melt-quenching technigoagawith a bicomponent glass with a
composition 23LI0-77SiQ (mol.%) (Lx3S77). The GCs were produced through two different
methods: (a) nucleation and crystallization of mhie bulk glass, (b) sintering and

crystallization of glass powder compacts.

Scanning electron microscopy (SEM) examinationso€ast non-annealed monolithic glasses
revealed precipitation of nanosize droplet phasglassy matrices suggesting the occurrence
of phase separation in all investigated composstiorhe extent of segregation, as judged
from the mean droplet diameter and the packing idlen$ droplet phase, decreased with
increasing AlOs; and KO content in the glasses. The crystallization akgés richer in AD3

and KO was dominated by surface nucleation leading tgstallization of lithium
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metasilicate (LiSiOs) within the temperature range of 550-900 °C. Q. dther hand, the
glass with lowest amount of AD; and KO and glass 4:S;7 were prone to volume nucleation
and crystallization, resulting in formation of,85i,Os within the temperature interval of 650—
800 °C.

Sintering and crystallization behaviour of glasswgers was followed by hot stage
microscopy (HSM) and differential thermal analyqi®TA), respectively. GCs from
composition k3S;7 demonstrated high fragility along with low flexusdarength and density.
The addition of AlO3; and KO to Li,O-SiQ, system resulted in improved densification and

mechanical strength.

Keywords:Sintering; Microstructure-final; Glass; Glass—cel@nLithium disilicate

1. Introduction

Phase separation, nucleation and crystallizatiaglagfses in the kO-SiG, system have been
the subject of many theoretical studt@sAccording to Vogef, Li,O-SiG, liquids containing
less than 30 mol.% kO lead to opalescent or opaque glasses on coolinggoto phase
separation. TEM investigation revealed segregaitiom droplet like zones of Li-rich phase
and SiQ-rich glass matrix. Moreover, within the,0 content range of 14-16 mol.% in the
entire glass, LSi,Os (here after referred as LD) composition was alyesghched in the
droplet phasé&.Further increasing the 4@ content in the entire glass reduced the surface
tension of the two phases becausgOLentered into the Siich phase surrounding the
droplets and the size of the droplets reduced goatisly. Subsequently, with A0 content of
33.3 mol.%, corresponding toSi,Os in the entire glass, the droplet phase and thesegha
surrounding the droplets had the same compositiath this stoichiometric LD glass

composition exhibiting the most homogeneous posstrlicture.

Generally, slight changes in lithium silicate glassnposition may have significant effects on
chronology and morphology of phases formed. Theitiadd of P,Os to LD glass was
observed to induce amorphous phase separationoaimtrease the crystal nucleation rate,
simultaneously: > ®*?The incorporation of Ti@in addition to POs greatly affected phase

evolution, morphology and thereby thermo-physicalpgrties of crystallized glasses in low

86



alumina LpO-SiO, glasses® The conventional nucleating agent Zrid Li,O-SiQ glass
enhanced the polymerization of the silicate netwankd caused a significant red shift in
Raman frequencies fa@* species and amorphous phase separation beformltirgsion*
Recently it was demonstrated that very small amotiMnO, and W05 (less than 1 wt.% in
total) might decrease the critical cooling ratehef LD melt and so increase the glass forming
tendency”® The occurrence of this phenomenon was attributethé following possible
reasons: (a) an increase of melt viscosity andretbee, of the kinetic barrier against
crystallization; (b) an increase of the surfacergnélifference between the Li-silicate crystals

and residual melt, thus enhancing the surface grsgier against nuclei formatidn.

The role of A}Os and KO on crystallization in glasses featuring 8100 ratios (3.13—4.88)
far beyond of LD stoichiometry was recently studie@lasses in both bulk and frit form
were produced by the conventional melt-quenchinghrigjue using alumina crucibles.
Therefore, an unavoidable alumina uptake from thecibles cannot be neglected. To
eliminate this anomaly leading to uncontrolled cosiponal variations, Pt crucibles were
used in the present work to prepare the same glaspositions along a new bicomponent
(23 mol.% LpO and 77 mol.% Si€) glass denoted as,4S;7. The aim of this work was,
therefore, to get a deeper insight on phenomeraderklto a metastable immiscibility and
devitrification in LbO-SiO, glasses in relevance with /83 and KO content. Particular
emphasis was also given to the investigation desimg behaviour and the properties of the
corresponding glass powder compacts. Significafierginces betweenkS;; composition
and its AbO3 and KO containing counterparts were encountered in teomstructure,

crystallization kinetics, thermal behaviour andpedies.

2. Experimental procedure

Table 1 presents the compositions of the glassessiigated in the present study along with
the corresponding Si.i,O ratios. The addition of AD; and KO was performed on
equimolecular basis and the amount of additivesedsed from glass G1 to G3. The glass
L23Sy7 containing the same amount of,Qi (22.96 mol.%) as glass G3, but richer in SiO
(77.04 mol.%) due to complete exclusion o£@d and KO from its composition was also

prepared and investigated for comparison purposes.
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Table 1 — Compositions of the experimental glasses.

Oxides (mol.%)

Lio.O K:O AlbO; SiG;  SiG /LiO

Gl 15.23 5.24 5.24 74.30 4.88
G2 19.08 3.94 3.94 73.04 3.83
G3 2296  2.63 2.63 71.78 3.13
L23S77 22.96 - - 77.04 3.35

Powders of technical grade SiQpurity > 99.5%) and of reactive grade,@4, Li,COs, and
K2COs were used. Homogeneous mixtures of batches (~LQfhtained by ball milling, were
calcined at 800 °C for 1 h and then melted in Btibtes at 1550 °C for 1 h, in air. Glasses

were produced in bulk (monolithic) and frit form @escribed below.

2.1 Crystallization behaviour of bulk glasses

Two sets of bulk glasses for each composition vedrtained by pouring the glass melt on
preheated bronze mould. The first set of glasses allawed to cool down in the air while

second set of glasses was subjected to annealdg&C for 1 h.

The coefficient of thermal expansion (CTE) of then@aled samples was determined by
dilatometry using prismatic samples of bulk glassgk cross section of 3 mm x 4 mm (Bahr
Thermo Analyse DIL 801 L, Germany; heating rate/B).

The onset of crystallizatiod; and peak temperature of crystallizatidpfor the investigated
glasses were obtained from DTA thermographs ofsgigains with sizes in the range of 415-
1000um, collected by sieving of grounded non-annealeggyblocks. The DTA was carried
out in air (Netzsch 402 EP, Germany) from room terafure to 1000 °C at different heating
rates § = 2, 5, 10 and 15 K/min). The kinetics of crystation was studied using the formal
theory of transformation kinetics as developed blyndon and Mehf and Avrami*®#° for

non-isothermal processes:
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which is the equation of a straight line, whosesland intercept gives the activation energy,
E., and the pre-exponential factor= Q'"K,, respectively, and the maximum crystallization
rate by the relationship

dx

) = 037pE, n(RT?)" @)

p

which enables obtaining, for each heating rateglaevof the kinetic exponem, In Eq. (2),x

corresponds to the crystallization fraction a%%

is the crystallization rate, which may be
p

calculated by the ratio between the ordinates ef IiTA curve and the total area of the

crystallization curve.

In order to study the evolution of crystallizatiphases in monolithic glasses, the annealed
glasses were cut into cubes (1 cm x 1 cm x 1 cd)hegat treated non-isothermally at 550,
650, 750, 800 and 900 °C for 1 h, respectivelfeatting rate of 2 K/min.

2.2 Sintering and crystallization of glass powdempacts

The glass frits were produced by quenching of metbld water. Further, the glass frits were
dried and milled in high speed agate mill resultindgine glass powders with mean patrticle
size of 5-1Qum as determined by light scattering technique (@oWsS 230, UK, Fraunhofer
optical model). Infrared spectra of the glass pawdeere obtained using an infrared Fourier
spectrometer (FTIR, model Mattson Galaxy S-7000AUS the range of 300-1500 /cm. For
this purpose, each sample was mixed with KBr ingiagortion of 1/150 (by weight) for 15
min and pressed into a pellet using a hand press.

A side-view hot-stage microscope Leitz Wetzlar (@any) equipped with a Pixera video-
camera and image analysis system was used to igatesthe sintering behaviour of glass
powder compacts. The measurements were conductad with a heating rate of 5 K/min.

The cylindrical shaped samples from glass powderpaxts with height and diameter of ~3
mm were prepared by cold-pressing the glass powdées cylindrical samples were placed
on a 10 mm x 15 mm x 1 mm alumina (> 99.5 wt.%(3) support. The temperature was
measured with a chromel-alumel thermocouple coediacinder the alumina support. The
temperatures corresponding to the characteristscogity points (first shrinkageTgs),
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maximum shrinkageTis), softening Tp), half ball Tyg) and flow {Tg)) were obtained from

the graphs and photomicrographs taken during thetage microscopy experimefit®

Rectangular bars with dimensions of 4 mm x 5 mmOxntim were prepared by uniaxial
pressing (80 MPa). The bars were sintered undefisathermal conditions for 1 h at 800,

850 and 900 °C using a low heating rate of 2 K/aamed to prevent deformation of samples.

Archimedes’ methodi.ge. immersion in diethyl phthalate) was employed toaswge the

apparent density of the samples. The three-pointling strength tests were performed on
rectified parallelepiped bars (3 mm x 4 mm x 50 noindintered GCs (Shimadzu Autograph
AG 25 TA, 0.5 mm/min displacement): the results evebtained from at least 10 different

independent samples.

2.3 Crystalline phase analysis and microstructwablution in glass-ceramics

The amorphous nature of the parent glasses anubathee of crystalline phases present in the
GCs were determined by X-ray diffraction (XRD) aysa¢ (Rigaku Geigerflex D/Mac, C
Series, Japan; CudKradiation, ® = 10-60° with a @step of 0.02 °/s). The crystalline phases
were identified by comparing the obtained diffragtoms with patterns of standards complied
by the International Centre for Diffraction Dat&D).

Microstructure observations were done at polisimeidr¢r finishing) and then etched surfaces
of samples (by immersion in 2 vol.% HF solution #f7 min) by field emission scanning
electron microscopy (FE-SEM, Hitachi S-4100, Jap2ih,kV acceleration voltage, beam

current 1QuA) under secondary electron mode.

3. Results
3.1 Microstructure and properties of glasses

Melting at 1550 °C for 1 h was adequate to obtaibbte free, transparent and colourless
glasses G1, G2 and G3, while in case gfSk; transparent melt transformed into a cloudy
hazy glass on cooling. SEM images of as cast noeaad samples presented in Fig. 1
revealed the precipitation of a nanosize dropleasphin glassy matrices suggesting the
occurrence of liquid—liquid phase separation inimlestigated compositions. However, the
mean droplet diameter and the population densiyroplets decreased by adding@d and
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K20 into the LsO-SiQ, system. Accordingly, homogeneous and transpafgrdaaance was
conferred to the glasses G1, G2 and G3 due to $ic&le morphology and a relatively lower

volume fraction of the droplets.

Infrared (FTIR) spectra of the experimental glagsés G3 and ksS;7 are plotted in Fig. 2.
All samples show lack of sharpness and a broad lrartle region 850-1300 /cm. Two

smaller absorption bands can be observed at ~3&h@&~800 /cm (b).

Fig. 1- SEM images of non-annealed bulk glasses G1 a1

Some properties of experimental glasses are pesémtTable 2. The transition poinfsg)
and softening pointsT{) for the investigated glasses ranged between 88/a#d 501-537
°C, respectively. Glass G1 exhibits the highlgsandTs, while the lowest is shown by glass
L23S77. The measured CTE (200—400 °C) values for thesgfaksS;7, G1, G2, and G3 were
8.16, 8.47, 8.69 and 9.65 (x£0K), respectively. Consequently, an increase igOAland
K20 in the as-investigated proportions favours thereese in CTE and increaseTigandTs

of the glasses. These results are in accordande et earlier study® while some
discrepancies in the CTE values might be attributedlifferences in the preparation of

glasses (using Pt crucibles in this study) andhénannealing procedures.

Density of glass 4sS77 was 2.31 g/cthwhile for other glasses the measured density w6 2
g/cnt. It was observed that molar volumé,, oxygen molar volume\,) and excess molar
volumeV, (calculated using density values of annealed g&3sdiminished with decreasing
Al,0O3; and KO content as well as SiRi,O content in the glasses (Table 2). It is worthy
noting that no significant differences were obsdrwe the values oV, V, and V. for

annealed and non-annealed glasses.
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Fig. 2— FTIR spectra of the non-annealed bulk glasse€331and L3S7.

Table 2 — Properties of the experimental glasses.

L23S77 Gl G2 G3
Density (g/cm) 2.31+0.01 2.36+0.01 2.36x0.01  2.36+0.01
NBO/T 0.60 0.36 0.47 0.60
Ty (°C) AT77 498 495 477
Ts (°C) 501 537 531 514
CTE200-4000c(10° /K) 8.16 8.47 8.69 9.65
Molar volume Vy, (cm¥mol) 23.02+0.01 25.24+0.01 24.27+0.02 23.38+0.01
Oxygen mol. vol.V, (cm/mol)  13.90:0.01 15.14+0.02 14.85:0.01 14.58:0.01
Excess mol. vol.Ye (cm®/mol) 1.34+0.01  1.92+001  1.53:001 1.22+0.01

3.2 Crystallization of bulk glasses

The changes in the appearance of monolithic glesfseisheat treatment at 550, 650, 750, 800
and 900 °C for 1 h is presented in Table 3. Figreésents the DTA thermographs for all the
investigated glasses @at15 K/min.

As is evident from Fig. 3, the exothermic crystation peaks for the G1 and G2 glasses were
significantly less pronounced in comparison to ¢ho$ G3 and k3S;7 compositions. Using

lower heating rates of 2, 5 and 10 K/min, the tewgeis the samd,e., the crystallization
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peaks for the glasses G1 and G2 could be hardtinglisshed, while the glasses G3 and
L»3S77 exhibit sharp exothermic crystallization peaksemithe same experimental conditions
(not shown). The values di, for glasses $:S77, G3, G2 and G1 are 749, 823, 835 and 831

°C, respectively, and, tends to shift towards higher temperatures wittrdasing heating

rates.

Table 3 — Changes in the appearance of monolithik blasses after heat treatment at

different temperatures for 1 h.

Gl G2 G3 boS77
As-cast glass  Transparent Transparent Transparent loud¢
450 °C Transparent Transparent Transparent Cloudy
550 °C Transparent Transparent Semi transparent oudgl
650 °C Transparent Transparent Semi transparent ite\0ipaline
750 °C Semi transluc. opaline White translucent Semi translucent opaline  White opaline

opaline

800 °C Semi transluc. opaline  White transluc.opaline White transluc. opaline Whapaline
900 °C Semi transluc. opaline  White transluc. opaline White transluc. opaline Wiipaque

L2357
S
=4 G3
=
o
LL
g G2
I \\_\—w‘—"/\
Ml

300 400 500 600 700 800 900
Temperature (°C)

Fig. 3— DTA thermographs for all the investigated glassgs=15 K/min.



~
Q
R
~
O
~

Intensity (CPS)
%2
r ul o
LESR
ol He!
Intensity (CPS)
m
o
; Q
@)

LS* | l I I_lDI II‘ 4 [T |

oo 750°0
650°C

s |,

s . 650°C

e 550°C
10 20 30 40 50 10 20 30 40 50

20 () 20 (°)

~—~
O
~

—~
o
~
:
%O
o
[e]
O

‘ ll N 900°C
' I . C |
C | .

o o | o
800°Q
) 800°C )
2 2 rﬂ\ - 750°Q
[7)] [7)]
C C
@ ] @ /ﬂ\ . 650°
c 750°C c o
0. . . |
s T 1 1. Lo* |
65000 : e
55000 - 550°Q
10 20 30 40 50 10 20 30 40 50
20 (°) 26 (°)

Fig. 4— X-ray diffractograms of bulk glasses heat treate850, 650, 750, 800 and 900 °C:
(@) G1, (b) G2, (c) G3 and (d}4S;7. LS*: lithium silicate (LpSiOs, ICCD card 01-070-
0330); LS: lithium silicate (LiSiOs, ICCD card 00-029-0828); LD*: lithium disilicate
(Li2Si,Os, ICCD card 01-072-0102); LD: lithium disilicateifSizOs, ICCD card 01-049-
0803); Q: quartz (Sig) ICCD card 01-070-2516); Q*: quartz (SIOCCD card 01-077-
1060); C: cristobalite (Si) ICCD card 01-082-0512) [scale bar: (a) 35003&00, (c)
70000 and (d) 40000 cps].

Fig. 4 presents the evolution of phases in bulkgga heated at different temperatures for 1 h.
No crystallization events could be detected by X&talysis in G1, G2 and G3 at both 550
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and 650 °C while strong peaks of LD with quartz {@res were already registered m3z7

at 650 °C. The same phase assemblage was revealgghi; upon further heat treating at
750 and 800 °C until 900 °C when cristobalite (oaappeared. The composition G1
exhibited monomineral L85iO; (hereafter referred as LS) as the only crystalfinase at
temperaturesz 750 °C. In agreement with GC G1, LS crystallizedtlae only phase in
composition G2 after heat treatment at 750 °C. Hewewith further increase in temperature
to 800/900 °C, this crystalline phase was adjoingd.D which precipitated as a secondary
phase. The composition G3 with lowestO<and AbO3; content exhibited LD as the major
phase formed at 750 °C together with traces of LS.

Surface crystallization and dendritic skeletal talygrowth of LS could be observed by SEM
in both G1 and G2 in the temperature interval 790-%C (not shown), being consistent with
nucleated droplet phase separation in the innet phrthe specimens as previously
documented for glass G1SEM images of G3 support the conclusion that Lyt growth
occurred in the form of rods upon heat treatinthentemperature interval of 550—-750 °C (Fig.
5(a) and (b)), nucleated from the nanosize drgpheise revealed in the parent non-annealed
glass (Fig. 1). G3 specimens became semi-trangpateb50 °C (Table 3) before any
crystallization could be detectable by XRD.

Fig. 5— SEM images of glass G3 heat treated at severglastures: (a) 550, (b) and (c) 750,
and (d) 900 °C.
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These results suggest that the volume fractiomystals developed was less than the limit of
XRD resolutior?* Apart from the individual fine rod like crystaldserved in the core of G3
specimen at 750 °C (Fig. 5(b)), there was a stracttearrangement trend towards the
formation of oriented fibres (Fig. 5(c)). This iensistent with optical observations made by
Morse and Donnd&y who concluded that the size increase of LD crgstalcurs through
nucleation and growth of individual rods becausergyoint of the surface of growing fibre
can act as a nucleating site for a new rod. Crygtath of LD in G3 resulted in the
formation continuous laminar fibres of LD at 900(%ig. 5(d)).

Fig. 6— SEM images of glass;tS;7 heat treated at several temperatures: (a) 5565®)(c)
800, and (d) 900 °C.

The SEM images of heat treateds®;; specimens show that the nuclei growth up to the
critical size at 550 °C (Fig. 6(a)) has been fobowvby the formation of LD spherulites at 650
°C (Fig. 6(b)) as detected by XRD (Fig. 4(d)). A¢vated temperatures, 750 and 800 °C,
spherulites were composed by numerous submicrondipushaped crystals (Fig. 6(c))
followed by a coarsening process at 900 °C (Figl))6¢ith simultaneous formation of
cristobalite, as identified by XRD analysis (Figd¥. Seemingly ksS;7 was almost fully
crystallized at 800 °C and then residual silica gtass phase start to devitrify in the form of

cristobalite.
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Crystallization kinetics studies were performedyofdbr glasses G3 and,iS;; because
glasses G1 and G2 showed low tendency towardsrifiegiion and exhibited negligible
crystallization exothermic curves at the experimeheating ratesf(= 2—15 K/min) used in
this study. It may be observed th%{f— increases with the heating rate (Fig. 7, Eq. (Bhe
p
plots of crystallization fractions temperature show that crystallization rate of L&&mbases
with addition of AbOs. This can be attributed to a longer time duratiequired for the
minimum percentage of crystallinity to be deteataby XRD?** ?° The values ofE; for
glasses ksS;7 and G3 are 153 and 330 kJ/mol, respectively whigevalue oh is ~3.04+0.05

and 1.51+0.02, respectively. The corresponding meslnes may be taken as the most
probable quoted exponents.

3.3 Crystallization of glass powder compacts

The variations in density and bending strength tH#sg powder compacts with firing
temperature in the range 800-900 °C are plottdeign8. Well densified GC materials G1

and G2 exhibiting bending strength values of 114t 158+t5MPa, respectively, were
obtained after sintering at 800 °C (Fig. 8, Table 4
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Fig. 7— Crystallization fractiorvs heat treatment temperature: (a) G3 and (634

Under the same conditions, GC3 featured lower nrachhk properties (81+8 MPa) in
comparison to GC1 and GC2, whilgs&;7 samples exhibited high fragility and the lowest
values of flexural strength (0.7+0.1 MPa) and dgng2.03+0.05 g/cr) among all

investigated compositions. No improvement in deceifon level was observed for this, 8k
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and KO free composition after further heat treatmenguliteng in mechanically very weak
and highly porous samples. On the contrary, GC3ahstnated the beneficial effect of small
addition of AbO3 and KO to bicomponent compositiony,dS;7. In particular, increases of
density (2.25+0.01 g/ch shrinkage (15.9+0.3%) and mechanical strengtt6£3 MPa)
were observed after firing at 850 °C followed byttier densification and strengthening at
900 °C (density 2.36+0.01 g/énbending strength 224+4 MPa). The GCs from glassat
G2 showed the maximum density values (2.34 and B/86T, respectively) at 850 °C
followed by a smooth decrease at 900 °C. Their mari flexural strength values of 189+8
MPa for composition GC1 and of 195+9 MPa for conias GC2 were attained at 900 °C.

X-ray diffractograms revealed LS as the single talise phase in GC1 after sintering at 800
°C (Fig. 9), while GC2 and GC3 comprised LS alonthwQ and LD as minor phases (Fig.
9(b) and (c)). At 850 and 900 °C (Fig. 9(c)), G@attired almost monomineral composition
of LD with peaks of low intensity attributed to €.om the XRD spectra of the compositions
with higher amount of AD; and KO LD was revealed in G1 and became principle phase
G2 after sintering at 850 °C. Finally, LD was thaimcrystalline phase while LS and Q were
minor phases in both GC1 and GC2 at 900 °C.

Table 4 — Properties of the glass powder compastheated at different temperatures.

L3S77 G1 G2 G3
Density (g/cm)
800 °C 2.030.05 2.28+0.05 2.35+0.01 2.19+0.03
850 °C 2.040.07 2.34x0.01 2.36+0.01 2.25+0.01
900 °C 214004 2.33x0.01 2.35+0.01 2.36+0.01
Shrinkage (%)
800 °C 0.%#0.1 17.0+0.3 16.9+0.1 12.6+0.1
850 °C 1.7%#0.2 17.9+0.2 17.1+01  15.9z03
900 °C 5201 18.1+0.1 17.2+0.1 18.0+0.3
Bending strength (MPa)
800 °C 0.%#0.1 114+ 2 158+5 81l+8
850 °C 1.G:0.2 134+ 4 187+ 14 216+3
900 °C 132 189+ 8 195+ 9 224+ 4
CTEx00-500 0c(10° /K)? 13.45 7.41 7.91 8.69
CTE200-700c(10° /K) 2 12.51 9.00 9.57 9.94

& Samples sintered at 900 °C.

LD was the main crystalline phase ig%;7 glass powder compacts sintered at 800 and 850
°C (Fig. 9(d)). Most probably, GC,4S;7 was almost fully crystallized at 800 °C. Then, the
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residual glassy phase depleted from lithium andngakigh silica content starts to crystallize
in the form of quartz and tridymifé. Finally, quartz along with LD became the principal
crystalline phases at 900 °C and peaks of tridyaliag with cristobalite were also observed
in the XRD pattern (Fig. 9(d)) which is, in fact good correlation with phase diagram of
SiO~Li,0O binary systeri®

The microstructures of the GC1, GC2 and GC3 obsewmsder SEM revealed different
morphologies of the crystals developed. The typims&rostructure of GC1 sintered at 800 °C
(Fig. 10(a)) features dendrite configuration of &1$stals in Si@-Li,O binary systen?® Heat
treatment of G1 at 850 °C made LD crystals to girothe form of submicron sized rods that
act as nucleating sites for new rods that incréassze (Fig. 10(b)). Crystal growth of the
individual LD rods in G2 and G3 at 900 °C resultedhe formation of continuous laminar
fibres of LD embedded in glassy matrix (Fig. 10¢ad 10(d)) which are responsible for high

mechanical strength of these GCs.

Fig. 11 reveals two main steps of sintering forsglpowder compacts G1, G2 and G3 during
a thermal treatment at a constant heating rate'ifirf from ambient temperature to 1000 °C.
Since glass G3 has low@, it starts to sinter earlier than glass G1 ande&Ribiting the

temperature of first initial shrinkages; at 525 °C.
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Fig. 8— Some properties of glass powder compacts headetred different temperatures: (a)
density and (b) bending streng#t L,3S77; A: G1;a: G2;0: G3].
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Fig. 9— X-ray diffractograms of glass powder compacts hestted at 800, 850 and 900 °C:
(@) G1, (b) G2, (c) G3 and (d}4S;7. LS: lithium silicate (L3SiOs, ICCD card 01-070-0330);
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077-1060); T: trydimite (Si@ ICCD card 00-042-1401); C: cristobalite (9i@CCD card 00-
039-1425) [scale bar: (a) 12500, (b) 18500, (c)a@8énd (d) 45000 cps].

The first maximum shrinkageTys;) for glass G3 was assigned at 570 °C that was well
correlated with first signs of LS crystallizatioh 250 °C evidencing from the XRD analysis
(not shown). Thus, the interval of first sinteristgp was wider for G1 (68 °C) and for G2 (49
°C) in accordance with their high&s values. As soon as the first sintering periodsfieis, LS

start to precipitate from the glass reservoir arydtallization becomes the dominant process.
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No shrinkage occurs during this period since ctlystdion impedes densification. A second
shrinkage stage starts almost synchronically a+793 °C for all experimental compositions,
the maximum shrinkag€lf;sp) being reached at 851, 822 and 924 °C for G1, &R @3,

respectively.

4. Discussion
4.1 Bulk glasses

According to VogeP liquids in pure LiO-SiQ system containing less than 30 mol.%Q.i
undergo phase separation into droplet like zonds-ath phase and Si&rich glass matrix
within a metastable immiscibility donf Consequently, the cloudy appearance of th&
glass was expected. Moreover, the droplet siz@ighdglass has remained nearly the same as

observed by Vogé!.

Fig. 10— SEM images of heat treated glass powder comp@t&1, 800 °C; (b) G1, 850 °C;
(c) G2, 900 °C; and (d) G3, 900 °C.

SEM examination of the segregation effects occgrimbulk glasses (Fig. 1) confirms that

incorporation of AJO;z greatly decreases the immiscibility trend. Thiepdmenon can be
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explained by the structural role of #Alwhich may exist in four coordinated position doe t
the presence of alkali cations in the glasses.réteroto maintain local charge neutrality,
(AlOy4)~ units will be charge compensated by alkali catifid’s Li*) which must be present
in the vicinity of each such tetrahedron. Therefdhe (AlQ,;)” tetrahedra will substitute
directly into the network for silicoroxygen tetrahedra and simultaneously tend to sgppre

the immiscibility while raising th&, and decreasing the CTE of glaste$’

The lack of sharpness featured in FTIR spectra®fikperimental glasses G1, G3 angbly
(Fig. 2) is indicative of the general disorder hetsilicate network mainly due to a wide
distribution ofQ" units (polymerization in the glass structure, veherdenotes the number of
bridging oxygens) occurring in these glasses. Tioad absorption band in the higher wave
number region (850-1300 /cm) is attributed to tinetshing vibrations of [Sig) tetrahedra.
The bands at ~470 and ~800 /cm are linked to begnaiades of the silicate netwotkThe
FTIR stretching band of SiQtetrahedra slightly broadened ins&;7 in comparison with
Al,Os-containing glasses G1 and G3. Additionally, th@egyance of absorption bands at
frequencies ~870, ~915 /cm in35;7 proves existence of broader distribution of th@-no
bridging oxygens among the tetrahedral cation atess polymerized glass network. On the
contrary, a shallow band at frequency ~1170 /cm wlaserved in the infrared spectra of
Al,Os-containing glasses, in particular G1 suggestingatds the occurrence 6 units and
consequently an increase in cross-linking degrezeNheless, furthéfAl-MAS-NMR study
will be performed to support the hypothesis of Adarporation in four-fold coordination and

its homogeneous mixture within the silicate matrix.

