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Summar

The phuse equilibria in the glass forming region of the lithium
oxide-zinc oxide-silica ternary system were investigated by the
quenching technique with a vertical gradient furnacee The glass
forming limit on the low silica side wus found to be near the fifty
mole per cent silica line, being higher in silica at the lithium oxide
rich sidee The refractive indices of the glasses were measured by the
Beche line techniques Zinc oxide was found to increase the refractive
indices of the glasses more than the lithium oxides

Tridymite, lithium disilicate, lithium metasilicate, zinc ortho-
silicate and two ternury compounds were found as primary phase orystalse
One of the ternary compounds was identif'ied conclusively as LiZO.ZnO.
SiOz. The other ternary compound was tentatively identified as
2Li20.thO.38102. The optical properties and the x-ray diffraction
patterns of these two ternary compounds are very similar and they form
solid solutions with each othere Also zinc orthosilicate dissolves in
2L12u.,Zn0.38i02 to form solid solutionse Continuous solid solution
wag found along the L120.ZnO.SiO - 27n0.,8i0, join with up to 60 mol %

2 2

of zinc ortlosilicate dissolved in LiZO.ZnO.SiO2 in the spesimens

quenched from azbove 150000.

Two eutectic points and two reaction points were found in the
compositicns investigutedes The eutectic point of the composition
triangle 8102 - L120.28102 - L120.Zn0.8102 was found at Liz
Zn0 10 nol %, SiO2 645 mol % and 9550 tSOC. The eutectic point of the

0 25.5 mol %

composition triangle SiO2 - Lj.ZO.ZnO.SiO2 - 2Li20.4ZnO.BSi02 was located

at Liy0 16,5 mol %, Zn0 23 mol %, 510, 60.5 mol % at 1050° 25°C. The

reaction point of the composition triangle LizerSiO2 - LiZO.SiOO -

Li,0+2n0.810, was found at Li 0 27.5 mol %, Zn0 9.8 el %, 810, 63.7

mol % at 976° £5°%, The reaction point between the Si02, ZZnO.SiO2 and

2L120.42n0.3Si02 wus located at L120 15,7 mol %, Zn0 24,6 mol %, SiO2



59.7 mol % and 1068' i500. The two-phase regions were found below the

solidus temperature in the composition triangle of SiO2 - LiZO.ZnO.SiO2
2L120.AZn0.38i02o

Extraneous lines were found to be included in the lithium di-
silicate and lithium metasilicate data in the X-Ray Powder Data Filee
The present powder data of lithium disilicate were indexed as ortho=.
rhombic crystal with cell parameters By = 5,808, b, = 14s668 and i
4.806&, and that of the lithium metasilicate were indexed as pscudo=
hexagonal orthorhombic crystal with cell parameters e = 5-43K: L=
9.418 and o = y.6608 ;

The crystallization characteristics of five glasses of this ternary
system were studieds Uniform crystellization was found to occur in all
the specimens, Big lithium disilicate crystals were found in specimens
of four glasi'ese A high concentration of tiny crystals was found in
every specimens

A hot staée microscope with a microfurnace was constructed to
study thearystal growth in glasses of thi: systeme Three glasses were
investigateds The usual hump shaped growth rate versus tenperature
curves were obtainede The growth of the crystals were found to be
linear with times The maximum growth rate of lithium metasilicate,
lithiunm disiiicute}‘LiZO.ZnO.'SiOZ agd tridymite in these glasses were z

found to be ahout 3,500,‘u00, 70 and’?b micron per minute rcspectivelyi
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INTRODUCTION

l. The Invention of the Glass-ceramic processe

In 1957, Cornin; Glass Works of U.S.A. announced the
invention of a new process of' formingz ceramic articles which
they described under the trade name Pyrocerams This kind of
new nmaterisl is now collectively termed as lass—ceramice
This process has since been proved to be importont not only
on the commercial side but also in the technology and science
of ceramicss

This process is cssentizlly a controlled crystallization.
The raw materi.l is melted cnd formed into gless articles
according to conventional nethods used in the gloss industrye
These articles arc then converted into largely crystelline
ceramics by hect treatment, which can be roughly divided into
a nucleation heat trcutment and o crystal growth heat treatment
at a higher temperaturee Nucleating agents, such as titanium
oxide, or metal constituents are added to the glass batch to
control the subsequent crystallizatione These nuclenting agents
dissolve in the melt and in the nucleation heat treatment, they
effect the structure of the ;lass to provide numerous nucleation
sitese During the crystal growth hent treutment, a lot of tiny
crystals are developed ond these convert the original glass
articles into ceramic articles having the same size and cone-