Based on the assumption that’Ahcts as a network former, the numbers of non-briglg
oxygen per each tetrahedral cation (NBO/T) wereutated” for the glasses G1, G2, G3 and
L.3S77 as 0.36, 0.47, 0.60 and 0.60, respectively (Taplsuggesting more polymerized glass
network structures for G1 and G2. Moreover, fronbl&&2, G1 exhibits the highe§ while
the lowestTy values are shown by the G3 ang3z; glasses. The addition of &bz in
proportion corresponding to G1 and G2 decreasediB@/T and thus, leading to an increase
in Ty. This is consistent with the results reportedtfer effect of R@addition on LLO-SIO—
RO, glasses (R = P, V, Z}: **0On the contrary, the lowdly values measured for4S;7 and
G3 (Table 2) can be attributed to a less polym#admaextent of the silicate networke.,
higher number of NBO/T, leading to a lower viscpsht a given temperature, the viscosity
of binary silicate melts and super cooled melts egally decreases with increasing

concentration of modifiers and NBO#Y.
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Al** essentially acts as network former, thus, increagiie molar volume of the glasses G1
and G2. The/,, andV, values for glass the G3 were higher than for fhegyl,3S;7 while an
opposite trend was observed ¥y The lowerV, value for glass G3 in comparison to glass
L»3S77 is likely due to the collapse of the structuraglskon into a closer packing because of
the presence of two highly ionic oxides,(and LyO) in the former which further leads to
higher CTE of glass G3 in comparison to glagsSt.

The peak temperature of crystallizatiofy)(tendency to shift towards higher temperatures
with addition of ALO3; and KO can also be attributed to the structural rolahef ALO;
having glass forming units (Alp)” that are larger than (SiD* tetrahedra due to the
different ionic radius of AT (0.53 A) and Si (0.40 A)3* This leads to an increasing
viscosity of the glasses, further reducing the Hhitgbiof the different ions and ionic
complexes operative in the crystallization proc@sss result is in good agreement with XRD

data and SEM observations of the heat treatedrspesi.

The Avrami parameter for both the glassesSt; and G3 suggests bulk crystallization with
constant number of nucldig., the existence of three-dimensional bulk crystation that is
diffusion controlled in the case of G3% The higherE, for glass G3 in comparison to glass
L.3S77 reflects the structural role of AD; in the investigated compositions and supports the
explanation presented above. Thg value for glass 4S;7 (153 kJ/mol) was lower in
comparison to that obtained by Freiman and H&h¢205 kJ/mol) for a glass with the
composition 25LiI0-75SiQ (mol.%). This difference might be due to differeompositions
and approaches used to investigate crystalliz&iioetics.

4.1 Glass powder compacts

Significant changes in crystalline phase assemblaigél,O; and KO containing GCs
occurred in the temperature interval of 800—-900L9C precipitated as a secondary phase in
GC1 after heat treatment at 850 °C along with qu@) and LS as major crystalline phases.
However, after heat treatment at 900 °C, LD criiged to be the primary phase in GC1
along with Q and LS as secondary phases. It iswwothy LD was not recorded in GC1
prepared through nucleation and crystallizationrepgh in monolithic bulk glasses. This
behaviour can be ascribed to the difference ingmagn routes of the parent glasses as water
qguenching of the glass increases the OH conter.hidroxyl groups may act as a modifier

and break the silicate network, thus, reducinguiseosity and activation energy of viscous
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flow.® 3" A large fraction of LD precipitated out to becothe major phase in GC2 and GC3
after sintering at 850 and 900 °C. CrystallizatedrLD during preparation of glass-powder
compacts G1, G2 and G3 predominantly occurs at ¢emtypres above 800 °C via the

precursor LS phad®* due to the reaction described by the followingnsital equation
Li»SiO; +Si0,— Li,SixOs (3)

No aluminium and potassium associated phases weredfby XRD analysis in GC1, GC2
and GC3, resulting in improved mechanical strergtimpared to data obtained for GCs in the

previous study?®

For the GC1, GC2 and GC3 the CTE values were higftam the range of 200-700 °C than
within the range of 200-500 °C (Table 4), but thiéecence is smaller in case of GC3,
compared to GC1 and GC2, most probably due tooiteet amount of quartz. The phase
inversions of silica polymorphs are completely rsilde on cooling and in particular volume
changes of tridymite and cristobalite occur at Iowemperature than that of quartz when
stress relief due to viscous flow in the residdakg phase cannot take place. These changes
cause greater stresses during heating and codineggh the inversion temperature ranges
leading to weakening of the material. Nevertheléss, main reason for low mechanical
performance of £3S;7 GC was its poor sintering ability due to an eantytiation of
devitrification process in comparison to,8k and KO containing glasses. In general, the
desired order of events in glass-powder densiboagirocess occurs when sintering precedes
crystallization. Hence, glasses with large tempgeainterval betweefy andT. can possibly
be well sintered® When the onset of crystallization occurs befoedtass is fully densified,
further densification will be impeded by the format of crystalline phase that increases the
matrix viscosity’® From the DTA thermographs of glass grains (Figth®) temperature of
peak crystallizationT(), shifted towards higher temperature region widditon of Al,O3
and KO suggesting an increase in sintering range foreexm@ntal compositions in
accordance with the trend,3dS;; <G3 <G2 < G1. Consequently, the sintering proadss
L.3S77 glass powder compacts occurs in narroleiTy interval compared to ADs and KO
containing compositions and densification was segged by the formation of large fraction
of LD phase. This phenomenon can explain the bebawf L,3S;7 that apparently exhibited

low flexural strength, density and shrinkage valae800 °C (Fig. 8, Table 4).

Further heat treatment at 850 and 900 °C sliglttylifated densification because the overall

volume of the system decreased when residual silaasy phase (density 2.20 gfm
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crystallized in the form of quartz (density 2.6%rg?) and tridymite (density 2.27 g/én
However, the volume changes occurred in the inte8%8 and 900 °C were not sufficient to
cause appreciable increase of density and mechatieagth. Thus, 43S;7 sample remained
porous and highly fragile even at 900 °C, and deasion can only be expected to happen at
temperatures close to thquidusline of SiQ—Li,O binary system at which abrupt formation

of liquid phase occur¥.

Unlike to glass bksSy7, densification process of glass powder compacts @A and G3
demonstrated excellent sintering ability althoug¥en these compositions also did not follow
the desired sequence of events and sintering wasaljyaimpeded by crystallization.
However, due to a broad@g—Ty interval, these glass powder compacts attaineuifsignt
level of densification before crystallization sttt The softening poiffy (the temperature at
which the first signs of softening are observeddaynded edges of the samples) and half ball
point Tys (the temperature at which the section of the sanfipims a semicircle on the

microscope grid) increase in the order G3 > G2 > G1

Gl AG2 ¢G3

e e~
(o] o N ESN
1 1 L 1 L 1

log n (Poise)

(o]
|

2 T T T T
400 600 800 1000 1200

Temperature (°C)

Fig. 12— Viscosity—temperature curve of the experimentatgés.

The viscosity-temperature curves for G1, G2 andga3ses can be built considering their
dilatometricTy (log # = 13.3) and the experimental temperatures recdroea the HSM (first
and maximum shrinkage, half ball and fluency). Shéening point is very much affected by
crystallisation and corresponding viscosity canpetevaluated. The viscosity data might be
fitted to the Vogel-Fulcher—Tamman, VFT, Eq. (4npdoying a regressive method with all

the viscosity experimental points in the studiatyea
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logn = A+
a T-T,

(4)

The values of the constants obtained from therétthe following for each glass (T #€):
G1l:A=1.9699B = 1072.96,T = 403.763; G2A = 2.23717B = 955.356,T; = 408.105; G3:
A =2.28236B = 951.887,Tp = 390.219.

From the approximate viscosity—temperature curvg. (E2) the increasing AD; content of

the glass has a decisive influence on viscositytidarly, glass G3 exhibited lowest
viscosity at temperatures below 850 °C and at timstant temperatuiteg #(G1) >log #(G2)

> log #(G3). These results are in accordance with Fldégeborting that AlO; usually

increases the viscosity of glasses, most signifigaat low temperatures, caused by the
elimination of non-bridging oxygen sites. Withiretlscope of optimization of material, Fig.
12 supports our assumption that addition ofQAlreduces the mobility of the different ions
and ionic complexes operative in the nucleation angtallization process. The opposite
trends can be observed when temperatures excedsle®@ compositions G2 and G3
demonstrated higher viscosity than G1. This canekglained by formation of a larger
fraction of LD in GC2 and GC3 at 850 °C and 90QF{gs. 9(a)—(c)) that cause in shifting of

their Tp and Ty values to higher temperature region.

Nevertheless, further quantitative XRD analysisl wé required to estimate the amount of
glassy phase and its role in the second sintetagaf the samples.

5. Conclusions

In context of monolithic bulk glasses, liquid—ligquiphase separation occurred in all
investigated compositions as illustrated by theos&® droplets precipitated in the glassy
matrixes. Af* acting as network former decreases the volumeidraand mean diameter of
droplet phase resulting in transparent glassesGzland G3, while the opposite effect was
observed in the AD; and KO free glass that became cloudy on cooling. Sunfadeation
and crystallization was dominant in glasses G1 @2dwith LS as the primary crystalline
phase while volume nucleation and crystallizati@aswbserved in glasses G3 angSy; with

LD as the primary crystalline phase. The valueEdbr glasses £3S;7 and G3 were 153 and
330 kJ/mol, respectively.
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Sintered glass powder compacts featured enhancetamieal properties in comparison to
materials earlier prepared in alumina cruciblezdmpositions with higher amounts of.8k
and K0, both LS and Q were found as minor crystallinagas at 850 and 900 °C, while GC-

G3 under the same heat treatment conditions fehdmneost monomineral LD composition.

The narrowing of thél—Ty interval in the k3S;7 glass powder compacts in comparison to
Al, O3 and KO containing compositions hindered the densificajwocess and led to the
early formation of large fraction of LD phase résy in poorly densified samples. Small
addition of AbOz; and KO to pure L3O-SiO, system enhanced the densification behaviour
and the ultimate mechanical strength. Neverthetessmain steps of sintering were observed
by HSM for glass powder compacts G1, G2 and G3ars¢pd by the temperature range

within which LS crystallization occurs and tempdsahinders densification.
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Abstract

This article aims to shed some light on the stmecaind thermo-physical properties of lithium
disilicate glasses in the system@+SiO—Al,0s—K,0. A glass with nominal composition
23Li,0-77SiQ (mol.%) (labelled as 15S;7) and glasses containing /&; and KO with
SiO,/Li,O molar ratios (3.13-4.88) were produced by conwaat melt-quenching technique
in bulk and frit forms. The glass-ceramics (GCs)rav@btained from nucleation and
crystallisation of monolithic bulk glasses as wadl via sintering and crystallisation of glass
powder compacts. The structure of glasses as igagstl by magic angle spinning-nuclear
magnetic resonance (MAS-NMR) depict the role of@l as glass network former with
fourfold coordinationj.e., Al(IV) species while silicon exists predominantlg a mixture of
Q® and Q* (Si) structural units. The qualitative as well qsantitative crystalline phase
evolution in glasses was followed by differentiaétmal analysis (DTA), X-ray diffraction
(XRD) adjoined with Rietveld-reference intensitytioa(R..R.) method, Fourier transform
infrared spectroscopy (FTIR) and scanning electmitroscopy (SEM). The possible
correlation amongst structural features of glaspbase composition and thermo-physical

properties of GCs has been discussed.

Keywords:Sintering; Thermo-physical properties; Glass; Glassamics; Lithium disilicate
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1. Introduction

Glass-ceramic (GC) materials are obtained by tmrolbled nucleation and crystallisation of
glasses. The choice of glass composition is criciahsure that a high rate of internal, rather
than surface, nucleation occurs. An excessiveli bigstal growth rate is to be avoided since
such materials do not develop fine-grained mictmstire, necessary for the achievement of
high mechanical strengtff. The binary alkali silicate systems show liquidsiid; phase
separation or immiscibility at temperatures beldw liquidus temperature of crystallisation.
This type of phase separation is often called nebées because crystalline phases are more
stable than liquid at the temperature of phase raépa?® The presence of metastable
immiscibility region is the main cause of S-likeucse of thdiquidus curve and binary LO—
SiO, system is a typical example in this regard whigmdnstrates S-like course of the
liquidus curve in silica-rich region. According to Vogeli,O-SiQ, liquids containing less
than 30 mol.% LiO lead to opalescent or opaque glasses on coolviggoto phase
separation. However, mechanical properties and watrdurability of these glasses after

devitrification are low.

Study of nucleation and crystallisation processegadrent glasses is essential, enabling to
produce final materials of desired properties.he previous studywe observed that glasses
with composition in the LO-K,O-Al,O:—SiO, system comprising equimolar amount of
Al, O3 and KO were prone to volume nucleation and crystallisgtresulting in formation of
fine Li»Si,Os (LD) crystals within the temperature interval &06-900 °C. Also, it has been
demonstrated that AD; and KO might also improve chemical durability of ,0-SiG,
glasses: >®

The aim of this study is to present an in-depthlyaig pertaining to study the structure of
Li,O—-Al,0:—K,0-SiG glasses and their devitrification mechanism irvahce with AIO;3
and KO content. Although the role of AD; as glass network former with four-fold
coordination of Al(IV) species was hypothesisedim previous stud§,we felt the need of
investigating this issue in detail so as to gaimetter understanding regarding the structural
role of ALO; in these glasses. Therefore, in this stifd$j and®’Al magic angle spinning-
nuclear magnetic resonance (MAS-NMR) have been a&yepl to study glass structure and
derive relevant information with respect to thedloenvironment of silicon and aluminium in
experimental glasses. The sintering behaviour amgeuties of the corresponding glass

powder compacts have also been targeted in theefvank of this investigation, in particular
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using Fourier transform infrared spectroscopy (BT Btanning electron microscopy (SEM),
and X-ray diffraction (XRD) to evaluate qualitatia@d quantitative phase assemblage. The
obtained results demonstrated significant diffeesnloetween binary 23 mol.%,0 and 77
mol.% SiQ composition and its AD; and KO containing derivatives in terms of structure,

crystallisation kinetics and thermo-physical prajgs:.

2. Experimental procedure
2.1 Glass preparation

Powders of technical grade SiQ@purity > 99.5%) and of reactive grade.@% (Alcoa,
Germany, purity > 99.5%), £O; and KCO; (Sigma—Aldrich, Germany, purity > 99.5%)
were used to prepare the experimental glassessé&alagere prepared in both bulk and frit
form by melt-quenching technique in Pt crucibleblal presents the composition of the
glasses investigated in this study. The additioAleD; and KO to the binary LIO-SiQ
system was performed on equimolar basis, and tlfeuanof additives decreased from glass
G1 to G3. A binary composition,4S77, containing the same amount ofQias glass G3, but

richer in SiQ was also synthesised.

Table 1 — Compositions of the experimental glasses.

Oxides (mol.%) G1 G2 G3 kS

Li»O 1523 19.08 2296 22.96
K20 5.24 3.94 2.63 -
Al,03 5.24 3.94 2.63 -
Sio, 7430 73.04 71.78 77.04
K,0 + Al,O3 10.48 7.88 5.26 0.00

Two sets of bulk glasses for each composition vadr@ined by pouring the glass melt on
preheated bronze mould: (1) the first set of glasgas allowed to cool down in the air; (2)
the second set of glasses was subjected to angedl#50 °C for 1 h. In order to study the
evolution of crystalline phases in monolithic glessthe annealed glasses were cut into cubes
(1 x 1x 1 cn?) and heat treated non-isothermally at 550, 650, 880 and 900 °C for 1 h, at

heating rate of 2 K/min.
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Glasses in frit form were dried and then milledaimigh speed porcelain mill to obtain fine
glass powders with mean particle size of 5gf@) Rectangular bars with dimensions of 8

x 50 mn? were prepared by uniaxial pressing (80 MPa). Taes fwere sintered under non-
isothermal conditions for 1 h at 800, 850 and 900u%ing a low heating rate of 2 K/min
aimed to prevent deformation of samples.

2.2 Thermo-physical properties of glasses

The glass transition temperatur@y)( softening point Ts) and coefficient of thermal

expansion (CTE) were obtained from dilatometry measents which were carried out on
prismatic glass samples with a cross section»54nnt (Bahr Thermo Analyze DIL 801 L,

Hullhorst, Germany; heating rate 5 K/min). diffetiah thermal analysis (DTA) of glass
grains with sizes in the range of 415-1,00@, collected by sieving of grounded non-
annealed glass blocks, was carried out in air @#tz402 EP, Germany) from room
temperature to 1000 °C at different heating rgfes 2, 5, 10 and 15 K/min).

2.3 Structural characterisation

The #°Si MAS-NMR spectra were recorded on a Bruker ASX 4Pectrometer operating at
79.52 MHz (9.4 T) using a 7-mm probe at a spinmaig of 5 kHz. The pulse length was 2
us, and a 60-s delay time was used. Kaolinite wasl @s the chemical shift referené@l
MAS-NMR spectra were recorded on a Bruker ASX 4p8ctrometer operating at 104.28
MHz (9.4 T) using a 4-mm probe at a spinning rdté®kHz. The pulse length was Qu§,

and a 4s delay time was used. Al(lQwvas used as the chemical shift reference.

2.4 Sintering and crystallisation behaviour of glagwder compacts

Infrared spectra of the GCs were obtained usingnférared Fourier spectrometer (FTIR,
model Mattson Galaxy S-7000, USA). For this purpasamples were crushed to powder
form, mixed with KBr in the proportion of 1/150 (yeight) and pressed into a pellet using a
hand press.

The qualitative and quantitative crystalline phasalysis in the GCs (crushed to particle size

< 45 um) was made by XRD analysis using a conventionalgg+Brentano diffractometer
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(Philips PW 3710, Eindhoven, The Netherlands) wihfiltered Cu-Ka radiation. The

guantitative phase analysis of GCs was made by cmdlRietveld-reference intensity ratio
(R.I.LR.) method. A 10 wt.% of corundum (NIST SRM6@J was added to all the GC samples
as an internal standard. The mixtures, ground inagate mortar, were side loaded in
aluminium flat holder to minimise the problems teedo non-random orientations. Data were
recorded in 8 range = 5-115° (step size 0.02°/50 s). The phas#idns extracted by

Rietveld refinements, using GSAS-EXPGUI softwarveere rescaled on the basis of the
absolute weight of corundum originally added toirtlmeixtures as an internal standard, and
therefore, internally renormalised. The backgrowas successfully fitted with a Chebyshev
function with a variable number of coefficients dading on its complexity. The peak
profiles were modelled using a pseudo-Voigt funttath one Gaussian and one Lorentzian
coefficient. Lattice constants, phase fractionsd @oefficients corresponding to sample

displacement and asymmetry were also refined.

Microstructural observations were done on polismdror finishing) surface of samples
(etched by immersion in 2 vol.% HF solution for 2njnby scanning electron microscopy
(SEM; SU-70, Hitachi, Japan).

3. Results and discussion
3.1 Bulk glasses
3.1.1 Glass casting ability

Transparent and colourless glasses G1, G2 and G8oktained by melting at 1550 °C for 1
h, while in case of 45S;7 transparent melt transformed into a cloudy haagglon cooling.
Figure 1 shows both the appearance of the expetanemn-annealed glasses and the
corresponding microstructures which reveal the ipi&tion of a nanosize droplet phase in
glassy matrices suggesting the occurrence of kdigdid phase separation in all the
investigated compositions. However, the phase aéparphenomenon was not observed at
naked eye for compositions G1, G2 and G3 comprigib@s; and KO. The mean droplet
diameter and the population density of dropletg).(E) diminished by increasing amount of
Al, O3 and KO in the LpO-SiG system. Consequently, G1 possesses a microstuctur
comprising rarer smaller droplets compared to tierocompositions, evidencing that,@k

has a strong tendency to reduce phase separation.
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Fig. 1- Physical appearance of the experimental non-aeddnllk glasses and their

respective SEM images for glass compositions G1,Gaand L3S;7, respectively.

The finer scale morphology and a relatively loweluwne fraction of the droplets observed in
the glasses G1, G2 and G3 result in the nonexisteh@yndall effect which can explain the
homogeneous and transparent appearance in thisosttops when observed with naked
eye® On the other hand, the bigger droplets and thiginér concentration presented in the
microstructure of composition,S;7 lead to the cloudy appearance, as expected dhce t
droplet size in this glass has remained nearlysdmae as observed by Vogel inQ+SiO,
glasses.

3.1.2 Thermo-physical properties and structurakdiees of the glasses

The addition of AIO; and KO in the as-investigated proportions favoured ameiase il
andTs; of the glasses (Fig. 2a, b). From the linear phthe dilatometric curves, the values of
CTEz00-400 ocfor glasses G1, G2, G3 ands&;7, were obtained as 8.47, 8.69, 9.65 and 8.16
x10°° /K, respectively. Considering that *AlActs as a network former, the number of non-
bridging oxygens per each tetrahedral cation (NBGSliggested more polymerised glass
network structures for G1 (NBO/T = 0.36) and G2 IB = 0.47) than for G3 (NBO/T =
0.60) and ksS;z (NBO/T = 0.60). Diminishing the NBO/T led to anciease inTy and
decrease in CTE values. The higher CTE value asgla3 compared with,(S;7 can be

explained by the effect of incorporation of potassication in the glass network. In general,
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alkali ions fill up the glass structure intersticabus preventing bond bending which
consequently increases CTE. This effect, howevan be compensated by addition of
intermediate oxides (such as.@k) that reduce the concentration of NBOs, provideat t

molar concentration of Al does not exceed thaheftharge-balancing catioresd.alkalis)?
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Fig. 2— Thermo-physical properties of the experimentaleated bulk glasses (R and
Al,0O5 content in mol%): (a) Dilatometry, (B), andTs versus additives content, and (c)
differential thermal analysis (DTA) thermographgtdsses G3 andxS;7 at different heating
rates = 2, 5, 10 and 15 K/min).

117



Figure 2c presents the DTA thermographs of gla&®and L3S;; at different heating rates
to reveal the influence of AD; + K,O introduction on devitrification behaviour of gas
L23S77. As is evident from Fig. 2c, the crystallisatioanee for glass G3 is shallower and
exhibits a considerable shift to high temperatuiith wespect to glass,kS;7. These data
clearly demonstrate stronger ability of glasgS3;; for devitrification due to coarser scale
morphology and a relatively higher volume fractminthe droplets observed in parent glass
(Fig. 1d). Similar to the other glasses in thgQ-tSiG, system containing less than 30 mol.%
Li,O, nucleation in ksS;7 glasses was initiated by metastable liquid-ligoichiscibility® that
was more extended than in® and KO containing derivates. The activation energy of
ystallisation E;) as obtained in our previous study for glassgS# and G3 are 153 and 330
kJ/mol? respectively, reflecting the structural role of,®4 which is probably contributing
towards decreasing the immiscibility trend, thuduegng mobility of the glass-forming ions

and ionic complexes operative in the crystallisapoocess.

The #°Si and®*’Al MAS-NMR spectra of the samples (Figs. 3a, bpesively) exhibit broad
bands which indicate the amorphous nature of inyastd material&?® Glass 125S;7 exhibited
two characteristic peaks MSi MAS-NMR spectra at about92 and-108 ppm (Fig. 3a),
which can be assigned to a mixture@fandQ’ species, respectively. The addition o§@B8
and KO resulted in a broadening of spectra and shittiegpeak centred aB2 ppm to lower
values. These features imply towards decreasindoruwfQ® species at the expense of more
polymerisedQ” units and are consistent with calculated NBO/TleNon of CTE, Ty andTs

values.

The /Al MAS-NMR data are shown in Fig. 3b. A signal a&2-ppm evidenced about
dominant presence of tetrahedral aluminium in la#l ALO3; + K,O containing glasses and
especially in G1 and G2. It is noteworthy that XIspecies are characteristic networking-
forming units of aluminosilicate glasses causingrease in crosslinking of the glass
structure'® Therefore, as the sum of &; and KO increased the (Al§}) glass forming units
are incorporated in the network @8 species. To maintain local charge neutrality, (A0
units will be charge compensated by alkali cati@g Li*) which must be present in the
vicinity of each such tetrahedron. The result$’8f MAS-NMR study strongly support our
previous presumptidnconcerning the role of AD; as glass network former with four-fold
coordination of Al(IV) species in the experimentampositions G1, G2 and G3**
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Fig. 3- 2°Si MAS-NMR (a) and”’Al MAS-NMR (b) spectra of glasses. The insertionsh
the?’Al MAS-NMR spectrum for glass G3.
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Fig. 4— SEM of bulk glasses heat treated at different txeupires.
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Surface crystallisation and dendritic skeletal talygrowth which can be observed in SEM
images of both G1 and G2 glasses (Fig. 4), beifgther evidence of the structural role of
Al®* that apparently increased viscosity of those gkmsand greatly decreased the
immiscibility trends. On the contrary, fine grainedlume crystallisation has been observed

in low alumina G3 glass.

3.2 Glass powder compacts

Well-sintered GCs demonstrating flexural strengalues 114 + 2, 158 + 5 and 81 + 8 MPa
for G1, G2 and G3, respectively, were obtainedr dfeait treatment of glass powder compacts
at 800 °C for 1 h. Further heat treatment at 858i§@Gificantly improved densification of G3
compared to G1 and G2 whereas maximum bendinggitrealues as 189 + 8 (G1), 195+ 9
(G2) and 224 + 4 (G3) MPa were revealed after gimgeat 900 °C for 1 h. Figure 5 presents
the SEM images of glass powder compacts G1 ande@Btieated at 800, 850 and 900 °C. At
the lowest temperature, structural features @Bi0; (LS) crystals which possess a chain
silicate structure and crystallised dendriticalgndoe observed. It is known that LS crystals
are particularly easy to dissolve from GC by dilatglrofluoric acid while the surrounding
aluminosilicate glassy matrix is considerably meesistant to acid attackAt 850 °C, LD
crystals start up to grow in the form of submicgired rods and act as nucleating sites for
new rods. LD crystals uniformly embedded in glassgtrix were responsible for high
mechanical strength of these GCs at 900 °C. Acogrtti XRD data (spectra are not shown),
LS was revealed as the single crystalline phaseGi after sintering at 800 °C, while GC2
and GC3 comprised LS along with quartz (Q) and asDninor phases.

At 850 and 900 °C, GC3 exhibited almost monomineoahposition of LD with peaks of low
intensity attributed to quartz. In compositions & G2, both LS and Q were found as minor
crystalline phases at 850 and 900 °C. UnlikgQAland KO containing GCs, binary,kS;7
composition featured very poor sinterability thudibiting bending strength of 13 + 2 MPa
and density of 2.14 + 0.04 g/érat 900 ° for 1 h (Fig. 5a). This phenomenon camxgained

by lower E. for L,3S;7 compared to G3 causing formation of large fracttdh.D phase that
hinders the densification procéédndeed, LD was the main crystalline phase igSk; glass
powder compacts sintered at 800 and 850 °C. At°@both LD along with quartz became

the principal crystalline phases while tridymiterad with cristobalite were also recorded.
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The FTIR spectra of glass powder compacts heaettest 800, 850 and 900 °C are presented
in Fig. 6. In all AbO3; and KO containing compositions. transmittance bands®phasei.e.
525-527, 604, 635-638, 728—-732, 846—851, 932, 8d31854-1057 /cm were revealed at
lower temperature¥’. For instance, FTIR spectrum of G1 at 800 °C exdibivell resolved
bands at ~527, 609, 730, 850 and 923 /cm, andllwshaand at ~1060 /cm, which resembles
the above mentioned typical values for LS (Fig. 6a)

G1-800°C 3pm G3-800°C

G1-850°C 3um G3-850°C 3 um

G3-900°C 3um

Fig. 5— SEM of glass powder compacts G1 and G3 heat ttedt®00, 850 and 900 °C.

The absence of other significant bands suggestad_Bis the only crystalline phase formed
in G1 at this temperature. The sharpness and ityevisthese bands tend to be diminished
and shifted slightly to higher frequency valueshwiicreasing sintering temperature. Thus, at
850 °C new peaks characteristic for transmittarfceDb phase were revealed and become
more pronounced at 900 °C. The FTIR patterns oa@2G3 glasses sintered at 800 °C (Fig.
6b) are quite similar to spectrum of G1. Howeveansmittance bands in the spectra of G1,
G2 and G3 at 850 and 900 °C mostly correspond taiyBtalline phase. Binary 4D; and
K>0 free L,3S;7 composition featured several peaks at ~475, 583, 860, 788, 940 and
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1108 /cm (Fig. 6d). These transmittance bands eaassigned to LD control-crystal (470,
548, 635, 756, 782, 936, 1022, 1108 and 1212 M) 850 and 900 °C FTIR spectra
presented similar profile coupled with appearantesmall peaks at ~450 and 692 /cm

corresponding to standard quariz.
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Fig. 6— FTIR spectra of the investigated glass powder @utg(a) G1, (b) G2, (¢) G3 and
(d) Lp3Sy7 after heat treatment at 800, 850 and 900 °C forréspectively. Typical spectra for
quartz (Q), lithium disilicate (LD) and lithium neilicate (LS) are indicated in the figure.

From the hot stage microscopy observation perforiméke previous study two main steps of
sintering were revealed for G1, G2 and G3 compmssft First sintering step was initiated at
temperatures slightly higher thdiy and retarded by crystallisation of LS at aroun@® 60
whereas a second shrinkage step started almostrsynically at about 800 °C for all ADs
and KO containing compositions. Moreover, the intenaalfirst sintering step was wider for
G1 (68 °C) and G2 (49 °C) than for G3 (45 °C).
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Fig. 7— Quantitative crystalline phase evolution in GCelbined from Rietveld-R.1.R.
refinement at (a) 800 °C and (b) 850 °C. Phasemdieated in the figure as Q (quartz, 90
LD (lithium disilicate, LbSibOs) and LS (lithium metasilicate, 1$i05).

Nevertheless, deeper investigation was requiredqt@ntifying content of crystalline and
amorphous phase. Therefore, Rietveld-R.I.R. refer@mwvas conducted for the samples
sintered at 800 and 850 °C, i.e. in the intervatmvh second phase of sintering took place and
was accompanied with new phase transformationsmHrg. 7a, it is clear that ,bS;7
composition at 800 °C contained about 53.0 wt.% B2l wt.% quartz and 43.6 wt.%
amorphous phase. In comparison tgS;;, compositions G1, G2 and G3 featured lower
crystalline content (mainly LS and quartz), buth@gamount of residual amorphous reservoir
(52.7, 62.4 and 77.6 wt.% for G3, G2 and G1, retbpaly). After heat treatment at 850 °C,
no deviation in LD content was revealed inn3y7 although quartz content increased up to 19
wt.% at the expense of silica rich amorphous pligge 7b). It is due to the precipitation of
residual silica glassy phase (density 2.20 g)cm the form of quartz (density 2.65 g/&m
that overall volume of the system decreased. Howéle occurred volume changes were not

sufficient to cause appreciable increase of demsitymechanical strength even after 900 °C.

Unlike Ly3S77, the volume changes in G3 at 850 °C were assdciain both reaction of
residual glass with LS causing formation of largacfion LD (up to 70.7 wt.%) and
simultaneous densification of residual amorphoussphowing to its lower crystallinity (Fig.
7a). The densification was less pronounced in G2 @i since LD was formed in low
amount and mostly due to reaction between LS arattzjwhereas the amount of glassy

phase remained almost constant. The reason fowtsgghat significant level of densification
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of G1 and G2 was attained during the first sintritage before crystallisation starfed.
Formation of LD was advanced in G2 and mostly in i@the interval 850-900 °C. The
results of Rietveld-R.I.R. refinement are well etated with the viscosity—temperature
curves for G1, G2 and G3 glasSesidencing that the glass G3 exhibited lowestosiy at
temperatures below 850 °C and at the constant tatupelog /7 (G1) >log 77 (G2) >log 17
(G3). The opposite trend was observed at tempe&stigher than 850 °C when compositions
G2 and G3 demonstrated higher viscosity than Gis &n be explained by formation of a
larger fraction of LD in GC3 and GC2 at 850 °C (Hb).

4. Conclusions

This study demonstrates that slight changes ifuhthsilicate glass composition may have
significant effects on chronology and morphologypbases. A careful selection of additive’s
amount is crucial to ensure that internal nucleatind moderate crystal growth rate in parent

glass occurs. The following conclusions can be driram the above discussed results:

1. Liquid—liquid phase separation occurred in all tineestigated monolithic bulk
glasses. The mean droplet diameter and the populadiensity of droplets
diminished by increasing amount of 8k and KO demonstrating that aluminium

greatly decreased the immiscibility trends in thgl=SiQ, system.

2. Al,Os- and KO-free Lp3S;7 glass demonstrated higher rate of crystal growth t
extended phase separation.

3. The addition of AJO; and KO in the as-investigated proportions favoured the
decrease of CTE and an increaseTgfand Ts. The surface crystallisation and
dendritic skeletal crystal growth was observed @mpositions G1 and G2 with
higher ALO; and KO content whereas bulk crystallisation with fineiged

microstructure has been attained in low alumingy(@ss.

4. *°Si MAS-NMR spectra evidenced a decreasing numbé&Pafpecies at the expense
of Q* implying towards polymerised structure of 8 and KO containing

compositions.

5. The peaks of’Al MAS-NMR spectra of G1 and G2 glasses were cehate~52 ppm
corresponding to tetrahedral four-coordinated AJ(Bpecies confirming the role of

Al,O3 as glass network former.
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6. The sintering and crystallisation of /8l;- and KO containing compositions in the
silica reach region of LD-SiG system, which resulted in well-densified and

mechanically strong fine-grained GCs with LD astiegor crystalline phase.

7. Glass G3 exhibited most promising thermo-physicedpprties due to careful
selection of AJO; and KO additives promoting internal nucleation and matker

crystal growth rate.

Further investigations of new materials will be uggd to study chemical durability,
mechanical properties (fracture toughness, Weiboltlulus, etc.) as well as to optimise their

processing parameters.
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Abstract
Glass compositions with formula (71.38-SI0, — 2.63 AO; — (2.63%) KO —23.7 LyO

(mol.%, x = 0-10) and SiglLi,O molar ratios far beyond that of stoichiometrithilim
disilicate (LpSi,Os) were prepared by conventional melt-quenchingrigpre to investigate
the influence of KO content on structural transformations and dém#iion behaviour of
glasses in the kO-SiQ, system. The scanning electron microscopy (SEMjnaxation of as
cast non-annealed glasses revealed the presencanosized droplets in glassy matrices
suggesting occurrence of liquid—liquid phase sdmara An overall trend towards
depolymerization of the silicate glass network witbreasing KO content was demonstrated
by employing magic angle spinning-nuclear magneggonance (MAS-NMR) spectroscopy.
The distribution of structural units in the expeeimal glasses was estimated usit®j MAS-
NMR spectroscopy suggesting the appearand@®penhancement d®® and diminishing of
Q* groups with increasing 40 contents. X-ray diffraction (XRD) and differentidermal
analysis (DTA) were used to assess the influenc& on devitrification process and
formation of lithium disilicate (LiSiOs) and/or lithium metasilicate (k$i0;) crystalline

phases.

Keywords:Glass; Glass ceramics; Lithium disilicate; Thernigygical properties
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1. Introduction

The immiscible region between the,Q2SiQ and SiQ end members is an important
feature in the LHO-SiIQ, system. The synthesis of glass-ceramic (GC) nzsein the L3O—
SiO, system is based on controlled nucleation and altiigtion of lithium metasilicate
and/or lithium disilicate phases which govern theperties for the final product. The glasses
with SiO, contents higher than the stoichiometricQi2SiQ (33.33 mol.% LiO—66.66
mol.% SiQ) tend to separate into a matrix phase with a caitipa almost similar to that of
lithium disilicate along with an isolated droplei0s rich phasé, while glasses with LD
contents <30 mol.% usually turn out to be opalesoceropaque on cooling owing to phase
separatiort:®> Although, nucleation of base glass with stoichiinecomposition of lithium
disilicate has been widely investigated for GC nfactre? the GCs derived from this parent
binary system exhibit some unfavourable charadiesisn terms of their mechanical and

chemical properties which hinder their potentigblagations in several technological areas.

On the other hand, lithium disilicate GCs derivaahi non-stoichiometric compositions have
proven themselves to be potential candidates fdfierdnt functional applications, for
example: dental restoration8, metal-glass seafs®® etc. Fundamental research on certain
non-stoichiometric lithium disilicate based glassnpositions was carried out by Stookey
(1959)M It is noteworthy that according to Holand and Betile term ‘non-stoichiometric’
implies that Si@QLi,O molar ratio deviates greatly from 2:1 and theteysin rendered
considerably more complex with numerous additioc@nponents and nucleating agents.
However, the present investigation aims towardsestigating a relatively simpler non-
stoichiometric lithium disilicate based GC systanthe glass forming region of J0—K,0O—
Al,0s-SiO, with its SiGQ/Li,O molar ratio varying between 2.69 and 3.13. Theuianeous
incorporating of KO and AbO; is known to significantly improve the chemical doility of
lithium disilicate GC$; ***3therefore justifying the choice of these two oxidie the present
study. One of the main objectives of this study wamvestigate the influence of replacing
increasing amounts of Sy equimolar amounts of X on the structural transformations
occurring in the non-stoichiometric lithium disdite glasses, and on their crystallization

mechanism.
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2. Experimental procedure
2.1 Glass Preparation

The investigated glass compositions were designexbrding to the general formula
(71.78%)SiO—-2.63AL0s—(2.634%)K,0-22.96L5O (mol.%), wherex changed from 0 to 10,
with SiO,/Li,0 ratios far from lithium disilicate stoichiomet(giO,/Li,O = 2). Accordingly,
the glasses have been labelled as @&pending on the amount op® being substituted for
SiO; in the glass compositions. For example:&lirresponds to the parent composition, i.e.
x = 0 and KO/AI, O3 =1. Table 1 presents the detailed compositiorhefglasses along with
their corresponding SiLi,0, SiG/K,0 and KO/Al,O; ratios.

Table 1 — Compositions of the experimental glasses.

Oxides (mol.%)

Li,O KO Al,O; SIiO;  SiOJ/Lix O  SIG/K0  KyO/AILO;

GKo 2296 2.63 263 71.78 3.13 27.29 1.00
GKos 2296 3.13 263 71.28 3.10 22.77 1.19
GK1 2296 3.63 263 70.78 3.08 19.50 1.38
GKys 2296 4.13 2.63 70.28 3.06 17.02 1.57
GK> 2296 4.63 2.63 69.78 3.04 15.07 1.76
GKzs 2296 5.13 263 69.28 3.02 13.50 1.95
GKs 2296 7.63 263 66.78 291 8.75 2.90
GKypp 2296 1263 2.63 61.78 2.69 4.89 4.80

A total of eight glasses were prepared in Pt-clesitusing melt quenching technique. The
powders of technical grade SiQourity >99.5%) and of reactive grade,@}, Li,COs, and
K,COs were used. Homogeneous mixtures of batches (~LQfhtained by ball milling, were
calcined at 800 °C for 1 h and then melted in Btibfes at 1550 °C for 1 h, in air. The
glasses were produced in bulk (monolithic) formpmyring glass melts on bronze mould in
two different sets. The glasses of one set wereddiately annealed at 450 °C for 1 h; the

other set of glasses was preserved in the non-ktheandition.
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2.2 Thermo-physical properties of glasses

The coefficient of thermal expansion (CTE) of thenealed glasses was measured by
dilatometry using prismatic samples of bulk glasséth cross section of 3x4 nfn{Bahr
Thermo Analyse DIL 801 L, Germany; heating rate 5miq™). The differential thermal
analysis (DTA, Setaram Labsys, Setaram InstrumientaCaluire, France) of glasses was
carried out in air from room temperature to 1000ateating ratefj of 20 K mir*. The
glass powders with sizes in the range of 500-1@00collected by sieving of crushed non-
annealed glass blocks) and weighing 50 mg wereagwed in an alumina crucible and the
reference material was-alumina powder. The value of the glass transitemperatureTy,
crystallization onset temperatuii&,and peak temperature of crystallizatidpwere obtained

from the DTA scans.

Archimedes’ methodi.g. immersion in ethylene glycol) was employed to mueasthe
apparent density of the bulk annealed glasses whiek further applied along with
compositions of glasses to calculate their excedanwe /) according to a procedure

described elsewherfe.

2.3 Structural characterization of glasses

295 MAS-NMR spectra were recorded on a Bruker ASX 4pectrometer operating at 79.52
MHz (9.4 T) using a 7 mm probe at a spinning rdté kHz. The pulse length wass and
60 s delay time was used. Kaolinite was used ashbmical shift referencé’Al MAS-NMR
spectra were recorded on a Bruker ASX 400 spectemuperating at 104.28 MHz (9.4 T)
using a 4 mm probe at a spinning rate of 15 kHz pulse length was Oy and 4 s delay
time was used. Al(Ng); was used as the chemical shift reference. @hdistributions were

obtained by curve fitting and spectral deconvohutising DMFIT program (version 201'7).

2.4 Crystalline phase analysis and microstructablution in glass-ceramics

Bulk parallelepiped glass samples were heat treatedsothermaly at 600, 700, 800 and 900
°C for 1 h, respectively, at a heating rate of 2nka™’. The amorphous nature of the parent
glasses and the nature of crystalline phases pgrasdhe GCs were determined by X-ray
diffraction (XRD) analysis (Rigaku Geigerflex D/M&Series, Japan; CuoKradiation, B

between 10° and 60° with &-8tep of 0.02 °$). The crystalline phases were identified by
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comparing the obtained diffractograms with patterofs standards complied by the
International Centre for Diffraction Data (ICDD).

Microstructure observations were done at polisimeidr¢r finishing) and then etched surfaces
of samples (by immersion in 2 vol.% HF solution ief2 min) by field emission scanning

electron microscopy (SEM, Hitachi SU-70, Japan)airss:condary electron mode.

3. Results and discussion
3.1 Casting ability and microstructure of glasses

Heating at 1550 °C for 1 h was adequate to obtabble free, homogenous transparent and
colourless glasses from all the investigated comipoas. The absence of any crystalline
inclusions was confirmed by XRD and SEM analysdse BEM images of as cast non—
annealed samples (Fig. 1) revealed nanosized dsophebedded in the glass matrices of all
investigated compositions suggesting the occurreridequid—liquid phase separation. The
droplet size and density distribution observechm phase separated zones were small enough
to avoid Tyndall effect, thus, resulting in transgrd glasses. It is noteworthy that liquid
separation is often the precursor to nucleationamstal growth in certain GC compositions

and can profoundly influence the crystallizationhga®®

According to Vogef metastable immiscibility that occurs in binarg@i-SiG system causes
segregation of glassy phase into droplet-like zookdi-rich phase and Si&rich glass
matrix. Moreover, the mean droplet size was fouodbé a function of LO and SiQ
contents. In particular, a bell-shaped curve showekima for SiQLi,O= 4.95 (~16.8
mol.% of L,O) and minima for both pure silica glass and stoictetric lithium disilicate
composition. Assuming similar structural roles 0O and KO in the investigated glasses, a
steady decrease in size of droplet-like zones shbalexpected with increasing contents of
K.O. However, our experimental results presentedign Fshow an opposite trend with the
mean droplet size growing with increasingCK contents. This can be explained by the
preferential distribution of O in the LpO-rich droplets® preventing diffusion of LiO
towards SiQ rich region. Consequently, a composition gradiegtiveen separated droplet-
like zones and silica rich glassy matrix becomesatgr with increasing content® leading

to less homogeneous glass structures. The graomuatihg of SiQ content in glasses and the
consequentially decrease in volume fraction ofsiliea-rich phase is expected to enhance the
droplet like LpO and KO rich phasé®
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Fig. 1- SEM images of the experimental non-annealed blakksgs (etched with 2 vol.% HF

solution for 1 min).

3.2 Structure-property relationships in glasses
3.2.1 Density, Ve, CTE and Tg

The density values of annealed glasses variedenahge of 2.36-2.43 g ci(Table 2). A
slight increase in density was observed from thremtaglass composition (GKto the glass
GKos, followed by a broad plateau until glass £kind a new step increment to the glass
GKss After that, density increased in direct propartwith further added amount of,Q
reaching the highest value for the glass;&Kince, density of glasses is an additive property
therefore, the constant values of glass densitycdonpositions GKs, GKi, GKi 5 and Gk
may be attributed to the smalL® increments in the glasses. However, sound concisis
regarding the structure of glasses cannot be dragnely on the basis of density variatidfs.
Therefore, in order to obtain a clear trend abbatibfluence of KO/SIO, ratio on structure

of investigated glasses, the values of excess molame {) were calculated from density
and glasses’ molar composition data and featuideceease of excess volume of glasses with
increasingx values (Table 2). The incorporation of thgxknetwork modifier alters the glass
properties. The formation of less directed ionind® makes the structural skeleton to
collapse into a closer packing, thus leading tauced degree of cross-linking, which, in turn,
reduces the glass transition temperatufg (Fig. 2). Further, an increased polarizability
arising from the negatively charged non-bridgingnas enhances the anharmonicity of
thermal vibrations, thus leading to an increas#énCTE of glasses (Table 2; Fig.'2).
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Table 2 — Thermo-physical properties of the expental glasses.

d Ve CTE Ty Tc Tp
(g cmd) (cn?® mol™) NBO/T +0.1 (10°K™)  #2(°C) +2(°C) 2 (°C)
GKop 2.36+0.01 1.26+0.01 0.60 9.65 505 702 821
GKos 2.37+0.01 1.12+0.04 0.61 10.16 504 698 817
GK; 2.37+t0.01 1.08+0.05 0.63 11.52 503 695 806
GKis 2.37+x0.01 1.11+0.04 0.65 11.34 501 663 818
GK> 2.37+0.01 1.03+0.01 0.67 11.41 502 667 812
GKys 2.38+t0.01 0.97+0.01 0.68 11.51 500 663 800
GKs 2.40+0.01 0.76+0.01 0.78 12.70 496 658 778
GKio 2.43+0.01 0.34+0.02 0.98 14.68 481 582 723

Furthermore, the kinks observed in the values o @hdTy (Fig. 2) as well as in the values
of Ve (Table 2), wherx ranged from 0.5-1.5, can be attributed to the y@ssjve changes
brought by the network modifier, thus making thediion of less basic so-called intermediate
oxides somewhat ambiguous. In the present systelawha certain LJO/K,O ratio, further
adding the basic modifier oxide.d. K;O) into the glasses forces,O to enter the glass
network. This gives rise to the formation of (Li§® structural units with a coordination

number of 4. Therefore, strengthening the silihss network occuré.

3.2.2 MAS-NMR

The ?°Si MAS-NMR spectra of glasses GKGKs and Gkg are plotted in Fig. 3 while
chemical shifts ), linewidths Q3) and area fractions (%) of the signal componemnés a
presented in Table 3. In general, the spectra feahnoad bands, which indicate the
amorphous nature of these materials. For each csitigpg a resonance line covers the
chemical shift range of silicon in sevel groups with n = 0, . . ., #.In particular, thé®si
MAS-NMR spectra for parent glass composition {3 centred at about -94 ppm (Fig. 3),
suggesting a mixture @° andQ* (Table 3).

An overall trend towards depolymerization of thikcate glass network with increasing®
content can be observed due to the following fact@) centering of’Si MAS-NMR spectra
at lower values, (b) formation @®® groups, (c) increasin@® and diminishingQ* units.
However, the?*Si spectrum for glass GKnot shown) deviates from that trend, exhibiting a
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chemical shift centred at about —95 ppm, thus immglyowards an increasing polymerization,

the reasoning for this was explained in the previgection.
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Fig. 2— Evolution of CTE andy with the amount of KO added to the parent composition.

Table 3 — Solid stat€’Si NMR chemical shiftsd), linewidths (\5) and area fractions (%) of

the signal components observed in glasseg GKs and GK,.

Q Q’ Q’
X ) Ad 0 NS 0 Ad
% % %
(mol.%)  (ppm)  (ppm) (ppm)  (ppm) (ppm)  (ppm)
0 - - 0.0 -92.2 172 743 -104.7 145 25.7
5 -78.4 4.9 1.7 -90.7 149 82.7 -102.6 12.8 15.6
10 -79.8 5.6 3.4 -89.1 15.2 90.9 -101.2 133 5.8

Schrammet al? investigated the extent " distributions for lithium silicate glasses in the
composition region between 15 and 40 mol.%0Lby *°Si MAS NMR spectroscopy. Values
for the mean chemical shifts used to fit the speofrthose glasses were —107 pgdi)( 92
ppm @Q3), -82 ppm ©Q?), -69 ppm QY), and —63 ppm@°). The three major speci€¥’, Q°,
and Q® were revealed. The percentage dfd@creases with increasing,Oi content, that of
Q°® goes through a maximum at 30 mol.%Q;j and the percentage @f showed tendency to
grow at higher IO concentrations. Particular emphasis should beeaddd to 22.5L0—-
77.5SiQ and 24L30-76SiQ glasses owing to their 1@ content and SigLi,O ratios

comparable with the compositions investigated inwark. According to Schrammat al?°
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the 22.5L50-77.5SiQ glass composition featured the distributiorQ3fgroups such as 0.1%
Q° + Q' 3.9% Q% 63.2% Q° 32.8% Q* while the 24LJO-76SiQ glass composition
presented the following distribution: 2.5@ + Q, 11.1%Q? 56.6%Q° 29.8%Q*. On the
other hand, these glasses ofQ+SiQ, system exhibited opalescence characteristic owing
precipitation of a droplet-like zones of Li-rich gde in Si@rich glass matriX; 2°
Introduction of additives such as»8 and KO resulted in glasses of transparent appearance
in this metastable liquid immiscibility region dteethe diminishing of mean droplet diameter
and the packing density of droplet phaSeMoreover, both activation energy for
crystallization and crystallization rate decreas@aalysis of the?°Si MAS-NMR data
obtained in our study revealed that the above roeetl phenomenon can be explained by
diminishing of Q* groups after equimolar addition of 8; and KO in Li,O-SiQ, system.
Apparently, Q* groups are responsible for the enhanced nucleatitm With regard to
immiscibility processQ? units as well as its clustering wit®®, which is not considered by
the Q" distribution theory, would account for the metagtaliquid immiscibility region,

whereasQ* units represent the silica-rich regith.

2’Al NMR spectra of our samples (not shown) revealeemical shifts from 52 ppm (G)to

55 ppm (GKg). The peaks shifting trend in the range of 52—phpusually indicates an
increasing predominance of tetrahedral aluminiurthéenglass structure. Therefore, the results
obtained suggest that the® added to the parent glass tends to enhance lthefrdl,O; as

the glass network former signifying that aluminiuma four-coordinate network-forming
species would not participate in the crystallizapocesses. This is consistent with the need
of an associated cation in the vicinity of eachate¢dral unit in order to maintain local charge
neutrality of the (AlQy)~ units with four bridging oxygers® In the present case, this
neutrality is assured by the presence gbKIn such coordination, the lions strengthen the
glass network and diminish crystallization tendedaying melt quenching. However, as the
ratio K;O/Al,O3 increases, the molar concentration gbkexceeds that of ADs;, causing the
formation of a larger fraction of NBO (Table 2). &de free potassium cations act as glass
network modifiers and are distributed in the glasatrix apart from the glass network

forming (AlOq4/)” units.
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Fig. 3— %°Si MAS-NMR spectra of glasses: (a) GKb) GKs and (c) GK,. Dashed curves

show the spectral deconvolution components usefitfiog the data.

3.2.3 Differential thermal analysis

The DTA plots of glasses with a heating ratedf 20 K mini*, shown in Fig. 4a, show well-
defined features comprising endothermic and exaotleepeaks from which transition point
(Tg), temperature of onset crystallizatiofi)(and peak temperature of crystallization)(
were determined (Table 2). In genefl andT, decreased with increasing® content (Fig.
4b) confirming earlier results that crystallizatioh K,O containing lithium disilicate glass
starts at lower temperaturesMoreover, lowering ofTy values are in accordance with
increasing non-bridging oxygens per tetrahedron@NB for potassium richer compositions
suggesting depolymerization of glass network. Adddlly it was revealed that the peak
temperature of crystallization shifted to highenperatures with increasin®y(figures are not

shown).

3.3 Crystallization behaviour of bulk glasses
3.3.1 Phase assemblage
Fig. 5 presents the X-ray diffractograms of gladsest treated at different temperatures. All

the investigated glass compositions were amorplafies heat treatment at 600 °C for 1 h
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except GKo that exhibits traces of lithium metasilicate (F@). The trend for the preferential
crystallization of lithium metasilicate with incrgag potassium content appears clear at 700
°C (Fig. 5b). As a matter of fact, low intensityage of lithium disilicate only appeared in the
GKjp sample heat treated at this temperature. Incrgdlenheat treatment temperature to 800
°C (Fig. 5c) favoured the formation of lithium disate in detriment of lithium metasilicate
within thex range of 0—1, while lithium metasilicate is thdyophase present for> 1 (also
valid at 900 °C). However, the parent glass contjpos{(zKy underwent partial dissolution of
lithium disilicate into lithium metasilicate and ayiz with increasing the temperature to 900
°C, while enhanced the intensity of lithium disdlie peaks in the G and GK
compositions (Fig. 5d).

M (a)

GKy) fu‘T

GK,
GK,
@\

350 500 650 800 950
Temperature (°C) X (mol.%)

Fig. 4— Thermal behaviour of glasses: (a) DTABat 20 K min™; (b) evolution ofT, andT,

with the amount of KO added to the parent compaosition.

The as obtained results suggest tha© Ksignificantly affects the crystallization process
suppressing the crystallization of lithium disiieaand promoting formation of lithium
metasilicate forx > 1. This conclusion is in agreement with the gtumh equimolar
replacement of 3 mol.% of 4O by K;O in the 73Si@ 2.15Ab03, 23.7LbO and 1.15p0s
(mol.%) base glass. This change in the crystallization behaviour canelxplained by the
lower value of the activation energy for crystatibn of lithium metasilicate in comparison
to that of lithium disilicaté> ***’Moreover, adding alkali oxides to silicate glassesreases
the melt viscosity, increases the fraction of NB@l a&nhances the tendency of the glass

towards devitrificatiorf>
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Fig. 5— X-ray diffractograms of experimental bulk glasafter heat treatment at different
temperatures for 1 h. LS: lithium silicate {&iOs, ICCD card 01-029-0828); LD: lithium
disilicate (LkSi,Os, ICCD card 01-070-4856); Q: quartz (SjT@CCD card 01-077-1060).

Bischoff et al®* quite recently demonstrated that in series with,&i,O molar ratio 2.39:1,

at 650 °C crystalline LSiO; is not only being formed from tH&* component present in the

glassy precursor material but also via a dispropeation ofQ® units in the glass according

to the reaction (1):

2Q3 (glass)— Q? (cryst.) +Q* (glass) (1)



Moreover, it was revealed reveals that @#Q* ratio was already significantly decreased in
the amorphous sample annealed at 530 °C, everebafgstalline LiSiO; can be observed in
either solid state NMR or X-ray powder patternsnafy, the formation of crystalline
LioSiOs in the sample annealed at 850 °C produced a stsbag peak near —92 ppm
supporting the synproportionation reaction (2):

Q’ (glass) +Q? (cryst.)— 2Q° (cryst.) (2)

Using this model and’SiIMAS-NMR results (Fig. 3; Table 3) we can expl#ie effect of
suppressing the crystallization of ,8i,0s and promoting formation of L$iO; with
increasing of KO content. Thus, considering the significant deseeafQ” units in KO-rich
glasses (e.g. GKand GKg) the probability of reaction (2) to occur decreasensiderably.

This leads to the formation of43iO; as a single phase directly fra@f or via reaction (1).