* taining imore than 50;: crystolline nmaterialse

2e The advantae of the jless ceramic processs

The ceramic material made by this process cﬁn be transparent
with a slight tan or opaipe with the attractive appearance of’ fine
chinae This material is jenerclly stronger and harder than the

parent glass, and has greoter scratech and impact resistences
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Its thermal, electrical and chemical resistant properties depend
on the properties of both the glass matrix and the constituent
crystalline phasese By choosing suitable composition and heat
trectment, to yield the crystalline phase hoving the desired physical
properties, materisl of unusual properties con be obtuineds
Using conmpositions in LiZO - A1203 - 5i0, - TiO2 system, Corning
Glass Works is able to produce materiuls having good chemicel
durabilities and thermal expansion coefficient rcnging from
negetive to positives Some nose cones of missiles and artificial
satellites made by this process with compositions of the Mgd =
A1203 - SiO2 - TiOz'system have unusual electrical properties with
extremely low temperature coefficient and good thermal shock re-
sistance. Although this material is poly-phase, it is essentially
homogeneous due to the extreme small size of the crystalline phasee
Its physical properties are essentially isotropice

Another advantage of this process is that the conventional
glass forming processes can be used to form the articlese The
glass forming processes have been developed to o very high standard
of ergineering, bectuse they are repid, automatic and can be carried
out to close tolerance with the elimination of all porosity. There-
fore these provide means of forming with low coste

With this process, compositions which carnot be used success-
fully before can now be usede For examples, the commercial Pyro=
ceram toblewarcs contain essentially P—Spodumcne solid solution
crystalse If articles with this composition are made from
crystalline matericls and fired as in the conventional porcelein
process, the resultont articles will be very weck and have a very
poor finish, because B~Spodumene bodies are difficult "to glaze"s
With this new process, the composition range of cerrmic materials
is extended and = new kind of material with unusucl microstructure

can be formed commercially.



3e Effects on the cerumic science and technologye

Probably, it is suitable to point out in here the implication
of the invention of this processe. Actuully this process bridges an
important gap in the moaterial technolo y. Not long o _o, metallurgy,
ceremic technoloygy and glass technology were more or less completely
separate branches of matericl technologye Although they all utilize
natural or processed matericls to produce utensilgs or engineering
materials, their manufacturing process and their approach were
vastly differ.nt and the properties of their preducts were not the
sames With the appeurance of cermet, the division oi' ceramic
technology and metallurygy vonishede In the gluss=ceramic process,
the conventional menufacturing methods of the _lass industry are
used to form the articles, which are heat trcated to control the
microstructure and hence the physical properties of the product as
in the metallurgy industry :nd the final product is similer to that
of the cerumic industryes Therefore the three main branches of the
meterial technology are now unifieds Also it is needless to soy
that the research work which leads to the invention of this process
embraces the approach and the concepts of the previously divided
branches of the material science.

Phase transformation has been an important field in sciencee
Usually overheating, if it happens, is not very large, but undere
cooling can be very ;reate The transformation of more random
structure to a more ordered structure, e.ge the condensation of
supersaturated vapour, and the re-crystallization of undercooled
liquid is more difficult than the change from the ordered structure
to the disordered structuree This is atiributed to the necessity
of the formation of the nuclei as an essential step in the trans=-
formation of random structure to ordered structures Some progress
has been made in very simple systems, but in more complex systems

knowledge is still very limited.



The ability of’ a system to form glass on undercooling
depends upon the kinetics of crystallizatione Since the
composition ranges oi' dif'ferent systems that formm ;lasses are very
wide, and the temperaturc ronges and time intervels in which the
phenomena can be studied wre so wide, sluss is a very good medium

fornation

for the study of the mechanism of phase transforintions Actually glass/
is a very important and fundamental field in the study of the sciencc
of Glasse This field was neglccted, possibly due to the seemingly
unrelated nature between zlass formation and the nornai dey-to-day
production, and the lock of suitable instruments for the studye

Recrystanllization or devitrification as it is called in the
glass industry, hos been an embarrassing occurrcnce in the noimal
production of glasse Therefore previous research work had been
concentrated on the prevention of it, and its mechenism was seldom
studied in any depthe. With the invention of the glass=-ceramic
process devitrification has been chenged from a liability to an
usset, and the possibilities amunlimited. This has stimulated
and revived the interest in the mechanisn of crystallization. A
lot of work has been done since the amnouncement of this process,

and some advence his been mades However, the mechunism of

crystallization is still far from fully understood yet.