3.3.1 Microstructure

Fig. 6 shows the SEM micrographs for the glasses tieated at different temperatures. At
600 °C, composition G§ demonstrates coalescence of droplets into biggglomerates
(Fig. 6a). A superficial layer of crystals with alitic morphology, characteristic for lithium
metasilicate, is clearly observed in the samples treated at 800 °C (Fig. 6bjt 900 °C, it

is possible to observe the droplet-like zones cfidh phase, which are responsible for

formation of lithium disilicate crystals in bulkg®n of the specimen (Fig. 6c).

The phase separation in glasses with high€ Kontents conferred peculiar microstructural
features since these glasses separate into tweqhase of which is a continuous phase rich
in Li,O and containing considerable amount gbKMoreover, the addition of O seems to
have favoured surface crystallization in glasses, well as the formation of lithium
metasilicate fox > 1, in good agreement with the XRD data. Thusyrdace layer of lithium
metasilicate crystals grown towards the bulk caclbarly seen in Figs. 6d—f, for the samples
heat treated at 700 °C within therange of 1.5-10, respectively. The thickness @f th
crystalline surface layer increased from 1@5 (GK; 5 Fig. 6d) to 35Qum (GKs, Fig. 6e) and
925 um (GKqq, Fig. 6f), an effect that might be due to the erefd distribution of KO in
liquid—liquid phase separated,O-rich droplets. However, further information oncteation
and crystallization mechanisms needs to be gathei@dnvestigating the crystallization

kinetics of experimental glasses.
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Fig. 6— SEM images of bulk glasses heat treated at diffasmperatures for 1 h (etched

with 2 vol.% HF solution for 2 min).

4. Conclusions

An insight into the effect of ¥O on structure—property relationships and dewatiion

behaviour of glasses in the ,0-SiQ, system has been presented. The results can be

summarized in the following conclusions:

1. Liquid-liquid phase separation occurred in all stgated glasses and the
addition of KO to the parent glass led to increasing the meaplelrsize
and their distribution density due to a decreagngrgy barrier towards

phase separation caused by the lowering of glaisviseosity.

2. The?°Si MAS-NMR spectra evidenced a mixture@f (Si) andQ® (Si) as
the predominant structural units in all the glasddison increasing ¥O
content, newQ? groups appeared and the amountQ3funits increased,
whereas theQ* units diminished suggesting depolymerization oé th

silicate glass network.

3. The ?’Al MAS-NMR results suggested that the® added to the parent

glass tends to enhance the role of@4las glass network former, signifying
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that four-coordinate aluminium network-forming sg@sc would not

participate in the crystallization processes.

4. According to the®*Si MAS-NMR results, diminishing of* groups in
K2O-rich glasseseg(g. GKs and GK) suppressed the crystallization of

Li»Si,Os and promoted the formation of,SiOs;.
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3.5 The role of KO on sintering and crystallization of glass powder
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Abstract

The effects of KO content on sintering and crystallization of glassvder compacts in the
Li,O—K,O-Al,O3:—SiO, system were investigated. Glasses featuring/8igh molar ratios of
2.69-3.13, far beyond the lithium disilicate (LDi%i,Os) stoichiometry, were produced by
conventional melt-quenching technique. The sinteand crystallization behaviour of glass
powders was explored using hot stage microscopyM}iScanning electron microscopy
(SEM), differential thermal (DTA) and X-ray diffrion (XRD) analyses. Increasing,®
content at the expense of Si®@as shown to lower the temperature of maximumngage,
eventually resulting in early densification of tl@ss-powder compacts. Lithium metasilicate
was the main crystalline phase formed upon hedaititig the glass powders with higher
amounts of KO. In contrast, lithium disilicate predominantly ystallized from the
compositions with lower O contents resulting in strong glass-ceramics Wign chemical
and electrical resistance. The total content ¢® kKshould be kept below 4.63 mol.% for

obtaining LD-based glass-ceramics.

Keywords:Glass; Glass ceramics; Lithium disilicate; Thernigygical properties
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1. Introduction

Sintering of glass-powder compacts is a common gasiog route for obtaining glass—
ceramic (GC) materials with desired propertiésThe glass powders with high specific
surface area intrinsically provide uniformly dibuited nucleus sites in the entire volume of
the glass.’ The properties of GCs are determined by crys&lihases precipitated from the
glass reservoir while an excessively high crystalgh rate is to be avoided to not develop
coarse microstructure limiting achievement of higkchanical strength.®° Additionally,

sintering should preferably take place prior crijiziation thus both events being independent

processes.

Lithium disilicate GCs have attracted much interdsie to a wide range of practical
applications such as ceramic composites, ceramtatrsealing, dental restoration, été>
Production of those materials might be alternayilsed on sintering and crystallization of
glass powder compacts. In particular, dentistrjtorasion systems IPS Emprés® for
restoring three-unit fixed partial dentures uphe second premolar have so far been prepared
by hot-pressing technology of sintered ing8ts\pparently, besides the practical aspects,
lithium disilicate glasses have been a subject ahymucleation and crystallization theories
for decade$®® These studies focused on the@4SiQ, binary glass system and discussed
the growth interrelation between the;%L0s and LpSiOs (lithium metasilicate) crystalline
phases>?

In our previous attempts, the glasses containingDAblnd KO and featuring Sigli,O
molar ratios (3.134.88) were produced by conventional melt-quenchéegnique along with
a bicomponent glass 2300-77SiQ (mol.%)**?° Sintering and crystallization studies of
glass powder compacts revealed that Z3Li77SiQ composition exhibited high fragility
along with low flexural strength and density. Adlalit of Al,O3; and KO in equimolar amount
to Li,O—SiQ, compositions resulted in improved densificatiod arechanical strengtfi.

Recently we attempted to synthesis glasses in thassg forming region of
Li,O-K,0-Al,03-SiO, system with Si@Li,O molar ratios varying between 2:6913%
The role of KO and KO/SIGO, ratios on structural transformations, propertieaew glasses
in bulk form along with their crystallization mecafiam was investigated. THESi MAS-
NMR spectra evidenced a mixture®f (Si) andQ® (Si) as the predominant structural units in
all the glasses. Moreover, upon increasing Kontent newd? groups appeared, the amount

of Q* units increased, where&d' diminished, suggesting depolymerisation of thécaté
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glass network. The addition of,& was found to promote surface crystallizationlasges, as
well as the predominant formation of lithium meliasie phase.

This work, as the logical continuation of the recetdy® aims at investigating the effects of
K>O on sintering and crystallization of glass powdampacts in the LO-K,0-Al,03-SiO;,

system. The same glass compositions with ,&I@0 molar ratios varying between
2.69-3.13 have been prepared but in the frit form, aral dintering and crystallization of
glass-powder compacts were analysed by hot stagesobpy (HSM), scanning electron
microscopy (SEM), differential thermal (DTA) and r&y diffraction (XRD) analyses.
Another objective was to determine the influencekgd contents and ¥O/SiO, ratios on

thermal, mechanical and electrical propertiesestitant glass-ceramic materials.

2. Experimental procedure
2.1. Glass preparation

A total of 8 compositions were prepared accordimghe general formulae 23.7 (71-53
SiO, [2.63 AbO; [0(2.634) K,0 [23.7 LbO, wherex changed from 0 to 18.Accordingly,
the glasses have been labelled as @&pending on the amount op® being substituted for
SiO; in the glass compositions. For example:@&Krresponds to the parent compositios,

x =0 and KO/AI,O3; = 1. Table 1 presents the detailed compositiorte@fjlasses along with
their corresponding SiLi,0, SiG/K,0 and KO/Al,Ozratios.

Powders of technical grade SiQpurity >99.5%) and of reactive grade.@4, Li,COs, and
K.COs; were used. Homogeneous mixtures of batches (~)LGibtained by ball milling were
calcined at 800 °C for 1 h, melted in Pt crucitde4550 °C for 1 h in air and then quenched
in cold water. The obtained frits were dried andlediin a high-speed agate mill. The mean
particle size of the glass powders as determinedighy scattering technique (Beckman
Coulter LS 230, CA USA; Fraunhofer optical modefsmabout 5-10 pm.

2.2. Sintering and crystallization of glass powdempacts

A side-view hot-stage microscope (HSM, Leitz Weatzlaermany) equipped with a Pixera
video-camera and image analysis system was usewéstigate the sintering behaviour of

glass powder compacts. The cylindrical shaped sssnjppbm glass powder compacts with
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height and diameter of ~3 mm were prepared by paddsing the glass powders. The
cylindrical samples were placed on a 10x15x1*matamina (>99.5 wt.% AD;) support and
the measurements were conducted in air with argeasite [5) of 5 K/min. The temperature
was measured with a chromel-alumel thermocoupléacted under the alumina support. The
temperatures corresponding to the characteristscogity points [first shrinkageTgs),
maximum shrinkageTis), softening Tp), half ball Tyg) and flow {T¢)] were obtained from
the graphs and photomicrographs taken during thestage microscopy experimefit

Apart from HSM investigation, the sintering processs explored using non-isothermal heat
treatment of glass-powder compacts. Rectangulas @f5x50 mr) prepared by uniaxial
pressing (80 MPa) were sintered at 800, 850 and®°@0@r 1 h. A heating rate of 2 K/min
was maintained in order to prevent deformatiorhefgsamples.

Table 1- Compositions of the experimental glasses.
Oxides (mol.%)
Li,O KO Al,O; SiO, SiG/Li 0 SiG/K,0 KOl Al,Oz

GK 2296 2.63 263 71.78 3.13 27.29 1.00
GKos 2296 3.13 263 71.28 3.10 22.77 1.19
GK1 2296 3.63 263 70.78 3.08 19.50 1.38
GKis 2296 4.13 263 70.28 3.06 17.02 1.57
GK; 2296 4.63 263 69.78 3.04 15.07 1.76
GKys 2296 5.13 263 69.28 3.02 13.50 1.95
GKs 2296 7.63 263 66.78 2.91 8.75 2.90
GKyp 2296 1263 2.63 61.78 2.69 4.89 4.80

The following characterization techniques were eyet to analyse sintered materials: (1)
Archimedes’ methodi.€. immersion in diethylphthalate) to measure the egmpadensity; (2)
dilatometry measurements (Bahr Thermo Analyze DOl &, Hillhorst, Germany; heating
rate 5 K/min) to measure coefficient of thermal @axgion (CTE) (standard deviation obtained
from 3 samples was +0x10° /K); (3) differential thermal analysis in air (DTA.absys
setaram TG-DTA; heating rate 5 and 10 K/min); (4pddnt bending strength tests were
performed on rectified parallelepiped bars of sedeGCs (Shimadzu Autograph AG 25 TA,
0.5 mm/min displacement): the results were obtainaah 10 different independent samples;

(5) chemical resistance was established according® test standardsge. immersing the
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materials in acetic acid at 80 °C for 16 h and watithg possible weight loss (Lg/Omf* (6)

crystalline phases were identified by X-ray diftian analysis (Rigaku Geigerflex D/Mac, C
Series, Japan; CujKadiation, ® = 10-60° with a @-step of 0.02 deg/s) comparing the
experimental X-ray patterns to standards compilethb International Centre for Diffraction
Data (ICDD); (7) microstructure observations weone on polished (mirror finishing) and
then etched samples (immersion in 2 vol.% HF sofutor 2 min) by field emission scanning
electron microscopy (FE-SEM, Hitachi S-4100, Jap2i,kV acceleration voltage, beam

current 1QuA) under secondary electron mode.

For the measurements of total conductivity, deresamic samples sintered at 900 °C were
cut into disks with thickness of=B mm (diameter of 14 mm) and then polished withnatiad
pastes. Porous Ag electrodes were applied onto &idds of the glass-ceramic disks and
sintered at 600 °C for-40 minutes. The total conductivitg)(was determined by alternating
current (AC) impedance spectroscopy using a HP42@décision LCR meter in the
frequency range 20 Hz — 1 MHz. The measurements penrformed at 6300 K in flowing
dry and wet air or argon, where the water vapoutigdgressure was continuously monitored
by a Jumo humidity transducer. The lower tempeealimit was associated with increasing
electrical resistance of the glass-ceramics onigoleading to a higher noise level and lower
accuracy; the upper limit was selected in ordeavtoid possible volatilization of the alkaline
metal oxide components. The gas flows were driedpbgsing through silica gel or
humidified by bubbling through water at room tengtare.

3. Results
3.1. Glass and glass-ceramic samples preparation

Heating at 1550 °C for 1 h was adequate to obtaiarphous frits from all the investigated
compositions as confirmed by the absence of ctystainclusions using XRD analysis.
Apparently, glass preparation temperature decreasts growing KO content. Dense
samples of rectangular shape were obtained aftegrsig of glass-powder compacts at 800,
850 and 900 °C for 1 h. However, &land Gk, exhibited clear signs of softening at
temperature- 800 °C (Fig. 1) due to their higher contents &hkihe oxides (LiO+K,0).2>2°
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£
Fig. 1- Appearance of glass powder compact bars aftezrgagtat 900 °C for 1 h.

3.2. Sintering process of glass-powder compacts

During sintering of a glass-powder compact, smalketicles get sintered first and sintering
kinetics at the first shrinkage is dominated bynleek formation among smallest particles via
viscous flow?**** Maximum shrinkage is reached when larger pore® hlisappeared due to
viscous flow that reduces their radii with tirffe.However, some processes,g.
crystallization, occurring at the very end of siittg process might affect the densification
kinetics. A comparison between DTA and HSM resuitder the same heating conditions can
be useful to investigate the effect of glass contjos on sintering and devitrification
phenomena. In general, two different trends relam®dhe sintering and crystallization
behaviour of the glasses can be obsefdgd) the beginning of crystallizatiod) occurs
after the final sintering stage and, thus, sinterind crystallization are independent
processes; (2)T. appears before the maximum density has been mached the

crystallization process starts before complete ifieason, thus, preventing further sintering.

There are several important characteristic visggsiints based on the relation between the
temperatures measured by HSM and correspondingsitis?®? 34 (1) first shrinkage Te9):

the temperature at which the pressed sample stastwink, logn = 9.1 £ 0.1, wherq is the
viscosity in dPa.s; (2) point of maximum shrinkd@gs): the temperature at which maximum
shrinkage of the glass-powder compact is achieedoré it starts to soften, lag= 7.8 + 0.1;

(3) softening point Tp): the temperature at which the first signs of exiftg are observed
which is generally shown by the disappearance onamg of the small protrusions at the
edges of the sample, log= 6.3 £ 0.1; (4) half ball poinfl{;s): the temperature at which the

section of the observed sample forms a semicincléhe microscope grid, log = 4.1 + 0.1,
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and (5) flow point Tf): the temperature at which the maximum heighthef drop of the
molten glass corresponds to a unit on the micrascepale, logn = 3.4 + 0.1.AA,

corresponds to the ratio of final area/initial aoé#he glass-powder compacts.

The variation in the relative area/fo) and heat flow with respect to temperature is show
Fig. 2, revealing two steps of sintering. The tharcharacteristics and sintering parameters
of glasses obtained by means of DTA and HSM arensanzed in the Table 2. The initiation
of sintering occurred at ~48491 °C {esy) in all compositions while the extent of
densification at the first staged. temperature interval betwediys; and Tgsj) significantly
decreased with increasing® content and BO/SIO; ratio. The first sintering stage ended at
the point of first maximum shrinkag&ysy) that was fairly close to the onset of crystaliiza

temperatureT).

The second stage of densification occurred in camnge with devitrification process (Fig. 2)
that subsequently might cause a viscosity incréasiewever, the viscosity did not raise in
such an extent to prevent sinteriign contrast, shrinkage values,) of GKo—GKj glasses
were comparable with relevant data obtained atfithe stage. The subsequent GIGKg
compositions exhibited highest values of shrinksigggesting that the densification processes
for these glasses mostly occurred during the sesonidring stage. Another feature was that
the temperature of second shrinkagesf and the corresponding point of maximum

shrinkage Tus2 decreased with increasing amounts eDK

The photomicrographs demonstrating a change igéoenetrical shape with temperature, as
obtained from HSM, are presented in Fig. 3. ThealfTD for GK, is about 929 °C, which
is higher than the maximum sintering temperaturedus the experimental procedure (900
°C). Therefore no deformation sighs in g$amples were revealed (Fig. 1), likewise for;GK
and Gk that exhibitedTp values at about 947 °C and 928 °C, respective§blér 2).
Compositions with higher added amounts gfOKexhibited lower ability to withstand the
same temperature range. For instance, composiB&aand GK reachedlp at 830 and 709
°C, Tug at 910 and 916 °C, afi@ at 929 and 939 °C, respectively (Table 2).

3.3. Phase assemblage and microstructure

Fig. 4 presents the X-ray diffractograms of glasa/gher compacts after heating at 800, 850
and 900 °C for 1 h. Lithium metasilicate is the ongghase while quartz and lithium disilicate
are minor phases in Gkat 800 °C. Low intensive peaks of lithium disitealso appeared in
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the GKys—GK, samples heat treated at this temperature. Incigasie heat treatment
temperature to 85@00 °C favoured formation of lithium disilicate detriment of lithium
metasilicate within th& range of 62.

(a) (b)
34
303 3
< R 3
< o < o
26 5 S
T T
0_2 T T T T l T T T T T T 22 0 T T T T T T T T T T T 26
400 600 800 1000 400 600 800 1000
Temperature (°C) Temperature (°C)
(c) (d)
- 40
383 3
g < 3
- 36 L < o
I w
T T
- 34
O T T T T T T T T T T T 32 0 T T T T T T T T T T T 24
400 600 800 1000 400 600 800 1000
Temperature (°C) Temperature (°C)

Fig. 2— DTA and HSM curves for glass-powders (a) is60) GK;, (¢) GKs, (d) GKqo.

However, the intensity of lithium disilicate peattscayed with increasing.R contents and

the observed results suggest that the total ammiulitO in a glass should be less than 4.63
mol.% (orx should vary in the range of-B) to obtain lithium disilicate as the predominate
crystalline phase. Thus, lithium metasilicate wias only crystalline phase formed in the
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glasses containing higher amounts gfOKafter sintering at 800, 850 and 900 °C (insGK
weak peaks of orthoclase were also identified).

Table 2-Thermal characteristics of glasses and their shggrarameters.

DTA HSM
X Ty T Tp Test Tmst A Trs2 Twsz 4 AlA To Tue Tk
(°C) (°C) (°C) (°C)

507 599 672 487 611 0.18 774 924 0.17 0.65 929 945 964
499 596 669 491 611 0.18 758 874 0.20 0.62 947 957 967
494 588 675 487 593 0.19 717 870 0.20 0.61 928 937 954
493 563 651 488 565 0.11658 821 0.28 0.61 830 910 929
10 490 559 616 484 541 0.02621 707 0.390.59 709 916 939

g N +» O

GKo GK; GKs GK1g

Fig. 3— HSM images of glass powder compacts on aluminatgatles (* corresponds 16 of

composition Gk).

Fig. 5 presents the SEM images of glass powder aotapf compositions GKGK; s and
GKs after heat treatment at 800, 850 and 900 °C fdr. The microstructure of parent
composition Gl heat treated at 800 °C (Fig. 5a) reveals the oenoer of dendritic crystal
growth of lithium metasilicate and small crystafsgoartz dispersed in the matrix, which are

in accordance with the results obtained by XRD .(B&).

It is known that lithium metasilicate crystals grarticularly easy to dissolve from GC by
diluted hydrofluoric acid (HF) while the surroundimaluminosilicate glassy matrix is
considerably more resistant to acid attadkus, its presence is recognized by the replica
image resultant from acid etching. At 850 °C therostructure changed drastically revealing
the presence of laminar fibres of lithium disilie@mbedded in the glass matrix which further
grew with temperature increasing to 900 °C. Withréasing added amounts ob® the
content of glassy phase increased and lithium nhietts appeared as the predominant
crystalline phase, being in good agreement withXR® results presented in Fig. 4. In the
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case of GK s composition, the presence of laminar lithium disile crystals is only apparent
in the micrograph of the sample heat treated at®@QFig. 5d), although traces of lithium
disilicate have been detected at 850 °C (Fig. #dg micrographs of GKcomposition (Fig.
5h-j) are dominated by the morphological featurdslithium metasilicate crystals that
underwent extensive dissolution by HF attack. Tinalkorthoclase content detected by XRD
is also apparent as small equiaxed and whiteraisyst

3.4. Density, bending strength, CTE and chemicsistance of glass-powder compacts

Table 3 presents density and bending strength salfiglass powder compacts heat treated at
800, 850 and 900 °C for 1 h. The glass ceramicg -G&K, exhibited maximum density
(2.34-2.38 g/cni) and bending strength (~17&24 MPa) after heat treatment at 900 °C. The
samples GKs, GKs and Gk having higher KO/SIO;, ratios possessed maximum density
(2.34-2.38 g/cm) and bending strength values (-848 MPa) at the lower temperatures
(800 and 850 °C) that are in accordance with thelt® of HSM and DTA.

The superior mechanical properties of §5KGK; glass-ceramic samples can be explained by
the formation of lithium disilicate crystals (Fig) and their higher contribution to mechanical
resistance in comparison to lithium metasilicat&.

Fig. 6 shows the evolution CTE and chemical duiigbiith respect to KO content for glass
powder compacts heat treated at 900 °C for 1 h.cheenical resistance of GCs is high for
smallx values but noticeably decreased with increasig@/RiO; ratios. This trend was more
than expected considering the relatively high sititybof lithium metasilicate in acidic

environment.

The change of CTE with respect tg@ shows almost a linear trend (Fig. 6). In paracul
CTE gradually increases with the increments gDKn glass-ceramics. Since a GC might be
considered as a composite material, its CTE dependke type and volume fraction of both
crystalline and glassy phas&s® The increase of CTE with the increments gfKcan be
explained by the concomitant increase in the volimaetion of glassy phase (Fig. 4), and by

the precipitation of lithium metasilicate and orttase phases.

The increasing amounts of residual glassy phassdomles withx > 2.5, as deduced from
the noisy backgrounds in Fig. 4, will also negdtivaffect the chemical stability of glass-

ceramics’
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Fig. 4— X-ray diffractograms of glass powder compactsradftsat treatment at different
temperatures for 1 h: (a) GK(b) GKy 5 () GKy, (d) GKa 5, () GKs and (f) GKp. LS:
lithium silicate (LpSiOs, ICCD card 01-029-0828); LD: lithium disilicateifSi,Os, ICCD
card 01-070-4856); Q: quartz (SIOCCD card 01-077-1060); O: orthoclasexf;Si; 2032,

ICCD card 01-080-2108).
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Fig. 5— SEM images of glass powder compacts heat treatifferent temperatures for 1 h.

Table 3—- Properties of the glass powder compacts heaettestt several temperatures in air

during 1 hour.

X (mol.%)
0 0.5 15 2.5 5 10

Density (g/cm)
800°C 2.19+0.03 2.25:0.02 2.350.01 2.340.03 236:0.01 2.380.01

850°C 2.25+0.03 2.36:t0.03 2.35:0.03 2.31®*0.03 2.350.03 2.30+0.03
900°C 2.36+0.03 2.380.03 2.35:0.03 2.280.03 2.280.03 2.22-0.03

Bending strength (MPa)

800 °C 81+8 88+ 19 125+ 6 148+ 9 126+ 4 89+ 8
850 °C 216+ 3 151+ 11 176+ 11 138+ 10 139+ 12 76+ 10
900 °C 224+ 4 173+ 8 205+ 13 107+ 12 79+ 6 -
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Fig. 6— Evolution of CTEgo-400 «cand chemical durability with the amount offor glass

powder compacts heat treated at 900 °C for 1 h.

3.5. Electrical properties

Typical examples of the impedance spectra of gtasamic disks with porous Ag electrodes
are presented in Fig. 7. In all cases, the spemtresist of one semicircle with a small
electrode tail in the low-frequency range. In gahethis form is characteristic of dielectric
materials, in agreement with high values of theteleal resistance which can be calculated

from low-frequency intercept of the semicirclestba real axis.

(a) (b)
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__ 400+ 773K _ 400 N\ 773K
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o o °® ®
X 300 N\ X 300
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Fig. 7— Examples of impedance spectra of the glass-cesawith Ag electrodes, in dry air:
(a) GKy and (b) GK.

The total conductivity (Fig. 8) follows Arrheniusegendence and tends to moderately

decrease in the high-temperature range with incnésthe@mounts of KO. The latter trend
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originates from decreasing activation energy) (vhen KO content increases. Fig. 9 displays
the activation energy values calculated by the émris equation:

AO Ea
0 =——exp
T RT

were Ay is the pre-exponential factor. Although the obedrvariations of botle andE, are
relatively minor at KO concentrations varying in the narrow range of32® 7.63 mol.%,
these are higher than instrumental and statisticats.

-5
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T -6
L
@
o]
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dry air
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12 13 14 15 16

10T (/K)

Fig. 8— Temperature dependence of the total conductivigass-ceramic materials in dry

air.

Attempts to determine the type of prevailing chacgeriers using concentration cells, where
the dense glass-ceramic disks are placed undereaoxygater vapour and lithium chemical
potential gradient, failed due to the very highgtgty of the studied materials. Nonetheless,
the tendency to lowering the conductivity activatenergy with KO additions may indicate
a significant ionic contribution to transport preses. In the latter case, the ionic charge
carriers may include either metal cations *(LK") or protons formed due to water
incorporation, promoted by potassium doping. Inddabd total conductivity of the glass-
ceramics was found essentially independent on xlygem partial pressure, varied from 0.21
atm (dry air) down to approximately 2Gtm (flowing argon). At the same time, increasing
humidity at 633 K resulted in a slow increase @& tonductivity (Fig. 10). Again, this effect
is small but significant with respect to the expental error (23%). Notice also that

keeping of the glass-ceramics in humid atmosphatre06-400 K during 2 weeks did not
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lead to any significant changes in their bulk catolity, thus suggesting that minor
hydration is only observed at elevated temperatymedably due to kinetic reasons.

Whatever the microscopic mechanisms, the glassygeranaterials exhibit excellent

insulating properties at low temperatures. Thenmesiés of their total conductivity at room

temperature, obtained by extrapolation of the Amiie dependencies, vary fromx2D*®

S/lcm (Gky) to 1x10' S/cm (GK). Regardless of the slight decrease in the etadtri

resistivity induced by KO doping, the overall resistance level is very high
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Fig. 9— Composition dependence of the activation energyotal conductivity of the glass-

ceramic materials in dry air.
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Fig. 10— Time dependence of the total conductivity of {ffass-ceramics in dry and wet air.
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4. Discussion

From the results of our recent stutfythe addition of KO at the expense of SiGn the
Li,O-K,0-Al,03-Si0, system was found to promote surface crystallimatiobulk glasses,
as well as the predominant formation of lithium as#licate phase. However, considering that
the production of lithium disilicate GCs for modt the intended applications involves the
sintering and crystallization of glass powder coaotpait is of paramount importance to
evaluate how these thermal events are affectechéycomposition. Therefore, the current
work is focused on studying the influence obk(K amount and pO/SIO, ratio on

sintering/crystallization behaviour of glass powdempacts.

Glasses have been produced at 1550 °C for 1 kcapesany signs of nonhomogeneity in the
form of crystalline inclusions. Volatilization othemical species should be very low. As a
matter of fact, analogous glasses from the,SiQO-AIl,03-K,0-ZrO,—P,0Os systemthat

were firstly melted at 1370 °C for 2 h and subsatjyeheat treated at 1500 °C for 1.5 h
demonstrated to have almost the same chemical itigns after analysis as the planed

starting composition¥’

Densification of glass powder compacts is obtaittedugh viscous flow at temperatures
slightly higher than the glass transition tempet(ly). The desired order of events in a
glass-powder sintering process occurs when theersigt process is completed before
crystallization begins. Under these conditions,sgéematerials are obtaindd. From HSM
and DTA data it can be concluded that increasip@/RiO; ratio led to diminishing ofgs;,
Tusy, Trsz @andTusz parameters and temperature intervals betWggand Tes at both the first
and the second sintering stages. Consequent@;ri¢her samples get sintered during shorter
temperature interval and at lower temperatures twanpositions with lower O contents.
Therefore, the GKand Gk compositions reached half ball poifiu) even earlier than
softening point Tp) was attained in G§GK; glasses (Table 2 and Fig. 3). This behaviour is
in a good correlation with the trend observed ir ##8i NMR spectra of corresponding
glasses pointing towards depolymerisation of thiease glass network when,R/SiO, ratio

increased?

In general, the sintering and crystallization esestcurring in the experimental compositions
appear as independent processes only during tke dintering stage. Although these
compositions did not strictly follow the desiredjgence of events and sintering was partially

impeded by crystallization, all glass—powder conpagemonstrated excellent sintering
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ability and achieved the maximum expected densitjA¢~0.6)3° Similar trends were
observed in our previous work where sintering aedtdfication processes were investigated

in Li,O—SiQG, compositions with equimolar additions of,8 and K0.*°

Additionally, the difference betweeR. and Ty must be also taken into account. From the
Table 2 this difference is about-@27 °C for GKy—GK; glasses and 690 °C for GKs—GKjo
glasses confirming that compositions with lowefOKcontents show smaller tendency to
crystallization and greater glass stability.

XRD and SEM results demonstrated thapOK content plays a crucial role in the
crystallization process of glass-powder compacts. 2AAmatter of fact, the trend for the
preferential crystallization of lithium metasilieatvith increasing potassium content resemble
data received from crystallization of relevant bglasse$' Using the model proposed by
Bischoff et al®® and ?*Si MAS-NMR results from our previous work we can attempt
explaining the effect of suppressing the crystation of LiLSi;Os and promoting the
formation of LpSiO; with increasing KO contents. In particular, considering significant
decrease of)* groupings in KO-rich glassese(g. GKs and Gky), the feasibility of the
reactionQ* (glass) +Q? (cryst.) » 2 Q3 (cryst.) diminishes considerably. This leads te th
formation of single phase 43i0; directly fromQ? or via reaction Z)° (glass)~ Q? (cryst.)

+ Q* (glass)®®

Another interesting aspect is that the glass powderpacts are more prone to the formation
of lithium disilicate forx < 2, than the corresponding bulk glasses wiketd.. This behaviour
can be ascribed to the difference in preparatiomes of the parent glasses as water
quenching of the glass increases the @bhtent. The hydroxyl groups may act as a modifier
and break the silicate network, thus, reducinguiBeosity and activation energy of viscous

flow.*®

Sintered glass powder compacts witbOKcontent less than 4.64 mol.% featured enhanced
mechanical properties (bending strength P23 MPa) and high chemical resistance
(~25-50 pg/cnt) due to the predominant crystallization of lithiufisilicate crystalline phase.
The chemical durability of the experimental comgioss is similar to that reported for IPS
Empress 2 (50ug/cnt), but materials are more resistant than IPS Esspre (122 mg/crf)

for layering techniqué.

The 3-point bending strength values are lower thase reported for IPS Empréss (400 +

40 MPa)* * It is known, however, that hot pressing technigeed to prepare samples of
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commercial GC can significantly improves bendingesgth! To prove this assumption,
additional experiments were attempted on the sgighand processing of a commercial glass-
ceramic composition: 69.6 Sj01.10 AbO3, 3.90 BOs, 3.30 KO, 15.4 LpO, 0.50 TiQ, 0.30
CeQ, 0.30 La0s, 5.20 ZnO, 0.20 MgO, 0.20 Fa; (Wt.%)** A bending strength of 341+98
MPa was reported for this material when processeddt pressing® According to the
specifications giveft® the glass was melted in a platinum crucible a1%5 for 1 h followed

by quenching in water, drying and milling the ft@t an average particle size of 20 to 30
microns. Then, rectangular bars (4x5x50Inmere prepared by uniaxial pressing (80 MPa)
following the same experimental procedure used dompositions Gk—GKjo. The as
obtained bars were also similarly fired at 500 6C1 h and then at 850 °C for 2 h (the rate of
heating was 30 K/min) as recommended&®iihus, hot pressing procedure has been excluded
from sample preparation. The average flexural gtre(for 10 samples) measured in a testing
machine (Shimadzu Autograph AG 25 TA) was 199+14aMkhich is comparable to other
experimental values reported for LD GCs (190-234aMP*° 204.75 + 49.81 MPY).

The activation energies for total conductivity bétglass-ceramic materials are significantly
higher than those found for lithium disilicate $8&8°*° and close to value obtained for 100%
crystallized lithium disilicaté® In general, GCs materials featured low total caigtity
(~2x10*® S/cm for Gk) suggesting a number of practical applicatione/firich this property

is relevant.

5. Conclusions

The data gathered and discussed in the frame optegent work enable the following

conclusions to be drawn:

1. The sintering/densification of the glass powder paots occurred in two
steps. Sintering started at ~4881 °C {sy) in all compositions while the
extent of densification along the first stage digantly decreased with
increasing the added amounts gfKand the KO/SIQ; ratio. The second

stage of densification occurred in competition vatiistallization process.

2. Increasing the BO/SIO; ratio led the thermal parametélissy, Tusi Trs2
and Tys2 to decrease, a trend that was also observed éotetimperature
intervals betweenlys and Tgs. This suggests that ,R-richer samples
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(GK25, GKs and GKg) get sintered within a shorter temperature interva

and at lower temperatures.

3. The gradual substitution of Si®y KO in glass compositions suppressed
the crystallization of LiSi,Os and promoted the formation of,5iO; upon

sintering the glass powder compacts.

4. The glass powder compacts demonstrate wider rarigéheo lithium
disilicate formation withx < 2 (<4.63 mol.% KkO) than the corresponding
bulk glasses witlt <1 (<3.63 mol.% KO).

5. The predominant crystallization of lithium disdie in low-KO
compositions resulted in glass-ceramics with higachanical strength
(~173-224 MPa), chemical resistance (=89 pg/cnf) and low total
conductivity (~x10*® S/cm for Gk) making the materials suitable for a

number of practical applications.
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Abstract

The main objective of this work was to evaluate éffflect of ALOs; in the LbO-SiQ, glass
system followed by investigation of structure, pedjes and phase formatigghenomenon in
glasses of 3 different systeme. Li,O-SiO,, Li,0O-Al,03-SiO, and LbO-K,0-Al,03-SiO..
Contribution of both AlIO; and KO to the surface tension and subsequently to the
segregation process in,0-SiG glasses was discussed. The distribution of straktunits in

the experimental glasses was estimated udi8j MAS-NMR spectroscopy suggesting
enhancement of ¥ and diminishing of & and J groups with addition of ADs;
demonstrating its dual role as network former amdlifrer in the pure LHO-SiQ;, system.

Less polymerised network in the,O-SiO, and LbO-Al,03-SiO, glasses caused significant
decrease inT.-Ty processing window completely hindering the deaatfon of the
corresponding glass powder compacts. On the contiglass-powder compacts in the
Li,O-K,0O-Al,03;-Si0O, system featured excellent densification behaviand high
mechanical strength that was attributed to the &iwn of a more rigid glass network

comprising four coordinated (Al)" units and K cations in its vicinity.

Keywords:Glass; Lithium disilicate; Metastable phase sejpamat
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1. Introduction

The binary alkali silicate glasses may be consii@sethe original type of all silicate glasses
consisting of several componentsAmong the binary alkali silicate glasses the éthilica
system has gained a great interest for the preéparat glasses and glass-ceramic matefidls.
Lithium meta- and disilicate phases might be fornieghending on the Spi,O ratio,
presence of nucleating agents, thermal historyanémt glasses, ettThe S-shaped path of
the melting curve in the kO-SiOG, system shows that it has to certain extent a tenyd&
segregation. According to Vogel the glasses with SiOcontents higher than the
stoichiometric lithium disilicate L5i,Os (here after referred as LD) tend to separate anto
matrix phase with a composition almost similarhattof LD along with an isolated droplet
SiO, rich phase, while glasses withb,Oi contents <30 mol.% usually turn out to be opaesc
or opaque on cooling owing to phase separationctiele microscopic examination
successfully demonstrated segregation into drdidetzones of Li-rich phase and Sidch

glass matrix even in compositions with@icontents <10 mol.%.

It was further assumed that the composition ofdfaplet phase tended to a limiting value,
i.e. towards the disilicate compound that was reach#ddmthe LLO content of 14—16 mol.%
in the entire glass, which thereafter remained t@omsuntil a composition of 33.3 mol.%.
Absolute surface tension measurements of the plica snd lithium disilicate glasses at
1300 °C gave the values of 283 and 320.2 dynes @niN ni™), respectively. This was the
main reason for the segregation zones formatiaiasses with a range of compositions from
0 to 33.3 mol.% of IO (maximum).

The glass-ceramics derived from this parent binsygtem exhibit some unfavourable
characteristics in terms of their mechanical stierand chemical durability which hinder
their use in several technological areas. Althoegkmical durability, which is of major
importance for dental materials, has been improveal adding A}O; and KO to

stoichiometric LD compositions? special attention was drawn to non-stoichiometriz

glass-ceramics. The latter have proven to be patecandidates for different functional
applications due their improved mechanical, chemiad thermal propertiéd:*® It is

noteworthy that according to Holand and Béahe term ‘non-stoichiometric’ implies that
SiO,/Li,O molar ratio deviates greatly from 2:1 and theéesysis rendered considerably more
complex with numerous additional oxides, includimgcleating agents. The introduction of

SiO-excess to stoichiometric lithium disilicate glas®ng with additives, such as ZrO
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Al,O3, ZnO, CaO, KO, and ROs, has been suggested by Echeverria and BeXllLater,
P,Os was found to play a crucial role in lithium dis#ite transformation and crystallizatith:
20 p,05 (as nucleating agent) at the amount of 1.5-2.5%noésulted in glass-ceramics with
fine-grained interlocking microstructures, confegithe final products with high mechanical
strength. A powder processing of lithium disilicagass-ceramics in a multi-component
system with a wide compositional range (in wt.%}-807 SiQ, 11-19 L}O, 0-13 KO, 0-5
Al,0O3, 0-8 ZnO, 0.1-6, L®s, and 0.1-11 s, was thoroughly investigated by Ivoclar-
Vivadent company to produce the material IPS Engiges %

In spite of the numerous studies found on non-Btometric glasses in the J0-SiQ
system, compositions with Sii»O molar ratios > 3:1 were scarcely investigatéd?® We
have recently reported on glass compositions wi@y/&i,O molar ratios far beyond that of
lithium disilicate stoichiometry’3' namely within the range of 3.38.88 and containing
Al,O3 and KO, which were compared with a bicomponent glass Z3t77SiQ (mol.%)2"
2930 The later composition exhibited a cloudy appeagangon cooling while the AD; and
K,O containing compositions resulted in transpardassps due to the presence of*Al
which acted as network former decreasing the voltraxgtion and mean diameter of droplet
phase. Sintering and crystallization studies of iZ3L77SiQ glass powder compacts
revealed high fragility, and low flexural strengithd density. In contrast, good densification
behaviour resulted from adding equimolar amountsAbfO; and KO to the LyO-SiG
system to obtain the composition 22.960+2.63AL0;—2.63K0-71.78SiQ (mol.%)
(SiO,/Li,O molar ratio of 3.13), and a glass-ceramic witpioved mechanical strengthA
further insight into the effect of 0 on structure—property relationships and dewatiion
behaviour of glasses was made starting from the veboreferred glass
(22.96L,0-2.63AL0s—2.63K,0-71.78SiQ) and adding incremental amounts ofQ¢® 3*
These studies revealed that exces® Kontents within the range of 2:62.63 (mol.%)
enhanced the liquid-liquid immiscibility as denotey an increasing of the mean droplet size
and their distribution density. On the other haimtreasing KO contents resulted iff'Si
MAS-NMR spectral changes: decreasf@tunits accompanied by an increas€Xfunits and
the appearance a ne®® population, suggesting depolymerisation of thecait glass
network, while?’Al MAS-NMR revealed an enhanced role of,@} as glass network former.
This role implies the association of a cation ia thcinity of each tetrahedral unit in order to
maintain local charge neutrality of the (Al®)  units with four bridging oxygens (BO).
However, for KO/Al,O3; molar ratios > 1, there was the formation of géarfraction of non-
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bridging oxygens (NBO) due to the excess gbKAdditionally KO was found to promote
surface crystallization in glasses with the predwnt formation of lithium metasilicate
(LMS) phase. Only in low-KO compositions LD was formed, resulting in glassan@cs
with high mechanical strength (~1724 MPa), good chemical resistance (2Bug cm?)
and low total conductivity (~2L0*® S cm* for GKo) making the materials suitable for a

number of practical applicatiors.

To deepen the study of the structure of LD glaskesrole of AbO3 in Li,O-SiQ glasses
needs to be further clarified. Accordingly, the mabjective of this work is to evaluate the
effect of ALO3; on the structure, properties and phase formaiioglasses of 3 different
systems: (i) LIO-SiO,; (ii) LioO-Al,0s-SiO,; (iii) and Li,O-K,0-Al,03-Si0,. The
contribution of both AlO; and KO to the surface tension and subsequently to theegation
process in LIO-SiQ, glasses will be discussed. Solid state magic asgiening nuclear
magnetic resonance (MAS-NMR) was employed to pmvidformation on the local
environment of silicon and aluminium in experimérgkasses. The sintering behaviour and
properties of the corresponding glass powder cotspaas also a target subject during this

study, in particular using a hot stage microscazhnique.

2. Experimental procedure
2.1. Glass preparation

Table 1 presents the detailed compositions of tigemental glasses along with their
corresponding Sigli,O ratios. A total of 9 glasses divided into 3 greumamely A, B and C
belonging to the LO-SIO,, Li,O-Al,0s-SiO, and LpO-K,0-Al,03-SiO, system,
respectively, were synthesised. Compositions ofugr® were prepared from A series
replacing Si@ by Al,Os while glasses in group C (similar to those ingstiéd in the studf)
derived from B glasses series by replacingOLby K;O. Powders of technical grade 3i0
(purity >99.5%) and of reactive grade @, Li,COs;, and KCO; were used. Homogeneous
mixtures of batches (~100 g), obtained by ball imgll were calcined at 800 °C for 1 h and
then melted in Pt crucibles at 1550 °C for 1 hain The glasses were produced in bulk
(monolithic) form by pouring glass melts on bromaeuld (in two different sets: the glasses
of one set were immediately annealed at 450 °Q foour while the other set of glasses was
preserved in the non-annealed condition) and érnf by quenching the glass melt in cold
water. The obtained frits were dried and millechihigh-speed agate mill. The mean particle
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size of the glass powders as determined by ligattexing technique (Beckman Coulter LS
230, CA USA; Fraunhofer optical model) was abott@um.

Table 1- Compositions of the experimental glasses (mol.%).

Li,O-SiO, Li,O-Al,05-SiO, Li,O-K20-Al,03-SiO;,

# Al A2 A3 Bl B2 B3 C1 Cc2 C3
Li»O 26.59 28.09 30.59 26.59 28.09 30.59 22.96 &2.22.96
K20 - - - - - - 3.63 513 7.63

Al;03 - - - 263 2.63 2.63 263 263 2.63
Sio, 73.41 7191 6941 70.78 69.28 66.78 70.78 69.85.78
SiOA/Li,0 276 256 227 266 247 218 3.08 3.02 291

2.2. Thermo-physical properties of glasses

Glass samples with particle sizes in the range Q5000 um (collected by sieving of
crushed non-annealed glass blocks) and weighingngOwere contained in an alumina
crucible (the reference material wasalumina powder) to perform differential thermal
analysis (DTA, Setaram Labsys, Setaram InstrumentatCaluire, France) in order to
evaluate the glass transition temperaflyehe crystallization onset temperatufgand peak

temperature of crystallizatiofl, (8 = 20 K min™).

The coefficient of thermal expansion (CTE) of thenealed glasses was measured by
dilatometry using prismatic samples of bulk glasséth cross section of>& mnf (Bahr

Thermo Analyse DIL 801 L, Germany; heating rate Bk™).

Archimedes’ methodi.e. immersion in ethylene glycol) was employed to nueasthe
apparent density of the bulk annealed glasses whiek further applied along with
compositions of glasses to calculate their excedsnwe {/) according to a procedure
described elsewher8.

2.3. Structural characterization of glasses

29Si MAS-NMR spectra were recorded on a Bruker ASX 4Pectrometer operating at 79.52
MHz (9.4 T) using a 7 mm probe at a spinning rdté kHz. The pulse length was 2 ps and

60 s delay time was used. Kaolinite was used ashbmical shift referencé’Al MAS-NMR
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spectra were recorded on a Bruker ASX 400 spectemuperating at 104.28 MHz (9.4 T)
using a 4 mm probe at a spinning rate of 15 kHz pulse length was 0.6 ps and 4 s delay
time was used. Al(N€); was used as the chemical shift reference. @hdistributions were

obtained by curve fitting and spectral deconvolutising DMFIT program (version 201%).

2.4 Crystalline phase analysis and microstructwablution in glass-ceramics

Bulk parallelepiped glass samples were non-isothfiynheat treated at 600, 700, 800 and
900 °C for 1 h, respectively, at a heating rat@ & min *. Glass powder compacts were heat
treated at 800, 850 and 900 °C for 1 h at the hgatite of 2 K mii-. The amorphous nature
of the parent glasses and the nature of crystafimeses present in the glass-ceramics were
determined by X-ray diffraction (XRD) analysis (Rl Geigerflex D/Mac, C Series, Japan;
Cu K, radiation, ® between 10° and 60° with #®-8tep of 0.02 deg™¥. The crystalline
phases were identified by comparing the obtainédadiograms with patterns of standards

complied by the International Centre for DiffractiData (ICDD).

Archimedes’ method was employed to measure therappaensity of the sintered glass-
powder compacts. Microstructure observations wemgedat polished (mirror finishing) and
then etched surfaces of samples (by immersion wol26 HF solution for 2 min) by field

emission scanning electron microscopy (SEM, Hitaghi-70, Japan) under secondary

electron mode.

2.5. Sintering and crystallization of glass powdempacts

A side-view hot-stage microscope (HSM, Leitz Weatzlaermany) equipped with a Pixera
video-camera and image analysis system was usew/gstigate the sintering behaviour of
glass powder compacts. The cylindrical shaped sssnjppbm glass powder compacts with
height and diameter of ~3 mm were prepared by poddsing the glass powders. The
cylindrical samples were placed on a 10x15x1°matamina (>99.5 wt.% ADs) support and
the measurements were conducted in air with afgeagite £) of 5 K min*. The temperature
was measured with a chromel-alumel thermocoupléacted under the alumina support. The
temperatures corresponding to the characteristscogity points (first shrinkageTs),
maximum shrinkageTis), softening Tp), half ball Tyg) and flow {Tg)) were obtained from

the graphs and photomicrographs taken during thetage microscopy experimetit.
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Apart from HSM investigation, the sintering processs explored using non-isothermal heat
treatment of glass-powder compacts. Rectangula @Br5x50 mr) prepared by uniaxial
pressing (80 MPa) were sintered at 800, 850 and®@0fr 1 h. A heating rate of 2 K min

was maintained in order to prevent deformatiorhefgamples.

3. Results
3.1 Casting ability and microstructure of glasses

Melting at 1550 °C for 1 h was adequate to obtaibbte-free homogenous glasses from all
the investigated compositions. The absence of aystalline inclusions was confirmed by
XRD and SEM analyses (not shown). Cloudy appeararasecharacteristic of A1, while the
other glasses were completely transparent. The Biddes of as cast non—annealed samples
(Fig. 1) revealed nanosize droplet phase embedudétkiglass matrix suggesting occurrence
of liquid-liquid phase separation in all investigatglasses. The droplet size and density
distribution seemingly decreased from glass Al ® (8eries A) and from glass B1 to B3

(series B) while increased from C1 to C3 in se@es

Fig. 1- SEM images of the experimental non-annealed blaksgs (etched with 2 vol.% HF
solution for 1 min).
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3.2 Structure and thermo-physical properties okgks
3.2.1 Density, excess molar volume and thermalgntcgs

The density values of glasses varied in the ran§2-2.40 g cnt (Fig. 2(a), Table 2). The
observed general trend indicates that density asa® in the sequence C > B > A and,
consequently, glasses from the@+K,0O-Al,03-SiO, system featured the highest density
while the binary glasses @0-SiO,) exhibited are the less dense ones. Density inanén
with addition of AbOs; (density ~4.00 g cifl) were expected assuming additive properties
argument. But the same reasoning seems to fail wlleereasing SiglLi,O and SiQ/K,O
ratios. This might be explained considering therel@ging trend observed in the excess molar
volume ) of the glasses (Fig. 2(b), Table 2). Apparendiyninishing of both Si@Li,O
and SiQ/K,0 ratios enhanced the packing ability of the constit oxides resulting in a more
efficient filling of the glass network intersticesxd thus in a more compact structure. The
coefficient of thermal expansion (CTE) values of tilasses followed the sequence C > B >
A (Table 2, Fig. 2(b)), being in good agreementwiite variation trends observed for density.
Accordingly, within each group, the CTE increasgoom decreasing of Spi,O or
SiO,/K,0 ratios €.9.C3 > C2 > C1).

Table 2 — Thermo-physical properties of the expental glasses.

d Ve CTE Ty Te Te-Ty Tp
(g cm?) (cm® mol™) NBO/T +0.1 (10°K™) #2(°C) #2(°C) (°C)  #2(°C)
Al 2.32+0.03 1.05+0.03 0.72 9.9 498 587 89 737
A2 2.33x0.01 0.90+0.03 0.78 10.8 495 606 111 733
A3 2.35+0.04 0.66+0.03 0.88 11.1 491 612 121 717
Bl 2.36x0.01 1.17+0.01 0.63 9.6 504 662 158 781
B2 2.36:x0.04 1.08x0.04 0.68 10.6 500 639 139 773
B3 2.37:x0.02 0.92+0.02 0.78 11.7 499 620 117 746
Cl 2.37+0.01 1.08+0.04 0.63 11.5 503 695 192 806
C2 2.38+0.01 0.97+0.05 0.68 11.5 500 663 163 800
C3 2.40+0.01 0.76+0.04 0.78 12.7 496 658 162 778
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Fig. 2— Thermo-physical properties of bulk glasses: (agl&won of density and excess

molar volume, and (b) evolutiofy of and CTE with the composition.

The DTA plots of glasses with a heating rdigdf 20 K min® (Fig. 3) revealed well-defined
features comprising endothermic and exothermic pdakm which transition pointTg),
temperature of onset crystallizatiolc) and peak temperature of crystallization)( were
determined (Table 2). General decreasing trendg ahd T, with decreasing the Spb.i,O
ratio can be depicted from data reported in Tabn@ Fig. 2(b), being accompanied by a
similar variation trend ol in each group. The observed loweringlgfs in accordance with
the calculated increasing number of non-bridginggaxs per tetrahedron (NBO/T) further

supporting the hypothesis of depolymerisation efgtass network.
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Fig. 3— DTA of glasses Al, B1 and C1.

3.2.2 Structure analysis by MAS-NMR

2°Si MAS-NMR spectra of glasses Al, B1 and C1 arewshin Fig. 4, while theQ"
distributions of glasses obtained frof’Si MAS-NMR spectra and corresponding
deconvolution are plotted in Fig. 5. In generag #pectra displayed in Fig. 4 feature broad
bands, denoting the amorphous nature of these ialatefor each composition, a resonance
line covers the chemical shift range of silicors@veralQ" groups withn ranging fromo—4.34

Q® andQ” units predominate in series A and C, revealing diiglegrees of polymerization in
comparison to B series. For each series, there gereral depolymerisation trend with
decreasing Si@Li,O and SiQ/K,0 ratios as can be deduced from the diminishingniity
band ofQ* units. The fading intensity trend 6§* signal is accompanied by a significant
intensity increase a®® units and smaller increments@7 for both A and C series. A stronger
depolymerisation trend was observed with the garéplacement of Si©by Al,O3; in B
series. The incorporation of AD; caused an abrupt increaseQf at the expense @® and

Q* units (Figs. 4 and 5), suggesting that this oxislduifilling dual role of glass network

former and network modifier in the B series ofsgles.

The role of AJO; as modifier oxide in the kO-Al,0s;—SiO, system is supported by the
analysis of ’Al MAS-NMR spectra (Fig. 6). All compositions ofarp B show’’Al chemical
shift towards lower values compared to glassesonmC, indicating increasing coordination
numbers, Al[5] and Al[6], in detriment of Al[4f>
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Fig. 4- 2°Si MAS-NMR spectra of glasses: (a) Al, (b) B1 aod@1. Dashed curves show

the spectral deconvolution components used fangditthe data.

3.3. Crystallization behaviour of bulk glasses
3.3.1 Phase assemblage

All the investigated glass compositions were amoyshafter heat treatment at 600 °C. Figure
7(a-i), presents the X-ray diffractograms of theestigated bulk glasses heat treated within
the temperature interval of 76800 °C. LD was recorded as the single crystallimesp in the

glasses of A series at 700 °C and 800 °C (Figb)j(aThe intensity of the peaks of LD
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slightly increased with the rising temperature arates of cristobalite appeared at 900 °C
(Fig. 7(c)). The addition of AD; in the LbO-SiO, system enhanced the intensity of LD
peaks and the formation of lithium aluminium sitedLiAISi,Os, LAS) (Fig. 7(d-f)). On the
other hand, earlier studf@s®! suggested that adding an excessive amount,0f t&nds to
suppress the crystallization of LD and to promdte tormation of LMS due to its lower
activation energy for crystallization in comparisonLD.3*** Moreover, adding alkali oxides
to silicate glasses decreases the melt viscosityeases the fraction of NBO and enhances
the tendency of the glass towards devitrificaffbindeed, in the C series, LD was formed

only in the composition C1 with the lowest® content® 3

3.3.2 Microstructure

Figures 8, 9 and 10 compare the SEM micrograpisarid B series of glasses heat treated at
different temperatures. In the temperature inteB6@f-700 °C the small droplets underwent
coalescence into bigger agglomerates at a ratewhatseemingly higher in B series. LD
crystals can be observed at 700 °C, being moresevid B series, in correlation with XRD
data (Fig. 7). Bulk glasses of series A and B destrated ability towards bulk nucleation and
crystallization of LD, while glasses of series Cravprone to surface crystallization with the

formation of dendritic crystals characteristic fMS,? clearly observed in the samples heat
treated at 800 °C.

100 ; :
| Li,0-Si0, | L0-ALOsSIO | Li;0-K,0-Al,05SIO,
sV 9o /
§ 60-
g et
El
0+——a4——a—2 § E " A—aA
Al A2 A3 Bl B2 B3 Ci1 Cc2 C3
Composition

Fig. 5- Solid stat¢Si NMR area fractions (%) of the signal componeritserved in glasses.
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Fig. 6- 2’Al MAS-NMR spectra of glasses of series B and C.

3.4. Sintering and crystallization of glass powdempacts
3.4.1 Sintering process

The experimental compositions from series A andkBileted poor densification ability and
resulted in porous and brittle samples, contrastiitly the glass-powder compacts from series
C that could be densely sinterfdn particular, samples from the binary systemiésen)
were extremely fragile. The incorporation of,@ enhanced the sintering ability but not in
desired extent to get proper densification. Sampfethe different series heat treated at 900
°C for 1 h showed the following bending strengthuga: 2.40+ 0.3 MPa (Al), 7.4& 0.6
MPa (B1) and 201+ 16.0 MPa (C1). These considerable differencesctfthe great
importance of selecting the proper doses of botldesx(ALO; and KO) in order tune the
densification ability and the final properties dietsintered glass powder compacts in the

present systems.

The HSM curves of the glass powder compacts oésdiand C plotted in Fig. 11 show that
densification generally occurs through viscous flatmemperatures slightly higher thagp
and dense materials are produced when the sintegpimogess is completed before
crystallization begind? The glasses of series B exhibit just a single mdll sintering step
corresponding to a shrinkage volume of abot8%, while glasses of series C present two
steps of sintering and a total variationfdf, close to 0.60i.e., a volume shrinkage of about
40%, corresponding to practically full densificatits
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Fig. 7— X-ray diffractograms of experimental bulk glasafter heat treatment at different

temperatures for 1 h. LS: lithium silicate {8i0s, ICCD card 01-029-0828):; LDlithium

disilicate (LbSiOs, ICCD card 00-072-0102); LDlithium disilicate (LbSi,Os, ICCD card
00-015-0637); LAS: virgilite (LiAlSi3xOs, ICCD card 00-031-0707).

The observed changes in the profiles of the samp8&and C3 during sintering (Fig. 12)

reveal that the characteristic temperatures cooredipg to softeningTp), half ball Tyg) and
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flow (Tg)) for the LbO-K,0-Al,05-SIiO, (C) system were reached significantly earlier in
comparison to those observed in theQ=iAl ,O3-SiO, (B) system.

Al -800°C lum B1-900°C 5um

Fig. 8— SEM images of bulk glasses series A and B heatedeat 700, 800 and 900 °C for 1

h (etched with 2 vol.% HF solution for 2 min).

4. Discussion

The phenomenon of amorphous phase separationgsegldnas become an important topic of
glass research since the fundamental investigatibisetzel at the beginning of the 1948s.

It is a common phenomenon in silicate glassesrdstlts in a heterogeneous mixture of two
immiscible amorphous phasks: **?Dietzel explained this phenomenon on the basid fie
strength consideratioh*! Thus, in case of cooling binary silicates botharat compete for
the oxygen ions so as to surround themselves \wihctosest possible packing. When the
field strengths of both the cations are the sarssadiation into the two separate pure oxide

phases often occurs. Below the solidus temperaglaes immiscibility is called a metastable
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phase separation and above that temperature italiedca stable on&. Metastable
immiscibility has been observed in many glass systand the compositional range of the
miscible gap varies with glass forming system. Amatifferent types of alkali silicate
glasses, lithium silicate glasses have the widestiscibility range, between pure Si@nd
close to LiOR2Si0,.> ***?Understanding this phenomenon in the 3 differgatesns studied
in the present workj.e. Li,O-SiO,, Li,O-Al,03-SiO, and LbO-K,0-Al,03-SiO, is

essential to correlate the microstructure with pHfasmation and final properties.

Fig. 9— SEM images of bulk glasses A2 and B2 heat treat@@0, 800 and 900 °C for 1 h

(etched with 2 vol.% HF solution for 2 min).

According to Dietzel, the contribution of J0 to the surface tension is more significant than
that of SiQ.*> ** Therefore, further adding 40 to the LiO-SiO, glasses that already contain

droplet-like zones of Li-rich phase and %ifich matrix, was aimed at equalizing the surface
tension of the different phases and weaken theedegf segregation. The SEM images of

non-annealed glasses (Fig. 1) show that the inerefki,O content from Al to A2 made the
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droplet size and density distribution to decre&sgther increment in kO in the entire glass
reduces the surface tension of the two phases bedai® entered into the Sirich phase
surrounding the droplets and the size of the dtspleduced continuousf? The
incorporation of AJOz in the LbO-SiG, system at the expenses of Sifight slightly
increase the difference in surface tension sineddhmer one has smaller contribution to the
surface tension than the latfét.** Contrarily, more significant changes in surfagesten are
likely upon adding KO to the LpO-Al,Os-SiO, system because of the small efficiency

factor of KO relative to surface tensigr'*

A3 — 600°C 1pum B3 - 700°C 1pm

B3-s00°C  __lum

Fig. 10— SEM images of bulk glasses A3 and B3 heat treattd®0, 800 and 900 °C for 1 h

(etched with 2 vol.% HF solution for 2 min).

Considering Dietzel's hypothesis that a network ifedwill migrate preferentially into the
phase of the network former which has the highiesd strength to contribute to the latter’s
maximum coordination with the oxygen iofi$,*! one can expect the potassium ions to be

statistically distributed in the Sgbich matrix. Consequently, it will increase théfelience in
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surface tension between the $i@h glass and droplet-like zones of Li-rich phaseising
higher degree of segregation. Indeed, the additbrK,O at the expenses of SiOn
Li,O-Al,0s—K,0-SiO, glasses enhanced the meanO:rich droplet size and their

distribution density®

(b)

AJA,

400 600 800 100800 600 800 100800 600 800 1000
Temperature /°C Temperature /°C Temperature /°C

Fig. 11- HSM curves for glass-powders: (a) B1, (b) B2,88) (d) C1, (e) C2 and (f) C3.

From the?*Si MAS-NMR spectra (Fig. 4) and the peaks deconiaiuderived data presented
in the Fig. 5 it is clear that further adding,@ito the LyO-SiO, binary system caused
depolymerisation of the glass network. These resudtrelate well with the data reported by

1% who investigated the extent &" distributions for LD glasses in the

Schrammet a
composition region between 15 and 40 mol%QLithe percentage d* decreased with
increasing amounts of 4@, that of Q* reached a maximum at 30 mol.%,@j and the
percentage of)” showed tendency to grow at highesQiconcentrations. On the other hand,
adding AbO; to the LbO-SiO; binary system caused significant decreas®®imnd Q* units
and a rapid grow of’ units (Figs. 4 and 5). These structural changesansistent with a
glass network modifier role of AD; as in LbO-SiO, system, which as far as we know, has

not been earlier reported although,®d has been classified as “randomiser” of the silicate
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structuré? It is well known that to strengthen the glass reekwaluminium should be four-
coordinated and each tetrahedral unit should beceged with a cation in its vicinity in order
to maintain local charge neutrality of the (AJ§ units. In series C glasses this neutrality is
assured by the presence of®*?° 3! However, in KO-free glasses of series B
(Lio,O-Al,03-Si0,), aluminium tends to appear in atomic arrangemeots higher
coordination number, greatly contributing to depodyising the glass network. This can be
due to a large fraction of lithium cations capturedthe Li-rich droplet phase with the
remaining lithium amount from the silica rich matbeing insufficient to satisfy the
neutrality of the (AlQ,;)” units. The higher coordination number of Al is lWalpported by
the 2’Al MAS-NMR spectra of compositions B and C (Fig, Gamely by thé’Al chemical
shifts of B glasses to lower values in comparisorthiose of group C glasses, indicating
growing of Al[5] and Al[6] atomic arrangements ietdment of Al[4].

1050
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Fig. 12— Temperature parameters, softenimg)( half ball (Tyg) and flow {T¢)) and images

of glass powder compacts as obtained from HSM lassgs B3 and C3.

The structural features of the glasses affect tmmdtion of crystalline phases. Thus, heat
treating AbOs-containing bulk glasses of B series resulted acimitation of LD as the major
crystalline phase and LAS as the minor phase (F{d:f)). The formation of LAS was
favoured by six coordinated aluminium thus suppgrtNMR results obtained from the
Li,O-Al,03-SiO, glasses. On the other hand, the preferential foomaf LMS in C series
of glasses was already explaif€d using the model of Bischofft al and >°SIMAS-NMR
results* In particular, suppressing and promoting the faiomaof Li>Si,Os and LpSiOs,

respectively, with increasing.K contents was connected to a significant decriea®@ units
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according to the reactio®gass) + Qcrysty < 2Q%ewyst). Moreover, the second separation
process undergone by the LD-rich glass droplets pure silica-rich glass and LMS-rich
glass due to the appreciable contraction on codmauld be taken into account. As a result,
LMS is formed as the intermediate crystalline phiasthe binary (LiIO-SiO,) glasses heat
treated at temperatures below 500 °C followed lygtatlization of LD**?*° The increase in
surface tension between LD-rich droplets and ,8i€h glass might also contribute for
suppressing LD crystallization via the react@hyiass)+ Qcryst) < 2Q%cryst)-

The comparison of SEM images of bulk glasses ARinbat treated at 700, 800 and 900 °C
for 1 h reveals that a more extended crystallimapoocess has occurred in the B series of
glasses. This observation is supported by XRD amlfFig. 7) and might implies towards

lowering viscosity upon adding ADs in Li,O-SiO, glasses in a certain temperature range, an
issue that could be clarify by performing viscositgasurements, which are out of the scope

of this work.

The lowerT. andT, values of glasses from A and B series in comparisdhose of C series
(Table 2) mean that the crystallization processeiayed in latter glasses while the resulting
larger T.-Ty differences favour densification of glass-powdempacts, a decisive factor to
get strong glass-ceramics. Narrowing tig-Ty interval in the less polymerised glass
networks of series A and B (Fig. 4 and 5) in congmar to C compositions completely
hindered the densification of the glass powder ctp due the early formation of large
fraction of LD phase (Fig. 3). From the two stegisdensification identified in the HSM
curves of C series, only the first one was affedigdcrystallization. In composition C1
(lowest KO content), the first sintering step was separatethe temperature range where
LMS was formed followed by a second sintering stdgg occurred simultaneously with
formation of LD phasé’?° This can be attributed to the formation of a mdged glass
network containing four coordinated (A~ units and K cations in its vicinity to maintain
local charge neutrality. Therefore, a small additod K,O to pure LiO—Al,O:—SiO, system

is crucial to enhance the densification behaviowt #he ultimate mechanical strength. In the
present study, beneficial effects of adding bot®kand ALO; are only observed up to about

3 mol.% of each oxide, being therefore a mattarotess optimizatiof?.
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5. Conclusions

The effect of AJO; on structure, sintering and devitrification beloawi of glasses in the
Li,O-SiQy system along with the properties of the resultgl#tss-ceramics has been

investigated. The results can be summarized ifal@ving conclusions:

1. The structure of A and C series of glasses congistiominantly of2® and
Q* units and the silicate glass network trends to Heperise with
decreasing SigLi,O and SiQ/K,0 ratios, as revealed by an increase of
groupsQ?® units, a small increment i@?, at the expenses of a decrease in
Q” units.

2. The partial replacement of Si@y Al,O; in Li;O-SiO, glasses (group B)
enhanced the trend towards depolymerisation, tefledy an abrupt
increase inQ? at the expense @° andQ* units, with ALO; playing dual
role of a glass network former and modifier. Tlattdr role of A}JO3 in the
Li O-Al,03-SiO, system is supported by the analysis@f MAS-NMR
spectra. All compositions of group B shdl chemical shifts to lower
values in comparison to glasses in group C, rewgaticreasing fractions
of Al[5] and Al[6] in detriment of Al[4]. Moreovergrystallization of those
glasses resulted in the formation of LD and LASg&sa

3. The experimental compositions from series A and Xiteted poor
densification ability resulted in porous sample®wftle nature, contrasting
with well sintered glass-powder compacts from se@e This was due to
the formation of a more rigid glass network in gks of series C
containing four coordinated (AlR)~ units and K cations in its vicinity to
maintain local charge neutrality. Therefore, a $mddlition of KO to pure
Li,O—-Al,0s—SiO, system is crucial to enhance the densificatioratigtur

and the ultimate mechanical strength.
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3.7 ALO3/K ,O-containing non-stoichiometric lithium disilicate based

glasses: a study of crystallization kinetics
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Abstract

The crystallization kinetics of experimental glasge3 different systems: (A) 10-SiO,, (B)
Li,O-Al,03-Si0, and (C) LyO-K,0-Al,03-Si0,, was studied under non-isothermal
conditions. The DTA results revealed a strongerdéexy to crystallization of binary
compositions in comparison to the ternary and euary compositions comprising 28l;
and KO present the lower crystallizatioire. the crystallization propensity follows the trend
A > B > C. The deuvitrification process in the,0+SiO, and LbO-Al,03;-SiO, systems
began earlier and the rate was higher in comparisothat of glasses in the quaternary
Li,O-K,0-Al,03-Si0O, system. Thus, addition of AD; and KO to glasses of LDO-SiO,
system was demonstrated to promote glass stalifiinst crystallization. However, the
activation energy for crystallization {Efwas shown to depend also on the BAiQO ratio
with the binary system showing a decreasing treitld icreasing Si@/Li,O ratio, while the
opposite tendency being observed for compositiatis added AJO; and KO.

Key words Glass; Lithium disilicate; Metastable phase safian.

189



1. Introduction

Most of the glass-ceramics developed so far focifipdgailor-made applications are based on
non-stoichiometric materials systems. The searcteftanced processing and properties is
usually supported by a deeper understanding ofeatioh and crystallization mechanisms in
parent glassesFrom the experimental approach, differential thermnalysis (DTA) and
differential scanning calorimetry (DSC) are amohg tmost common techniques used to
study the thermal properties, including the cryation process and its kinetics. The thermal
stability of glassy materials is usually expressettrms of the glass transition temperatlye
and the glass transition activation enekigy The correlation betweefy, E; and thermal
stability arises from the fact that beloly a glassy material has a large viscosity and the
relaxation kinetics is very slow, leaving a few oppnities for local rearrangements of bonds
and atomic displacemehtStarting from this basic concept, Moynihanal. *> developed a
model to describe the glass transition kineticsjctvhcan be used for determinirig,.
According to the theory of crystallization kinetftgor an amorphous glass to transform into a
crystalline state, the arranged atoms will haveowercome a certain potential barrier, the
height of which is known as the crystallizationization energye.. So, as the height of the
potential barrier increases, the rate of the ntideaand growth processes becomes smaller
and crystallization is retarded. According to th@oGind Wang modélwhich was developed
on the basis of the formal theory of phase trams&ion®” the crystallization rate reaches
two-thirds of its value at the peak temperaturergstallizationT,. The rate of crystallization

at this particular temperature varies with the ingatate, as monitored by thermo-analytical

technigues, and could be used to calcuigtender non-isothermal conditions.

A large variety of theoretical models and functidmsve been proposed to describe the
crystallization kinetics. Two basic calorimetric aserement methods can be used to study
the crystallization kinetics: (1) isothermal and) (@on-isothermaf’® In the isothermal
method, the sample is brought quickly to a tempeesabove the glass transition temperature,
Ty, and the heat evolved during the crystallizatioocpss is recorded as a function of time. In
the non-isothermal method, the sample is heatedfiaed rate and the heat evolved is again
recorded as a function of temperature or time. iShthermal experiments are generally very
time-consuming, while experiments performed at tamts heating rate enable a more
expeditious gathering of the experimental data.tHemmore, the impossibility of

instantaneously reaching the testing temperatuderisothermal’ conditions means that no
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measurements are possible while the system is agpragy the set temperature. This
drawback is absent in the case of non-isothernmaistant heating rate) experimefits.

In the present study, the kinetic parameters sgdf, and Avrami exponentj in Johnson—
Mehl-Avrami (JMA) equatiofi™” **for binary (LbO-Si0,), ternary (LiO-Al,05-Si0,), and
guaternary (LIO-K,0-Al,03-Si0,) disilicate glasses were determined using noriiesatal
methods. The activation energy associated withgihss transition was determined using
Kissinger'? and Moynihar? methods. Heating rate dependent glass transitiopeeature is
rationalized using Lascoka equatitinAlso, the variations of activation energy and Aura

exponent with the fraction of crystallization weneamined.

2. Experimental Procedure

Table 1 presents the detailed compositions of tkigemental glasses along with their
corresponding SiglLi,O ratios. A total of 9 disilicate glass composisdeaturing SiQLi,O
ratios (2.18 < SigILi,O < 3.08) far from the stoichiometric compositiddi@,/Li, O = 2)
included  binary  (LIO-SIO,), ternary (LhO-Al,03-SiO;) and  quaternary
(Li,O-K,0-Al,03-Si0,) systems. The compositions were prepared from posvbf
technical grade SiO(purity >99.5%) and of reactive grade @4, Li,COs; and KCOs.
Homogeneous mixtures of batches (~100 g) obtaiyeoalh milling were calcined at 800 °C
for 1 h and then melted in Pt crucibles at 155@3tC1 h, in air, which was adequate to obtain
bubble-free homogenous bulk (monolithic) glassemfall the investigated compositions by

pouring glass melts on bronze mould.

Table 1- Compositions of the experimental glasses (mol.%).

LioO-SiO, Li,O-Al,05-SiO, Li,O-K,0-Al,03-SiO,

# Al A2 A3 Bl B2 B3 C1 C2 C3
Li>O 26.59 28.09 30.59 26.59 28.09 30.59 22.96 &2.22.96
K20 - - - - - - 3.63 513 7.63

Al>,O3 - - - 263 2.63 2.63 263 2.63 2.63
Sio, 73.41 7191 6941 70.78 69.28 66.78 70.78 69.85.78
SiOA/Li,0 276 256 227 266 247 218 3.08 3.02 291
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Differential thermal analysis (DTA, Setaram Labsygtaram Instrumentation, Caluire,
France) was used to determine the glass trandiimperaturely, the crystallization onset
temperature;T; and peak crystallization temperatufig, (6 = 20 K min'). For this, glass
samples with particle sizes in the range of-3@MOumM (collected by sieving of crushed non-
annealed glass blocks) and weighing 40 mg wereagwed in an alumina crucible and
alumina powder was used as reference materiale@ift heating rateg € 10, 15, 20, 25 and

30 K min*) were used to evaluate the crystallization kirgetic

3. Results and discussion
3.1. Glass transition region
According to Lasock&®, the empirical relation betwediy andSis given by:

T, =A+Blogp (1)

whereA andB are constants for a given glass composition araacplar temperatur@é. The
value of A indicates the glass transition tempegafar the heating rate of 1 K mi while

the value of B is related to the method of quergline sample- the lower the cooling rate of
the melt is, the lower will be thB value” It signifies the response of the configurational
changes within the glass transition region to thating rate. The values éf andB for all
samples are listed in Table R values obtained at different heating rates arsguted in the
Fig. 1. TheoreticallyTy is defined as the temperature at which the relaxaime, 7, becomes
equal to the relaxation time of observatiag,s with the variations orily and 7 being
inversely proportional® Accordingly, with increasing heating rate;,s decreases and hence
the glass transition temperature increases. Foisyatems,Ty increased with increasing
heating rate and decreased with diminishing of ,&iIQO ratio (Fig. 1). This is generally
related with the polymerization level of the glassicture and can apparently be explained by
the higher content of glass modifying oxid&3® Adding ALO; and KO to binary
compositions tend to slightly shiftiny, to higher temperatures. Thg of a multi-component
glass is known to be dependent on several indepémm@ameters such as band gap, co-
ordination numbers, bond energy, effective molecwkight, the type and fraction of various

structural units formed?2°

Glassy solid state is characterised by very slolaxegion kinetics due to relatively high

viscosity which make difficult the local arrangeneemf bonds and atomic displacements.
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This type of thermal relaxation depends upon tleemtial treatment and may be quite fast near
Ty Thus, it is reasonable to associate the glassitian temperature with the glass structural
rearrangements, a phenomenon that requires aratotivenergy, and the concept of phase
transformation proposed by Kissingér®! for the amorphous to crystalline phase transition
could be formally extended to the elastic-visca@agansition’? Accordingly, the most
commonly used method to estimate the activatiomggnassociated with the glass transition
under non-isothermal treatment schedules is thealed Kissinger plot based on the

following equationt* %*

E (2)
Inﬁ2 =-—2+const
Ty R
wherekEy is the activation energy associated with the gtesssition,R is the universal gas
constant angBis the heating rate. Another approach to estirkgtis the Moynihan equation

that relates the heating raf@,with the right hand side of equation ¢2):

(3).

E
In 8 =-—2-+const

RT,
The plots of Inﬁ/ng) and In{) versus1000RTy are straight lines, the slopes of which give
the respectivé&y values. Theéey values obtained using both methods are presentédhble 2
and the correspondent plots against compositiorslaogvn in Fig. 1. It can be clearly seen
that Ey values obtained from Kissinger's relation are aog agreement with those obtained
using Moynihan’s approach. Only small systematiftslare observed among the predicting

ability of both methods, which are consistent wtik differences between equations (2) and
(3).

The activation energy for glass transition is theoant of energy that is absorbed by a group
of atoms in the glassy region so that a jump frore metastable state to another is pos$ible.
Thus, the activation energy involves molecular i and rearrangements of atoms around
Ty,.** When the sample is heated, the atoms undergoqirdre transitions between local
potential minima separated by different energyibesrin the configuration space where each
local minimum represents a different structure. st stable local minimum in the glassy
region has lowest internal energy. Accordingly, #®ms in a glass having minimum
activation energy have higher probability to junopthe metastable (or local minimum) state

of lowest internal energy and hence are the mabtesbne$?
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Table 2- The valued\, B andEj for the glass transition region.

Lasocka Kissinger Moynihan
Composition ~ AK BK E, /kImol' F E, /kJ mol* R
Al 717.3 41.0 261.699  0.996 274.3+9.9 0.996
A2 715.0 40.6 262.4s9  0.997 275.1+838 0.996
A3 712.8 39.8 265.852  0.999 278.4+52 0.999
Bl 706.6 54.3 1978ss  0.996 210.7+88 0.996
B2 707.0 50.7 210853  0.998 223.7+53 0.998
B3 707.4 46.6 226975  0.996 239.6:75 0.996
Ci 719.6 43.2 241565 0.997 254.4+65 0.997
C2 718.4 42.3 259274  0.998 273.0+7.3 0.998
C3 716.8 40.1 2664202  0.999 278.9+9.2 0.999
300

?%g Moynihan g% 275 E

X AW g - 250 2

DRI B e

é : - 200
530 |
30
Fan{l T8 g T e = 0
¢ . * o e
470 — T —
Al A2 A3 B1 B2 B3 Cl C2 C3
Composition

Fig. 1- Evolution ofTy (at different heating rates) afg with composition.

The experimental binary compositions (series A)sen¢ the highest values of activation

energy for the glass transition (Table 2, Fig. AJding Al,O; to the LpO-SiO, system

(series B) caused a decreas&gtvhereas further adding.R (series C) resulted i&; values

similar to those of the binary compositions. Conssgly, compositions of series B with the

lowest E4 values are seemingly the most stable ones. Moreovighin each systemi

increases with decreasing the 10,0 ratio. This means that atoms require larger amofin
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energy to make transitions between two local minwtzen the glass compositions are
enriched in LiO.2°

3.2. Crystallization region

The DTA plots of the experimental glasses A3, B8 &3 obtained at different heating rates
(10, 15, 20, 25 and 30 K/min) are shown in Figsczes an example. Well-defined features
comprising endothermic and exothermic peaks witdystematic shift in their position with
heating rate, which is tentatively attributed terthal relaxation phenomena can be observed
in all cases. The variation in peak temperaturé Wweating rate is governed by the activation
energy Eo) ** and the thermal conductivity of the material. Agher heating rates, the
activation energy for crystallization follows thanse increasing tend as the activation energy
for glass transition temperature, because of theredse ofr,,s and the poor thermal
conductivity of the material (Fig. 2). Thus by mimning the shift in the position of the
exothermic peak as a function of the heating e, could obtain the kinetic parameters as
presented in the subsequent sections of this Fegiire 2 shows that the binary composition
A3 exhibits the sharper and most intense exothepeiks. The addition of AD; to the
binary systemi(e. glass B3) caused the broadening of the peaks lagidls shifted T, to
higher temperatures, while more significant vaoiatiin the exothermic peak intensity
(decreases) anf, (increases) were observed in the quaternary cotmpo$C3).

The crystallised fractiorversustemperature plots for compositions A3, B3 and @8,
determined from the Johnson—Mehl-Avrami (JMA) maalel shown in Figs. 3a-c. The plots
exhibit typical sigmoidal shapes in good agreememiassical literature on glass—ceranfics.
11 26The ratios between the ordinates of the DTA clane the total area of the peak give
the corresponding crystallization rates, which makpossible to build the curves of the
exothermal peaks as depicted in Figs. 3d-f. Ithseoved that thelx/dt increases in direct
proportion with the heating rate. Accordingly, a&ater volume fraction is crystallized in a
shorter time as compared to the low heating rédtes i6 translated in an increased peak height
with increasing heating rafé. Apparently, crystallization process moves to highe

temperature region hence, fRgshifts towards higher values.

The plots of DTA suggest that the binary composgigseries A) show stronger tendency to
crystallization while compositions comprising 8 and KO present the lower

crystallization propensityi,e., the crystallization predisposition follows therid A > B > C
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(Figs. 4a-b). In general, crystallization in thestgyns LiO-SiO, and LbO-Al,03-SiO;,
begins earlier and occurs at higher rates in cowmar to glasses in the
Li,O-K,0-Al,03-SiO, system (Figs. 4a-b). Thus, adding ot®@d and KO to the binary
system enhanced the glass stability against cligstidn 222

(@ A3 (b) B3 (c) C3

Heat flow/uV
N W
o] ©

»
)

400 500 600 700 800 9000 500 600 700 800 90400 500 600 700 800 900
Temperature/°C Temperature/°C Temperature/°C

Fig. 2— DTA plots for glasses A3, B3 and C3 at differeeating rates.

The main thermal parameters that influence the tailymation process,.e., the onset
crystallization temperaturd{), and peak crystallization temperatufg)( as determined from
the DTA plots and are reported in Table 3. The btesaperature of crystallization increases
with increasing of SiglLi,O ratio for the binary compositions, but shows apasite trend
for Al,O3; and KO containing compositions. Moreover, compositiofisseries C showed
sintering temperature window$.£Tg) wider than compositions of series A and B. Ttas c
explain their better sintering ability. Regarding the peak temperature of crystallizalign
the trend is similar tdg, i.e., T, decreases with increasing 10,0 ratio. Adding A}Os to
the parent glass led to increasifigvalues. The same trend was observed with theiaddit

K0 to the ternary systemJ0-Al,03;-SiO..

The crystalline phase assemblage of the experim@iases as determined by X-ray
diffraction (XRD) analysis (not shown) revealedtthdl the investigated glass compositions
were amorphous after heat treatment at 600 °C.iunithdisilicate (LD, LpSi,Os) was
recorded as the single crystalline phase in thesgkaof series A at 700 °C and 800 °C and the
intensity of the peaks of LD slightly increased twthe rising temperature, while traces of
cristobalite appeared at 900 °C. The addition gfAlin the L,O-SiO, system (series B)
enhanced the intensity of LD peaks and the formatiblithium aluminium silicate (LAS,

LiAISi ,0g). On the other hand, earlier studi®s* suggested that adding an excessive amount

196



of K,O tends to suppress the crystallization of LD amgbtomote the formation of lithium
metasilicate (LMS, LiSiOs;) due to its lower activation energy for crystalion in

comparison to that of LB>3

(a) 1.0 - (d) 12
] A3 B A3

x B ::: s il
X 08 § : é 9]
. ) J 4
= 064 B (K min’l) » ] £ (Kmin™)
o -10 o 10
-] -15 x & 15
< 0.4 ° 20
o -20 |
g 1 -25 3 725
5 02- ~30 ] %0

®) 1o (e)
X 0.8
c
. i
5 |
& 0.6 §
i 3
=< 0.4+
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® |
f
O 0.2 1
OO n O T T T
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Fig. 3— Evolution of crystallized fractior anddx/dt with temperature for A3, B3 and C3 at

different heating rates.
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Table 3- Thermal parameters of glasses as determined by @FA 20 K min™.
DTA at 20 K min*

Composition Tg/K T./K  T,/K

Al 498 587 737
A2 495 606 733
A3 491 612 717
Bl 504 662 781
B2 500 639 773
B3 495 620 746
C1 503 695 806
C2 500 663 800
C3 496 658 778
@ 10 ®) 10
A3
X 0.8- 8
&
S 0.6 - 6- B3
Y S
. =
5 04 4
2 C3
O 0.2 2
00 [ T T T 0 T T T
850 950 1050 1150 850 950 1050 1150
Temperature /K Temperature /K

Fig. 4- Crystallized fraction andx/dt versustemperature for A3, B3 and C3 at 20 K hin

The activation energy for glass crystallizatié) (can be estimated using the same Kissinger
formalism used in equation (%:*

B

E
In-= =-—=-+const
TP p

(4)

Plotting the variation of Irﬂ/sz) as a function of 100B/T, allows obtaining straight lines, the
slopes of which give the activation energy values drystallization Eg). The Avrami

parametem was determined according to the method proposedmis and Bennett:
equation (5):

198



25 RT? )
ATewm E

C

whereATrwnwm IS the full width of the DTA exothermic peak aethalf maximum an&; was
estimated from equation (4).

The kinetic parameters of crystallization have disen estimated using a method suggested
specifically for non-isothermal experiments by Mataet al.?” **The crystallized volume
fraction ), precipitated in a glass heated at constantringadite ) is related to the effective
activation energy of amorphous-crystalline transfation, E;, through the following

expression:

(6)

In[-In(1- x)| = -nIn S -1.052m FIQE'CI' +const

wherem s an integer that depends on the dimensionalitgy@nth of the crystal, and being

a numerical factor depending also on the nucleapoocess. For as-quenched glasses
containing no nuclem = (n — 1) and for glasses containing a sufficiently éargumber of
nuclei, which might occur due to annealing of tiseqaenched glass) = n.*® The E; andn

values estimated by both methods are reportedhie®a

Figure 5 presents the Kissinger plots for compos#iA3, B3 and C3 while the variation of
In[-In(1-x)] with In(B) and the plot of In[-In(1¥)] versus1000RT, (derived from Matusita’s
method) are shown in Figs. 6a-c and Figs. 7a-@etsely. All plots show straight lines
(except at highB), thus indicating the validity of the methotsfor estimating the values of
E. and n (Table 4). Additionally, similar values could bstienated from Kissinger and
Matusita methods as shown in Fig. 8. The binaryesysshows the lower value of activation
energy for crystallization (Al) while quaternaryssym features the highest one (C1).
However, whileE; increases with decreasing the Sl®,0 ratio for compositions in the
system L3O-SiO,, the opposite trend is observed for compositioitt wdded AJO; and
K>O. Moreover, largeE, variations as a function of SiQi,O ratio were observed for the
guaternary compositions (group C), with the lowgstalue being associated with the highest
content of KO (C3).

Glasses in groups B and C featured the same alkiales content and therefore demonstrated
similar values forTg, which are higher thaly of glasses in series A. This could be
understood considering that the alkaline ions,(K") are likely to be partially associated

with AI** (especially for the lower added amounts) in tetdahl glass forming units. The
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excess of alkaline oxides will tend to act as glasslifiers and to increase the ionic mobility
decreasingy. With regard to changes in activation energy cae see that initial addition of
Al,O3 (glass B1) and AD3 +K,0 (glass C1) resulted & rising. In particular, glass C1 with
the lowest KO content demonstrated high&tamong all investigated compositions. On the
other hand, further addition of;R in series C caused shdtpdecrease that can be related to
mixed alkali effect (Table 3, Fig. 8).

Table 4- The E; andn for the crystallization region of experimental ggas obtained from

different methods.

Kissinger Matusita
Composition E. R n E n
/kJ mol* /kJ mol*
Al 169.2:77 0.993  1.42:009 170.8:t90 1.49:0.08
A2 171.1¢59 0.99 1.64:006 190.4+99 1.40:0.08
A3 202.2+82 0995 1.67+008 198.2:73 1.68:0.09
B1 215.1+64 0997 1.22+011 178.5:51 1.53:0.04
B2 180.4+92 0994 1.35:007 175.0: 104 1.55+0.04
B3 149272 0995 1.55:008 155.6+72 1.60:0.10
C1 247 4-32 0999  (0.85+007 258.3+225 1.03+0.09
C2 156.9:93 0996 1.27+004 161.2-125 1.25:017
C3 144.1+77 0989 1.64:0.08 145.1+32 1.69:0.03
-14.2
C, By A
14.6 ® A
-14.6 n . "
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I\:; 150l - Q
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-15.4- R
A
]
-15.8 \

0.110 0.114 0.118 0.122 0.126
1000/RT,)

Fig. 5— Kissinger plotsk.) for A3, B3 and C3.
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Fig. 6— Variation of In[-In(1x)] with In(f) for A3, B3 and C3.
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Fig. 7- Variation of In[-In(1x)] with 1000RT, for A3, B3 and C3.
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Significant changes of Avrami parameterare also observed with the variation of glass
composition (Fig. 8). The lowest value was obtained for composition C1 (&8%7 and
1.03t0.09, according to Kissinger and Matusita methoespectively), suggesting that these
glasses are prone to surface crystallization, hedyéneral trend foris A > B > C. However,

n tends to increase with decreasing the, &iQO ratio, suggesting that crystallization occurs
via both surface and bulk mechanisms, althoughasarfcrystallization appears to be the
dominant one (Table 4, Fig. 8). This phenomenanase pronounced in the glasses of series
C that can be clearly observed from the changdbkaim microstructure after heat treatment
(Figs. 9a-b). Thus, composition C1 heat-treate@80ft °C feature surface crystallization as
evidenced by the crystalline layer with about 1 imckness (Fig. 9a). Moreover, the inner
part of this sample has no evidence of any crystffhase. On the contrary, glass C3 treated
at 700 °C shows a crystalline layer on the surédoag with dispersed crystals in the volume
of the sample (Fig. 9b), suggesting the occurresfcleoth surface and bulk crystallization.
These microstructural evolutions are in good agesgnwith the changes in the Avrami

parameten displayed in Fig. 8.

Kissinger %\\ ., 250 E
' \ " -
/g/é \ - 200 x<
;i,,, /§ ’." \ s o
18] Matusita é&f; - 150
. . 5
o ¢ B8 .
1a]%s
= — ]
1.0 ¢/
J
0.6

Al A2 A3 B1 B2 B3 Cl C2 C3
Composition

Fig. 8— Variation ofE; andn with composition.
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(a) C1-800°C 1 mm (b) C3-700°C 500um

Fig. 9— Microstructure of C1 heat-treated at 800 °C (&) @B at 700 °C (b).

4. Conclusions

The results presented and discussed along this amakle the following conclusions to be

drawn:

1. The enrichment of the glass composition igQ.(decreasing the Sii,O
ratio) caused a general increase of the activatiwrgy for glass transition
(Eg), enhanced; for the binary systems, and decreaBgdor the ternary

and quaternary compositions.

2. Binary compositions showed stronger tendency towarygstallization
while the addition of AlO; and KO caused slightly shifts ifiy to higher
temperatures and enhanced the glass stability stgaipstallization. The
enhanced polymerization of the glassy matrix is sgent with the
association of LVAI**andK*/AlI* in tetrahedral glass forming units for the
lower contents of alkaline elements. The excessllailine elements tend

to exert an opposite effect.

3. Surface crystallization is the predominant crygtation mechanism
especially for the higher SyLi,O ratios, being more evident for the
ternary and quaternary systems.
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Abstract

The aim of this work was to investigate the effetctifferent nucleating agents ABs, TiO,
and ZrQ) on the crystallization behaviour and the progsrtiof a parent glass with
composition 23.7 LO - 2.63 KO - 2.63 ALO; — 71.78 SiQ (mol.%) and Si@Li,O molar
ratio far beyond that of stoichiometric lithium idisate (LD, Li,Si,Os). The scanning electron
microscopy (SEM) examination of as cast non-anmkeglasses revealed the occurrence of
liquid-liquid phase separation for all compositioRgs revealed to be effective in promoting
bulk crystallization of LD, while TiQand ZrQ led to surface crystallization. Moreover, 2rO
enhanced the glass polymerization and shifis to higher temperatures hindering
crystallization. At 900 °C, Ti@containing glasses feature LD and lithium meteaigé (LMS,
Li,Si0s), while BOs- and ZrQ-containing ones present monophasic LD and LMSsglas
ceramic, respectively.

Keywords Glass; Nucleating agents; Crystallization; Theqphgsical properties.
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1. Introduction

Glass-ceramics are polycrystalline materials forttedugh the controlled crystallization of

glass during specific heat treatments. Crystalbradf glass from the surface or from a small
number of sites in the interior usually resultdaw strength materials with coarse-grained
microstructures; in contrast, efficient nucleatmfncrystals from numerous centres results in
fine-grained microstructures and consequently Isigangth materials. The role of nucleating
agents in initiating glass crystallization from aultitude of centres was the major factor

allowing the introduction of glass-ceramics intdustrial applicationd?®

The lithia—silica glass-ceramics have attractecigrgerest since the fundamental research of
Stookey on the stoichiometric composition of litmiulisilicate (LD, LySi,Os).” Later, many
comprehensive studies led the development of LBsgteramics (GCs) from a variety of
composition$:*° It was shown that chronology and morphology of sgisaformed in this
simple binary system could be affected by addingomamounts of nucleating agents.

The addition of FOs to LD glass was observed to induce amorphous pdegsaration and to

increase the crystal nucleation rate, simultangodgf Recently Bischofet al. %

provided
important insights into the crystallization mectsmi of lithium disilicate glass—ceramics
starting from non-stoichiometric glass compositigi®O,/Li,O molar ratio was 2.39:1)
containing 1.3 mol.%,0s. It was shown that under certain deviations froniceiometry the
formation of LD was preceded by the crystallizat@flithium metasilicate (LMS, L5iOs,
SiOJ/Li,O = 1), contrarily to what is observed in stoich@nt glasse$' LMS firstly
crystallized at lower temperatures (6500 °C) and then reacted with amorphous,S0
higher temperatures to produce LD. Accordingly, tbamation of the crystalline silicate
phases (LMS, LD) cannot derive from a heterogenemgteation processes through epitaxy,
but as a heterogeneous nucleation at the intedhe@ amorphous lithium phosphate phase

and the glass matriX.

Titania is an efficient nucleating agent commonsgdi in the fabrication of glass—ceranfics.
L This oxide is believed to be greatly dissolvedjiass melts; however, its high ionic field
strength encourages the liquid-liquid phase separgithenomenon to occur during the
subsequent heat treatment of solid gfa5%>Upon cooling it can precipitate in the form of
small titanium oxide or titanium compound specibattact as nuclei, facilitating the

development of the main crystalline phaSéé For instance, Ti@as nucleating agent in the
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Li,O—-MgO-Zn0-Al,05-SiO, glass-ceramic system led to the formation of Grdroplets
leaving the glassy matrix significantly depleteonfr Ti*

Zirconia (ZrQ) is another conventional nucleating agent widedgdiin the several silicate
systems*?® which was found to hamper crystal growth and thecipitation of the main
crystalline phases (LD and LMS) in the,Qi-SiO—Al,0:—K,0—P.0s glasse$. Moreover, it
was demonstrated that in the,@Q+SIO, glass ZrQ enhanced the polymerization of the
silicate network and amorphous phase separatiomgaing the crystallization route by

forming Li,SiO; intermediate prior to LBi,Os crystal?’

However, the catalytic crystallization of non-stommetric lithium silicate glasses with
SiO,/Li»O molar ratios high than 3:1 was rarely investigate* Therefore the objective of
this work was to study the role 0f®, TiO, and ZrQ on the structural features of the parent
glass composition 22.9610-2.63AL03-2.63K0-71.78SiQ (mol.%) (SiQ/Li,O molar

ratio of 3.13) and of the glass-ceramics derivedebf>°

2. Experimental Procedure
2.1. Glass preparation

A total of 9 new compositions were designed based tbe parent composition
22.96Lp0-2.63AL0s;—2.63K0-71.78SIQ (mol.%, designated as G). Doping witfCR was
attempted in the amounts of 1, 2 and 3 mol.%, whiteTiO, and ZrQ the added amounts
were 1, 3 and 5 mol.%. Nucleating agents were duited in such a way that either the
102/Li,O molar ratio and the amounts of 8k and KO remained constant and identical to

those of G composition (Table 1).

The powders of technical grade Si(urity >99.5%) and of reactive grade @4, Li,CQOs;,
KoCO;3, TiO,, ZrO,, and NHH,PO,, were used. Homogeneous mixtures of batches (g)L00
obtained by ball milling, were calcined at 800 4 1 h and then melted in Pt crucibles at
1550 °C for 1 h, in air. The glasses were producdnlilk (monolithic) form by pouring glass
melts on bronze mould in two different sets: theesges of one set were immediately annealed
at 450 °C for 1 hour while the other set of glasses preserved in the non-annealed

condition.
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2.2. Thermo-physical properties of glasses

The coefficient of thermal expansion (CTE) of thenealed glasses was measured by
dilatometry using prismatic samples of bulk glasséth cross section of>& mnf (Bahr
Thermo Analyse DIL 801 L, Germany; heating rate 5miq™). The differential thermal
analysis (DTA, Setaram Labsys, Setaram InstrumientaCaluire, France) of glasses was
carried out in air from room temperature to 1000tCheating rategj of 20 K mir*. The
glass granules with sizes in the range of-3@MOum (collected by sieving of crushed non-
annealed glass blocks) and weighing 50 mg wereagted in an alumina crucible, using
alumina powder as reference material. The valuesglas transition temperaturg,,
crystallization onset temperatuik,and peak temperature of crystallizatidpwere obtained

from the DTA scans.

Archimedes’ method (i.e. immersion in ethylene glycwas employed to measure the
apparent density of the bulk annealed glasses whiek further applied along with
compositions of glasses to calculate their excedsnwe {/) according to a procedure
described elsewher8.

Table 1 — Compositions of the experimental glagses.%).

# G P1 P2 P3 T1 T3 T5 Z1 Z3 Z5
Li,O 22.96 22.73 22.50 22.27 22.73 22.27 21.81 22.73 22.27 21.81
K20 263 260 258 255 260 255 250 260 255 250
Al,O3 263 260 258 255 260 255 250 260 255 250
SiO, 71.78 71.06 70.34 69.63 71.06 69.63 68.19 71.06 69.63 68.19
P.Os - 1.00 2.00 3.00 - - - - - -
TO; - - - - 100 3.00 5.00 - - -
ZrO, - - - - - - - 100 3.00 5.00

2.3 Crystalline phase analysis and microstructwablution in glass-ceramics

Bulk parallelepiped annealed glass samples were thested non-isothermaly at 600, 700,
800 and 900 °C for 1 h, respectively, at a heatig of 2 K min'. The amorphous nature of
the parent glasses and the nature of crystalliasgsdpresent in the GCs were determined by
X-ray diffraction (XRD) analysis (Rigaku Geigerflek/Mac, C Series, Japan; Cu,K
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radiation, ® between 10° and 60° with 8-8tep of 0.02 deg . The crystalline phases were
identified by comparing the obtained diffractogramigh patterns of standards complied by
the International Centre for Diffraction Data (ICRD

Microstructure observations were done at polisimeidr¢r finishing) and then etched surfaces
of samples (by immersion in 2 vol.% HF solution #min) by field emission scanning

electron microscopy (SEM, Hitachi SU-70, Japan)airssecondary electron mode.

3. Results and discussion
3.1. Casting ability and microstructure of glasses

Melting at 1550 °C for 1 h was adequate to obtaibbibe free, homogenous transparent and
colourless glasses from the parent compositioh& 1tmol.% FOs—containing P1, and from
all the TiG, and ZrGQ—containing derivatives. The absence of crystalimusions in these
compositions was confirmed by XRD and SEM analysksvever, the transparent melts of
glasses P2 and P3 (with 2 and 3 mol.9@4respectively) tended to acquire a cloudy hazy on
cooling. The XRD spectrograms of samples P2 an@nBB8shown) evidenced few and very
weak peaks most probably belonging to both siliowide and lithium orthophosphatesRO,

phases. Thus no further examination was performetti@se glasses.

The SEM image of the as cast non—-annealed parass @ (Fig. 1(a)) shows liquid—liquid
phase separation into droplet like zones of Li-ptiase and Si&xich glass matrix. This type
of primary segregation was demonstrated elsewtiekddition of 1 mol.% BOs into G did
not significantly affect the mean droplet diamedad the population density of droplets, but
caused the formation of round shaped zones (F&)).1This type of segregation might be
related to separation of phosphate phase sincammtarsobservation was revealed in the
parent glass G. This type of segregation mightueetal the incompatibility of the PQunits

in the silicate structur&. Segregation is promoted by the high field streraftF®* that equals
2.1% and by presence of network modifiers such as théobs that will preferably diffuse
towards phosphate groups assuming field strengtbideration. The separate orthophosphate
groups that are charge balanced by lithiimi® may spontaneously crystallise upon cooling

and confer the cloudy appearance to the P2 andaB8es.
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Fig. 1 — SEM images of non-annealed glasses: (&)31, (c) T1, (d) T5. (e) Z1 and (f) Z3.

In the case of Ti@-containing compositions (Figs. 1(c) and (d)) thgéessy phases can be
clearly observed: (a) small droplets which resenagblghium rich phase in the parent glass,
(b) bigger spherical droplets, and (c) a silicdrrglass matrix in which both droplet glass
phases are embedded. Formation of spherical dsop&et be explained by relatively high
field strength of Ti" (1.04°%) and ability of titania-rich phase to encouraggregatiort.’*
The SEM images of non-annealed Zr@ontaining compositions (Figs. 1(e) and (f)) réxeea
steady decrease in size of droplet-like zones withieasing Zr@ content. According to

Dietzel *°

the contribution of Zr@to the surface tension is more significant thars¢hof SiQ
and LpO. Therefore, adding ZrOto the LpO-SiO, glasses might lead to equalizing the
surface tension of the different phases and wedkendegree of segregation. Moreover,
zirconium being in 6-co-ordination number will bekan the glassy lattice as network former
ion since Zr occupies a distorted Zr@ctahedron which shares corners with Si€rahedra

with Zr-O-Si angles close to 130!
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3.2. Thermo-physical properties of glasses

The properties of the annealed glasses are pees@ntthe Table 2T, that is a parameter
related to the system viscosffyincreased in all the investigated compositions pamd to
the parent glass. The most significant incremenfgrwas revealed for Zr@&containing
glasses, suggesting increase in the polymerizatiegree.CTE increased with the first
addition of nucleating agents and then decreasethéTiQ, and ZrQ groups. The density
values of annealed glasses varied in the range38t2.52 g cnt. The observed density
variations are composition dependent and can beeieral, explained by atomic weight
consideration. Accordingly, the highest values weaeorded for the ZrPseries, while the
lowest ones were measured for the parent glas®an¥oreover, an increase in density for
TiO, and ZrQ glasses is also a direct consequence of the vobamteaction reflected by the

significant decreases of structural parametgrandVe.*

Table 2 — Thermo-physical properties of the expental glasses.

d Vi Ve CTEx00-400 Ty Tp1 Tp2

(g cmi®) (cm® mol™®) (cm®mol™®  #0.1 (10'K™) 42 (°C) +2(°C) +2 (°C)
G 2.36+0.01 23.38+0.01 1.26+0.01 96.5 505 821 -
P1 2.36t0.01 23.78+x0.01 1.20+0.01 112.7 520 661 870
T1 2.38+0.01 23.29+0.04 1.14+0.04 109.1 521 822 -
T3 2.41+0.01 22.96+0.03 0.81+0.03 102.9 526 813 -
T5 2.44+0.02 22.68+0.04 0.53+0.04 102.7 532 808 -
Z1 2.39+0.01 23.41+0.02 1.21+0.02 118.4 522 833 -
Z3 2.45+0.02 23.44+0.01 1.19+0.01 106.0 536 855 -
Z5 2.52+0.03 23.37+0.01 1.06+0.01 97.0 569 856 -

Considering the micro heterogeneous structure efetkperimental glasses (Fig. 1) and the
prominent role of droplet phases in the nucleafiostesg, further heat treatment for crystal
growth was attempted using annealed samples inntieeval 606-900 °C for 1 h. This
temperature range was chosen according to the Data pf the experimental glassegs< 20

K min™) shown in the Fig. 2(a). The glass P1 containimgol% ROs exhibits two sharp and
well-defined exothermic peaks at 661 and 870 °C.tihd other experimental compositions

featured a single exothermic peak but of signififatower intensity. In particular, DTA

213



curve of glass containing 1 mol.% Zr@atures a single shallow peak that become almost

negligible with further Zr@increment (Fig. 2(a)).

(@)
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Fig. 2 — The DTA plots (a) glasses with particleesdbetween 561000um, (b) glass P1

having different particle sizes, (c) glass T1 hgwiifferent particle sizes, and (d) glass Z1

having different particle sizes (heating raipdgf K min™).

In general, as the volume fraction of crystals eéases, the heat of crystallization is evolved

and the exothermic peak appears on the DTA cdfv&€ansequently, the intensity of the

exothermic peak is correlated with the efficienéyhocleating agents to promote nucleation.

Additionally, the positioning of the peak temperatof crystallizationT,, may be a measure

of the ease of crystallization; the low&s is, more easily the crystallization occdisThe

changes inT, for P1 and Zr@ series are in accordance with finding of Matusitea

29
l.

demonstrating thafl, increases with increasing ionic radius of metatiots in the
25Li,0-75Si10-3RG, glass (R = Na, K, Cs, Mg, Ca, Sr, Ba, B, Al, Ire, Gi, Zr, P or V).
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Exception from this tendency was revealed for JF€@ntaining glasses. To explain this
phenomenon further crystallization kinetics stufihe experimental should be attempted.

DTA curves obtained from the glasses P1, T1 andaing different particle sizes are shown
in the Figs. 2 (a-d). For all the glass composgjoexcept P1T, appears at lower
temperatures for finer particles, indicating thecwocence of surface crystallizatién™
Accordingly, the monoliths from Ti£and ZrQ series exhibited surface crystallization while

P1 glass demonstrated bulk internal crystallizafaswill be shown in next subsection 3.3).

3.3. Crystallization of glasses: phase assemblagkraicrostructure

The general appearance of some experimental glassesheat treatment at 600, 700, 800
and 900 °C is presented in Fig. 3. Titania andniic containing glasses were still transparent
at 600 °C whilst phosphorous containing compositippeared as semi translucent glass.
With increasing the heat treatment temperature0® %C, the Ti@ and ZrQ-containing
samples turned into opaque glasses, while thelteerscy degree of P1 glass was almost
unaffected. However, the degree of opacity of ladl glasses significantly increased with the
heat treatment temperature further increasing tba@ 900 °C as a consequence of crystals

growth.

600 °C 700 °C 800 °C 900 °C

P1

T1

Z1

i
Fig. 3 — The appearance of the bulk heat treat@ssgk.
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Figures 4 (a) to (c) present the XRD spectra ofsga heat treated at different temperatures.
All the investigated glasses heat treated for 1 608 °C were amorphous as evidenced by
XRD and SEM (not shown). Crystallization of LMS £8iOs) was initiated in P1 at 700 °C as
observed in the XRD spectra (Fig. 4(a)) and SEMgenéFig. 5(a)). LD and small quartz
peaks appeared at 800 °C. LD phase grew up irethpdrature range 800-900 °C turning the
P1 heat treated at 900 °C into a monomineral LBsgteramic (Fig. 4(a)). The nucleation
process in the parent glass G was initiated froenrthnosize Li-rich droplets derived from

liquid-liquid phase separation.

(a) Scale = 30,0C (b) Scale = 30,0C (C) Scale = 30,0C
o0 J . P1 T1
800 900 l h T5
700 900 - - A A
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Fig. 4— XRD of glasses heat treated at different tempegatya) P1, (b) T1, (c) Z1, and (d)
T5 and Z5.

LD was the major phase with traces of LMS at terapges <900 °C, but then opposite trend
with growing of former at the expanse of latter wagealed. The mechanism of nucleation
and crystal growth in the presence eDpPseems to be different, leading to the formatioa of
denser population of tightly interconnected LD tajs (Fig. 5(b) and (c)) but without
significant changes in the morphology of LD crysta\ crude epitaxial growth rule has been

proposed in some literature repotts*°

to explain the nucleation and crystallization when
at least one of the lattice parameters of the aticlg species and of the growing crystals is
within an integer multiple +15%. The round shapedregated zones (Fig. 1(a)) formed in the
presence of s due to the incompatibility of the R@nits in the silicate structuré likely
consist of Li- and P-rich associations such af@ a result of the high field strength of*P

(2.1)28 It is worth noting that for the bPO,—Li»Si,Os pair, the following proximities can be
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registered for the unit cells lattice paramet@endc: (i) a LisPO, = a Li,SiOs + 8%; (ii) C
Li»SibOs = 3¢ LisPO, — 3%; therefore, being both within the acceptabiege®’ However, the
hypothesis of a heterogeneous nucleation at tleefame of an amorphous lithium phosphate
phase and the glass matrix was considered to be appropriate to describe the structural
changes in this particular systémSimilar mechanism of heterogeneous nucleationbzan
considered when /Bs is incorporated into glasses of the quaternary
22.96Lp,0-2.63AL03-2.63K,0-71.78SiQ system.

(b) P1 - 800
7 l =

(a) P1-700 5um

/ IR /
(f) T5 — 900

x
2

(e)T5 - 700

Fig. 5— SEM of glasses heat treated at different tempe¥satifac) P1, (&) T5, and (gi)
Z1.

The hypothesis of an epitaxial growth mechanisnttierLMS in the presence of TiGnight
be admitted, considering the close proximitieshefunit cells lattice parametasbandc for
the TiO—Li,SiO; pair: (i) a Li,SiOs; = 2a TiO, + 18%; (ii)b Li,SiOs= 2a TiO, + 2.7 %; (iii)c
Li»SiOs = 2c TiO, — 21 %% The fine droplets observed at 600 °C (about 25pinri5 glass
(Fig. 5(d)) are most probably Ti-enriched compoutitlst act as nuclei and facilitate the
development of the main crystalline pha$ééUnlike to the bulk crystallization observed in
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the glass P1, the presence of FiPpromoted predominantly surface crystallization as
evidenced in (Fig. 5(e)). Typical dendritic crystalf LMS can easily be seen inside this

relatively thick crystalline layer.

Both LMS and LD could be identified in the XRD sprecof TiO,—containing glasses heat
treated at 800 and 900 °C irrespective of the adwedunt of TiQ demonstrating the

impossibility of producing monomineral LD GC whdrnist oxide is used alone as nucleating
agent. For instance, Fig. 5(f) shows that LMS @&igstwere almost completely removed
during acid etching, while the well-organized itbeking LD crystals are clearly observed in

the SEM image due to their high chemical durabifity

In the ZrQ—containing glasses, separated droplets could dre (f&g. 5(h)) well dispersed in
the amorphous matrix heat treated at 600 °C. Isorgdhe heat treatment temperature to 700
°C led to the appearance of a surface crystalli@ayer] but thinner (Fig. 5(h)) and less
expanded that in case of Ti@lass, with traces of LMS crystals (Fig. 4(a)ehsity of LMS

did not increase significantly after further haatatment at 800 °C while this phase was more
pronounced at 900 °C in Z1. Figure 5 shows the S&ibtostructures of Z1 heat treated at
600, 700 °C and 900 °C. The amorphous glassy matedominates in all of them while
some embedded dendrite holes resembling the typitd® morphology can be seen
especially in the sample heat treated at 900°Cweier, LMS formation was significantly
suppressed in Z5 (Fig. 4(d) confirming the roleZzo®, to hamper crystal growth and the

precipitation of the main crystalline phasésNo LD was formed in Zr@-containing glasses.

4. Conclusions

The effects of single additions of,®, TiO, and ZrQ as nucleating agents into non-
stoichiometric LD based glass could be summarisddlbows:

1. The occurrence of liquid-liquid phase separations vadserved in all
experimental compositions with some specific anticdie differences,
which exert a strong influence in the phase contjposand microstructure
of GC.

2. Compared to the parent glasg, increased with addition of nucleating
agents. The most significant increment Bf was observed for Zro

containing glasses suggesting the highest degrgmlgierization. CTE
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increased with the first addition and then decrédeethe TiQ and ZrQ

groups.

3. Well-defined 2 sharp exothermic peaks were charatitefor the glass P1
the position of which is independent of particleesi denoting bulk
crystallization. All the other experimental compmsis featured a single
exothermic peak with significantly lower intensignd its position was

particle size dependent, indicating surface criyztdion.

4. Only P.Os led to bulk crystallization, with the formation bMS at lower

temperatures and the crystallization of LD at higleenperatures.

5. Biphasic glass ceramics (LMS + LD) were always oigd in the presence
of TiO, at 800 and 900 °C irrespective of the added amount

6. The addition of zirconia to the parent glass redutiee degree of
segregation, increases the polymerization of thesyl matrix, and shiftg,

to higher temperatures hindering crystallization.
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Abstract

The aim of the present study is to investigateajbatite formation process from glasses in the
fluorapatite-diopside-anorthite-albite system. The effects of partial and totalaepment of
anorthite fraction by albite in the ternary compiosi 26 Ca(PQy)sF — 44 CaAbSiOg — 30
CaMgSpOs (Wt.%) on the properties of glasses and glassatiesawere evaluated. The
scanning electron microscopy (SEM) examination lakges revealed the precipitation of a
nanosize droplet phase in the glassy matrices stiggehe occurrence of amorphous phase
separation in all annealed glasses. An overalldtreswards polymerization of the glass
network with increasing albite content was dematstt by employing MAS-NMR and FTIR
spectroscopy. X-ray diffraction (XRD) and differeitthermal analysis (DTA) were used to
assess the effect of albite content on devitriicatprocess and formation of fluorapatite
crystalline phase (GEPOy)3F).

Key words Glass; Apatite; Microstructure; Phase separatitmystallization.
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1. Introduction

Apatite based materials have gained a consideratdeest in the last decades due to their
application as functional materials in medicine dedtistry’™ as well as in optoelectronis.

" Crystallization of glasses is a useful method lthiming a wide range of apatite containing

glass-ceramics, which have unusual microstructanesphysical properti€s’ The synthesis

of the parent glass is an important step of theeldgwment of the final glass-ceramic material

because the principal components and their prapoiti the glass composition govern the

precipitation of the crystalline phases. The resoftthis process endow the resultant glass-

ceramic with the desired properties.

Glass-ceramics with fluorapatite (FAp) crystals drgable biomaterials useful for dental
restoration. In this regard, a number of glasstoar@ompositions have been proposed by W.
Holand et al in recent years exploiting the principles of coléd nucleation and
crystallization in various inorganic based glass8A distinction was made by Holared al

919 hetween two general mechanisms of nucleation aysiatlization in glasses that are used
for the development of glass-ceramics: surface mm@sins and internal mechanisms. The
formation of apatite in glass-ceramics was repottetbe controlled by internal nucleation
mechanisms where glass-in-glass phase separagyedkn important rofé. The glasses
exhibited two different types of droplet phases enriched in CaO/®s oxides, which leads
to the nucleation of apatite, and a silica-rich gghathat originates the formation
aluminosilicate nuclei and the growth of crystadliphases such as leucite (KA{). This
amorphous phase separation (APS) thus triggers digble nucleation process and
crystallization through surface reactions This double nucleation and crystallization
mechanism from the spherical segregated droplesscewafirmed by TEM observations in a
glass with a composition: 67.6 Si12.8 ALOs, 0.5 LLO, 2.8 Ca0, 1.2 s, 5.7 NaO, 8.6
K20, 0.8 F (wt.%). An apatitic phase with sphericairphology was firstly formed, which
then was fully converted into FAp through a soliats reactiort’ Fluorapatite was found to
easily crystallize from the glass melts with relaly wide compositional ranges: 2245.0
SiO;, 9.0-21.8 ALOs, 7.3-18.9 CaO, 6.819.6 ROs, 16.2-21.0 NaO, 0-24.4 K0, 7.0-10.1

F (Wt.%)!® Glasses demonstrated phase separation into gag@ieh droplet phase and
silica enriched matrix phase. FAp was the main tatjgse phase formed in all glasses
studied.

The main aim of the present study is to investigguatite formation process from glasses in

the fluorapatitediopside-anorthite-albite system. The information gathered will behajh
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relevance to select the experimental conditiondihgato the preparation of fine grade glass-
ceramic coatings on ceramic substrafés. The base glass (A) was selected from the
anorthite primary field of crystallization in therbary FAp-anorthite-diopside system [26
FAp (Ca(POy)sF), 44 anorthite (CaABi,Og) and 30 diopside (CaMg®ds) (wt.%)]
previously studied by Tulygand¥.

2. Experimental Procedure
2.1. Glass and glass-ceramic preparation

The chemical composition of the starting glassdager named A) was designed in order to
obtain the calculated fractions of the followingaphs (wt.%): 26 fluorapatite (FAp,
Ca(POy)3F), 44 anorthite (An, CahAbi,Og), 30 diopside (Di, CaMg8bs). Glasses B, C and
D resulted from replacement of 50, 75 and 100 mai%n by albite (Al, NaAISiOs) in the
parent glass composition, respectively. Table 1 arable 2 present the detailed
mineralogical-based and oxide-based compositioribeobExperimental glasses. Furthermore,
four new BOs-containing compositions were prepared based ogldsses C and D, namely:
C-B4 (96 wt.% C and 4 wt.%,B3); C-B8 (92 wt.% C; and 8 wt.%,83); D—-B4 (96 wt.%

D and 4 wt.% BOg3); and D—B8 (92 wt.% D and 8 wt.%85).

Powders of technical grade Si@purity >99.5%) and of reactive grade.@}, CaCQ,
MgCOs;, NaCOs, NHgPQ,, CaF, and HBO; were used. Homogeneous mixtures of batches
(~100 g), obtained by ball milling, were calcined80 °C for 1 h and then melted in Pt
crucibles at 15001550 °C for 1 h, in air. The glasses were produnebulk (monolithic)
form by pouring glass melts on bronze mould andevilrmediately annealed at 450 °C for 1
hour while another set of glasses was preservétkifrit form by quenching the glass melt in
cold water. The obtained frits were dried and rdille a high-speed agate mill. The mean
particle size of the glass powders as determinedighy scattering technique (Beckman
Coulter LS 230, CA USA,; Fraunhofer optical modeBsaabout 510 pm.Rectangular bars
with dimensions of 4x5x50 nitwere prepared by uniaxial pressing (80 MPa).

Bulk parallelepiped glass samples were non-isath#y heat treated at 700, 750, 800 and
850 °C for 5 h, respectively, at a heating rat@ &f min*. Glass powder compacts were heat
treated at 800, 850 and 900 °C for 1 h at the mgatite of 2 K min* aimed to prevent
deformation of samples.
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Table 1- Mineralogical compositions of the experimentalsgles (wt.%).
wit% 26 44 30

A Ca(POy)sF CaALSi,Og CaMgS;Os

B Ca(POysF  CapsNapsAl1sSii20g  CaMgSpOe

C Ca(PQy)sF  CayodNay 75Al 1255k 7505 CaMgSpOs

D Ca(POy)sF NaAlSisOg CaMgSpOs

Table 2- Compositions of the experimental glasses.
SiO, Al,03 CaO MgO NagO PROs Cak

A mol.% 38.99 10.40 34.74 9.10 - 5.08 1.69
wt% 35.65 16.13 29.65 5.58 - 10.98 2.01
8 mol% 4441 793 29.34 899 264 205 1.67
wt% 41.11 1245 2535558 252 1098 201
c mol% 47.19 6.66 26.57 893 4.00 499 1.66
wt% 43.96 1053 23.105.58 3.84 10.98 2.01
5 mol.% 50.01 5.38 23.75887 538 496 1.65

wt% 46.89 8.56 20.78 5.58 5.20 10.98 2.01

2.2. Thermo-physical properties of glasses

The coefficient of thermal expansion (CTE) of thene@aled samples was determined by
dilatometry using prismatic samples of bulk glasséth cross section of @ mnf (Bahr
Thermo Analyse DIL 801 L, Germany; heating rate ®nit™). DTA of glass powders was
carried out in air (Netzsch 402 EP, Germany) frownm temperature to 1200 °C at 40 K min
1

Mechanical resistance (3-point bending strengthgtstewere performed on rectified
parallelepiped bars of sintered GCs (Shimadzu Aafgy AG 25 TA, 0.5 mm min
displacement, the results were obtained from li@miht independent samples).

Archimedes’ methodi.ge. immersion in ethylene glycol) was employed to measthe
apparent density of the bulk annealed glasses whiek further applied along with
compositions of glasses to calculate their excesanwe {/¢) according to a procedure

described elsewhefé.
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2.3. Structural characterization of glasses andsgtaeramics

29Si MAS-NMR spectra were recorded on a Bruker ASR 4Pectrometer operating at 79.52
MHz (9.4 T) using a 7 mm probe at a spinning rdté kHz. The pulse length was 2 ps and
60 s delay time was used. Kaolinite was used ashbmical shift referencé’Al MAS-NMR
spectra were recorded on a Bruker ASX 400 spectemuperating at 104.28 MHz (9.4 T)
using a 4 mm probe at a spinning rate of 15 kHz putise length was 0.6 ps and 4 s delay
time was used. Al(Ng); was used as the chemical shift reference. @hdistributions were
obtained by curve fitting and spectral deconvolutising DMFIT program (version 2018).
Infrared spectra of the glass powders were obtaus#lg an infrared Fourier spectrometer
(FTIR, model Mattson Galaxy S-7000, USA) in the ganof 300-1500 cm. For this
purpose, each sample was mixed with KBr in the @ragn of 1/150 (by weight) for 15 min

and pressed into a pellet using a hand press.

Microstructural observations were done on polisl@aror finishing) surface of samples
(etched by immersion in 2 vol.% HF solution for 1m#h) by scanning electron microscopy
(SEM; SU-70, Hitachi, Japan). The crystalline plsasere determined by X-ray diffraction
(XRD) analysis (Rigaku Geigerflex D/Mac, C Seri€x) K, radiation, Japan). Copper,K

radiation §=1.5406 A), produced at 30 kV and 25 mA, scanned ringe of diffraction

angles (B) between 10° and 60° with &-8tep of 0.02 deg & The phases were identified by
comparing the obtained diffractograms with pattemois standards complied by the

International Centre for Diffraction Data (ICDD).

3. Results and discussion

Melting at 1500-1550 °C for 1 h was adequate taindbubble free transparent colourless
glasses A and B, although in the case of the latterthe transparency was slightly disturbed
by the appearance of cloudy regions. Further amdibf albite (Al) component to the glasses
C and D considerably modified their optical propericonverting the transparent glass A into
cloudy white opaline materials. The degree of dyasias enhanced in glasses C and D

containing BO; component.

The SEM images of annealed samples presented in1Figveal the precipitation of a
nanosize droplet phase in the glassy matrices, estigpg the occurrence of APS in all
annealed glasses. However, the mean droplet diamedethe population density of droplets
increased by adding albite at the expenses of Rit®rinto the CgPO,)sF—CaAbSi,Os—
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CaMgSpOs system. In particular, glass A remained transgaceving to a low volume
fraction of the segregated phase and very fineesgairphology of droplets with the sizes
laying in the interval 25125 nm. In glass B the population density of drtspldrastically
increased while the size of the droplets remainpdlas to A. Glasses C and D exhibited
higher degree of segregation compared to B witlpldte sizes between 18400 nm.
Moreover, crystallization of FAp within separatemplet phase has already occurred upon
casting (Fig. 1b-d). FAp peaks of very low intepsitere also detected on XRD spectra of all
experimental glasses (not shown) except for glasdwever, the rapid quenching of glass
frits in water prevented the crystallization of Fap revealed by their crystalline-free XRD

patterns (not shown).

Fig. 1- SEM images of the experimental glasses etched2withl.% HF solution for 1 min.

The room temperature FTIR transmittance spectthérregion of 3061300 cm® of all the
experimental glasses are shown in Fig. 2. The mtstsive bands lie between 3@D0 cm

! 650-800 cm* and the 8061300 cm®. The broad bands in the 86B00 cm* are assigned
to the stretching vibrations of the Si@etrahedron with a different number of bridging
oxygen atoms, while the bands in the 3800 cm™ region are due to bending vibrations of
Si~O-Si and S+O-Al linkages®® The transmittance bands in the 6800 cm” region are
related to the stretching vibrations of the—@l bonds with Al* ions in four-fold

coordination? The transmittance bands in 8a®00 cm*region for albite-containing glasses
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B, C and D were registered at higher wave numliyes those observed for parent glass A.
Thus, the partial or total replacement of An byeilhances the polymerisation of the glass

structure through the formation of map& units at the expense f units.

—
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8 |c am
c 53 1074
8 573
= B 484 1066
@ 744
= A 573
= 486 729
573 1058
494
1043
T T T T T T T
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Fig. 2— FTIR spectra of glass frits.

The?°Si MAS NMR spectra of glasses A and D are showhiin 3a. In general, the spectra
feature broad bands, which indicate the amorphaatsire of the glass frits. For each
composition, a resonance line covers the chemidttlrenge of silicon in sever&" groups
with n varying from 0 to 4°% In particular, the’®Si MAS-NMR spectrum for the parent
glass A is centred at about —-82 ppm (Fig. 3a) amdains ~60%Q% ~29% Q® and ~11%Q*
structural units.

The total replacement of An by Al caused a shifthef mair’®si MAS-NMR spectral peak to
about -93 ppm (Fig. 3b) and resulted in significietements in the populations @ and
Q* units as can be concluded from the followi@9 distribution: ~39%Q? ~42% Q* and
~19% Q*. This enhanced degree of polymerization of thieat# glass network is in good
agreement with the FTIR observations. Contraritg, ¢hemical neighbourhood of Al atoms is
less sensitive to glass composition changes.*#ieVAS NMR spectra of all glasses shown

in Fig. 3c are practically identical and centred4tppm, revealing the dominant presence of
tetrahedral aluminium, Al(IV¥?2
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Fig. 3- MAS-NMR spectra: (a}’Si MAS-NMR for glass A, (b¥°Si MAS-NMR for glass D
and (c)*’Al MAS-NMR spectra of glass frits.

The DTA traces for the glass powder frits with et sizes in the range of30 pum are
shown in Figs. 4a,b. The parent glass (A) hagaf 742 °C and two crystallisation exotherms
at 884 °C 1) and 1040 °CT,») (Table 3). The first and the second exothermakpeare due
to the formation of FAp and An, respectivéfyThe shoulder observed in the second

exothermic peak suggests the formation of a thiydtalline phase, likely diopsite.
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Fig. 4- DTA of glass frits a3 = 40 K min™.
Table 3— Thermo-physical properties of the experimentassgs.
d CTEzo0-5000c  Tg1 Tg2 Tp1 Tp2
(g cni®) +0.1 (10°K™)  +2 (°C) +2 (°C) +2 (°C)
A 2.866+0.001 7.86 742 - 884 1040
B 2.800+0.001 6.34 700 743 862 1081
C 2.766+0.005 9.07 704 unresolved 779 1078
D 2.718+0.003 8.98 685 unresolved 785 1068
C-B4  2.734+0.004 8.08 671 unresolved 742 unresolved
c-Bg  2.700+0.002 8.14 657 unresolved 722  unresolved
D-B4  2.691+0.002 8.49 654 unresolved 740  unresolved
D-B8  2.667+0.003 8.08 639 unresolved 722  unresolved

Adding the lowest amount of Al (glass compositionsBifted the first crystallisation peak to

lower temperatures (862 °C) whilst the second alysation peak occurred at higher

temperatures (1081°C). Further, two transition {80lig; and Ty, were revealed in the DTA

spectrum of glass B at 700 °C and 743 °C, respmgfiwhilst only oneTy could be

distinguished in the glasses C and D. The positbrthe first crystallization pealp:

significantly shift to lower temperatures in botra@d D glasses in comparison to glass B, but

Tp2 remained almost the same (Table 3). One impofeattre in DTA traces of glasses C

and D is the presence of a distinct hump peak lmtvieeT,; and Ty, exotherms. Also, the

shoulder observed in the second exothermic peappéared and the overall intensity of the
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peak decreased, suggesting the formation of a solition. The addition of 4 and 8 wt.%
B.Os; to the compositions C and D caused significanftshof Ty and crystallization
exotherms to lower temperatures (Fig. 4,b). Thésewations suggest thai® contributes

to decrease the viscosity of the melts and enhaheadiffusivity of the atoms.

(b) D full scale: 5,000 a.

(@ C full scale: 5,000 a.
W@T( e B50°G
MM iMoo, B00°C
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Fig. 5— X-ray diffractograms of experimental bulk glasafier heat treatment at different
temperatures for 5 h: (a) C, (b) D, (c) C-B8, (dBB (FAp: fluorapatite, GAPOy)sF, ICCD
card 01-015-0876).

Some properties of the experimental glasses asepied in Table 2. Density decreased with
increasing amounts of Al and@s. The CTE of the glasses show an increasing tratidtire

addition of Al, while an opposite effect was obszhin the case of Bs.

The XRD spectra of bulk glass samples heat treatedd0, 750, 800 and 850 °C for 5 h
presented in the Fig. 5 reveal that FAp was thglsiorystalline phase formed in all glass-

ceramics, irrespective of the sintering temperatuitkin the range studied. The intensities of
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FAp peaks decrease with increasing amounts of Aliaareased with incremental additions
of B,O:s.

(a) (b)
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Fig. 6— X-ray diffractograms of glass powder compactsrdftsat treatment at 900 °C for 1 h
(FAp: fluorapatite, C{POy)sF, ICCD card 01-015-0876; Di: diopside, CaMg(9iQICCD
card 01-073-6374; An: anorthite, Ca8LOg, ICCD card 98-000-0012).

Sintering of glass powder compacts at 800, 850@°C for 1 h resulted in dense glass-
ceramic materials featuring relatively high meclkahstrength (Table 4). Figs.a®d7 show
the XRD spectra and microstructure of glass povedenpacts heat treated at 900 °C for 1 h,
respectively. Three crystalline phases, FAp, Di Andvere identified in the glass-ceramic C,
while only FAp and Di were formed in glass-cerarBidn which An has been completely
replaced by Al. The morphological features presemteFig. 7 show the predominance of
spherical crystals, therefore close to those ofithed-liquid segregated droplets, suggesting
again that apatite phase formation is nucleatedienthe droplets. However, in the@s-
containing composition D-B8, some areas with r&d-IFAp crystals formed from the
coalescence of droplets as revealed in Fig. 7leifijns

4. Discussion

The results presented above showed that nano-scgéallisation of FAp—An-Di glass-
ceramics could be achieved due to two main corttrigyrocesses: (a) loss of fluorine and
calcium from the glassy phase (CagRrich droplets) to form the FAp phase with the

concomitant increase ofy of the residual glass. This ‘freezing’ effect tenw halt the
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crystallisation of the system; (b) the boundariegposed by the nano-scale APS induced
phosphate-rich droplets further limit the growthtloé apatite crystallites, as proposed by Hill
et al.?> who assumed that the APS probably results in étieegphases having a composition

close to FAp.

Table 4- Thermo-physical properties of glass powder congact

C C-B4 C-B8 D D-B4 D-B8

Density (g crit)

800°C 2.56@0.033 2.636+0.015  2.654+0.002 2.532+0.013 2.534+0.017 2.613+0.005
850°C 2.63%0.003 2.721+0.007 2.667+0.006 2.541+0.009 2.682+0.006 2.642+0.009
900°C 2.7760.002 2.776+0.006 2.692+0.005 2.712+0.008 2.703+0.001 2.647+0.006
Shrinkage (%)

800°C  3.280.15 12.98+0.18 13.21+0.16 2.22+0.35 9.68+0.62 13.56+0.23
850°C 12.4%0.33 13.94+0.13 13.43+0.23 11.93+0.51 14.18+0.17 14.23+0.10
900°C 14.230.10 14.72+0.18 13.65+0.08 13.61+0.24 13.94+0.06 14.11+0.11
Bending strength (MPa)

800°C 18.6%k2.13 110.93#5.40 110.50+5.57  17.00+2.28 96.79+2.48 115.15+6.55
850°C 89.5@7.51 126.22+6.83 119.22+12.04 83.98+8.20 130.47+4.67 107.40+1.29
900°C 110.6#3.63 147.95+14.18 157.05+16.43 105.18t4.06 128.50+24.22 147.97+4.70

Fig. 7— Microstructure of glass powder compacts heat#ceat 900 °C for 1 h: (a) D, (b) D-
B8.

In the present work a glass composition previossiglied by Hillet al. ?

was used as the
parent glass (A) for synthesis of three new glassethe system FAp—An-Di—-Al. SEM
analyses of annealed glass A performed in our worifirmed the presence of APS in the

form of droplets of very fine scale morphology (235 nm) dispersed in the glassy matrix
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(Fig. 1). Tg, Tp1 and Ty, values of the glass A were similar to those olataim that earlier
study?? whilst some discrepancies can be explained byusieeof different characterization
techniques and heat treatment schedules. The tamcteristic endotherms presented by
glass B at 700 and 743 °C (Fig. 4, Table 3) amdyliklue to the enhanced liquid-liquid phase
separation that occurred upon replacing 50 mol.%rairthite by albite (Fig. 1) and the
consequent formation of droplets with different qmsitions, which will exhibit
distinguishable transition point. The shifting trend of the thermal events to lower
temperatures (Fig. 4) suggests that the sedgradtributed to the transition of the silica rich

glassy phase in glasses C and D probably has baskeah by its superposition wm;;l.z“

According to the ternary system albite—anorthitepdide #°, albite and anorthite form a
complete solid solution series (the plagioclaséesgranorthite and diopside form a eutectic
system, as do albite and diopside. The solid smiutietween albite and anorthite continues
into the ternary system and is expressed by thexdary curve connecting the two binary
eutectics. However, from the phase diagram of dipslbite systen?®, the narrow
crystallization field for albite reflects big diffences in the crystallization trends of the two
phases. It is known that anorthite features higiitjered structur& but albite is even more

difficult to crystallize from the silicate glass®s.

Karamanovet al. ?’ investigating diopside—albite glass ceramics noeetil that practically,

only diopside formation is expected while the rasidglass retains composition similar to
albite. The different crystallization behaviour wasplained in terms of crystal structures:
albite has a complicated framework structure, whilepside consists of a simple chain
structure of monoclinic pyroxene. Similar crystadliion trends were observed for the
experimental B—D compositions since evidences lmfeaformation could neither be detected

by XRD nor by SEM analyses in both heat treate# bldsses and glass-powder compacts.

The crystallization of apatite phase in the expertal B-D melts through slow cooling rate
can be explained by the allowed extension of ligigdid phase separation into CaQZk-
rich droplet phase and silica enriched matrix ph@ikés phenomenon was earlier observed in
similar system$® 28 Fluorapatite-based glass-ceramics featuring welgtihigh mechanical
properties comparable to those reported for sinsjatems " 2° could be produced from the
amorphous powder frits obtained by fast quenchiieggiass melts in cold water and further

applying glass-powder processing techniques.

235



5. Conclusions

The melts of all investigated glass compositionthsystem FApDi—-An—Al were prone to
the occurrence of APS reflected in the precipitatsd a nanosize droplet phase in the glassy
matrices. But this segregation trend increaseddolyng albite at the expense of anorthite into
the Cg(P(Oy)3sF—CaALSi,Og—CaMgSiOs system.

The structure of glass A consisted predominanti@®finits, but the polymerisation degree of
the glass network increased upon replacing anerthyjtalbite, as revealed by a decrease of
relative distribution ofQ® units and an increase @@® and Q* structural groups. All
compositions shoW’Al chemical shifts centred at about 54 ppm with dwnt presence of

tetrahedral aluminium, evidencing its role as glastsvork former.

Apatite monophase glass-ceramics were obtained ladt&t treatment of bulk glasses in the
temperature interval 700-850 °C for 5 h. Glass movedmpacts heat-treated at 900 °C for 1
h exhibited good densification behaviour after esiimg at 900 °C for 1 h. Formation of rod-

like apatite crystals in #s-containing compositions ensure their higher meidarstrength

values in comparison to,Bs-free glass-ceramics.
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Chapter

e

Conclusions and future direction

“The value of experience is not in seeing muchinbsgeing wisely
William Osler
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4.1. Conclusions

The present work aimed at developing lithium disite based glass-ceramics in the system
Li,O—-K,0-Al,03-SiO, featuring SiQ/Li,O molar ratios far beyond that of lithium disilieat
(Li-SiOs) stoichiometry using simple compositions and tiradal glass melt-quenching
technique in order to get enhanced mechanicalmiélerchemical and electrical properties
which allow the use these materials in functionadligations. The effect of AD; and KO
contents on the structure and crystallization akgés in the system,0-K,0-Al,03-SiO,
was evaluated. The comparison between 3 systeed4,i,O-SiO,, Li,O-Al,0s;-SiO, and
Li,O-K,0-Al,03-SiO,, was also performed in order to deeply understaadole A}O; and
K20 on the structure and properties of the glastes, trystallization kinetics as well as on
phase evolution and thermo-physical propertiesarfesponding glass-ceramics. Additives,
such as FOs, TiO, and ZrQ, were employed to assess their role on glasststeu@and
crystallization process in the parent compositidh Ghe results obtained throughout these

experiments can be summarised as follows:

4.1.1 Bulk glasses

The results revealed that compositions with equamatidition of AJO; and KO appeared as
transparent glasses and exhibited liquid—liquidsphseparation with nanosize droplets, while
the binary composition ¢S;7) became cloudy on cooling. The addition 0$@d and KO to
the binary system in the as-investigated propost@iowed to control the extent of the phase
separation in the system,0-SiQ, due to the formation of tetrahedral four-coordauat
Al(IV) species confirming the role of AD; as network former. Surface nucleation and
crystallization was dominant in high &3 and KO glasses (G1 and G2) with lithium
metasilicate as the primary crystalline phase whitdume nucleation and crystallization of
lithium disilicate was observed in glass containimgest amount of additives (G3) and in the

binary glass composition ££S;7).

Adding excess of O to glass G3if. K,O/Al,O3 > 1) resulted in an increase of the mean
droplet size and droplet distribution density doetdecreasing energy barrier towards phase
separation caused by the lowering of glass metiogisy. Moreover, adding excess ofKto
glass G3 suppressed the crystallization e6kL0Os and promoted the formation of,8i0s.
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Addition of nucleating agents {Bs, TiO, and ZrQ) to the parent composition G3 resulted in
higherTj for all investigated compositions, but onl¥d3 led to bulk crystallization, with the
formation of lithium metasilicate at lower tempenats and the crystallization of lithium
disilicate at higher temperatures. Biphasic glassamics (lithium metasilicate + lithium
disilicate) were always obtained in the presenc€&iGf at 800 and 900 °C irrespective of the
added amount. The addition of zirconia to the plagéass reduces the degree of segregation,
increases the polymerization of the glassy matamg shiftsT, to higher temperatures

hindering crystallization.

4.1.2 Glass powder compacts

Al,Os- and KO-free binary glass demonstrated higher rate aftahygrowth due to extended
phase separation. Sintering of corresponding gfsmsder compacts resulted in poorly
densified samples due to the narrowing of TgeTy interval and early formation of large
fraction of lithium disilicate phase. On the otland, sintering and crystallisation of 8-
and K,O-containing compositions in the silica rich regiohLi,O-SiQ, system resulted in
well-densified and mechanically strong fine-grairgtalss-ceramics with lithium disilicate as
the major crystalline phase featuring mechanicehgfth ~173-224 MPa, chemical resistance
~25-50pg/cnt and low total conductivity (=210*® S/cm) making these materials suitable

for a number of practical applications.

The sintering/densification of the glass powder paots of composition derived from G3
with excess of KO (i.e. K;O/Al,O3 > 1) occurred in two steps. The extent of deraiion
along the first stage significantly decreased wittreasing the excess amounts gOKwhile
the second stage of densification occurred in cadinge with crystallization process. The
gradual substitution of Siby KO in glass compositions suppressed the crystabtizaif
Li»Si,Os and promoted the formation of,8iO; upon sintering the glass powder compacts.
The glass powder compacts demonstrate wider rahtfeedithium disilicate formation than

the corresponding bulk glasses.

The fluorapatitediopside-anorthite-albite (FAp-Di—An-Al) system revealed to be
promising for applications as fine grade glass+méracoatings on ceramic substrates with
compositions similar to that of G3. The FApi—An—-Al glass powder compacts heat-treated

at 900 °C for 1 h exhibited good densification hetar. Moreover, the incorporation 0583
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led to the formation of rod-like apatite crystalfigh improve their mechanical strength

values in comparison to,Bs-free glass-ceramics.

4.2. Proposed application fields for the experimeal glass-ceramics

The present work is based on the study of glassdbhd LbO-K,0-Al,0O3-SiO, system,
featuring SiQ/LioO molar ratios far beyond that of lithium disilieafLi,Si,Os). The
experiments allowed obtaining fine-grained glassieecs with lithium disilicate as the major
crystalline phase and attractive mechanical, chainaiicd electrical properties which allow the
use of these materials in functional applicatiamshsas: (a) dental applications in the form of
artificial tooth substitutes; (b) electrical applions as low voltage insulators; (c) chemical

industrial applications as acid resistive materials

4.3. Future directions

During this research work, an attempt has been nad#evelop lithium disilicate based
glass-ceramics in the simple quaternary systenO+1K,0-Al,Os;-SiO, for functional
applications. We have succeeded in shedding s@hedn the structure and crystallization of
glasses, phase evolution and microstructure ofitiad materials which render them suitable
for further experimentation as potential candidatesvarious functional applications.
However, complementary work still needs to be aqdmhed before making them geared up
for final application. Therefore, in our opiniotet future work in this area may be addressed

to the following issues:

1. Further improvement of mechanical properties anghgbal durability of
developed glass-ceramics via application of hosgirg technique used in

the production of commercial dental materialg). IPS Empres<2.

2. Investigation of the effect of various additivese(@, V.05, P.Os + ZrO,,

etc.) on translucency and optical properties ofgfeeramics.
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3. Development of apatite—based coatings in the syfitevapatite—diopside—
anorthite to improve aesthetic properties of glemsimics for application

as dental materials.
4. In vitro andin vivotests of glass-ceramics in physiological media.

5. Further attempts to decrease droplets size in pbeparated glasses to
achieve nanosize crystallization of lithium disiie glass-ceramics useful

for advanced engineering fields.
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