Lo The choice of the present programe

In the patents (1-6)

taken out by the Corning Glass Works,
more than ten glass forming systems are smid to be suitcble for
the glass ceramic processe From the research of other workers,
more systems were Jounde In the main patent(l) of the Corming
Glass Works, alkali or alkali=ecrth aluninosilicate systems are
usedse The commercial Pyrocerum products are mainly made of

nagnesium aluminosilicate and lithium aluminosilicate systeme

Both magnesium and lithiu: have high field strengths.



There is a certain wiount of similarity between aluminium
oxide and zinc oxides They are both agbhroteric and their
electronegativities are both le5e It is known that the co-
ordination number of the 2luminium ion in small amounts in silicate
glasges is four aend that ol zinc ion in gless and in zinc ortho-
silicate is also four.

From experience, the glass industry has learned that both
zinc 6xido and aluminium oxide are beneficial in the developing of
opacity during the production of fluoride opal glass in which re=-
crystallization of tiny crystals in the glass occurse Also in the
manufacture of ruby glass, in which recrystallization processes are
also involved, zinc oxide is found to be beneficicle It was felt
that zinc oxide would help the re-crystallization process in the
glass ceramic process, therefore, the lithium oxide « zi:c oxidc =
silicnte system was chosen for the present study.

The knowled_ e of the phase equilibria in the system is very
helpful in the understanding of a study of this nature. Unfortunately,
no informmtion about the phase equilibria of this ternary system was
found in the literature, so the phase diagroem of the glass forming
region was first studieds The present thesis is divided into two
partse The first part concerns the study of the phase equilibria
and the second part decls with the crystallization of glasses in

this ternary system.



PART A PHASE EQUILIBRIA OF LITHIUNM OXIDE = ZINC OXIDE =
SILICA SYSTEMe

I. LITERATURE SURVEY.
No reliable information was found on the phase equilibria of
the ternary lithium oxide = zinc oxide = silica systeme However two

of the binary systems had been investigated.

l. The lithium oxide = silica systems

The lithium oxide = silica system had been investigated by
a number of workerse Due to the high tendency to devitrification of
Glasses in this system, it is possible to obtain the approximate
location of the melting point curves by thermal analysis. This
method was used by Riche and Endell, Ballo and Dittler, Schwarz and
Sturm, Wallace, F. lis Joeger and He S. Van Klooster.(7) However,
their results did not agree with each other, possibly due to the
inherent errors in this method.
Reliable results were provided by the work of F. Ce Kracek.(e)
He used the quenching technique to investigate the liquidus tempera=
ture in the oompggtion range between silica and lithium metasilicate.
With compositions having higher than fifty mole percent of lithium
oxide, thermal annlysis with the heating up curve technique was used.
With a low heating rate of 3°-4°/min. an agreement to within 0.5°C
was obtained between the data of the heuting up curve and that of
the quenching technique on the melting point of lithium metasilicatee
A petrological microscope was used to examine the specimen to
identifly the crystalse

Lithium orthosilicate, lithium metasilicate and lithium

disilicate were found as primary phases in this systeme Lithium
orthosilicate decomposes at 1255°C before its melting point is
reached, the composition of the liquid phase being 342 mole per-
cent silicaes The eutectic point between lithium orthosilicate and

lithiun metasilicate is at 1024°C, 38.1 uole percent silioce
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Lithium metasilicate melts at 1201 ¥ 1°C and its liquidus curve
meets the incongruent melting point curve of lithium disilicate at
1033° and 66.7 mole percent silica, within 0.05/7 of the lithium
disilicate compositions The lithium disilicate and tridymite
eutectic point is at 102800, 69.7 mole percent silicas. The
composition of the liquid at the tridymite-crystubolite inversion
(147000) is 83.5 mole percent silicae The phase diagram was re-

produced as Fizge ILe

2, The zinc oxide - silica systeme

This system was investigated by various workers(9) but
their results were incomplete and contradictory. Several of them
reported the existence of' zinc metasilicate, but it was not obtained
by the otherse Zinc orthosilicate is f'ound as natural mineral
will@m\te.

(10)

Accurate data wus provided by E. Ne Buntings He used
the normal quenching technique to investizote the full composition
range o1d in temperature range between 1300o to 170000. The phase
diagram is reproduced as Fige ITs The crystalline phaseswere
identified with a petrological microscopes

Only one compound, zinc orthosilicate, with melting point
1512°C was found in this systems A region of two immiscible liquid
phases in equilibrium with crjstabolite at 1695°G wes found to
extend from 2 to 34 mole percent silicae The upper limit of the
two liquid regions was not determined owing to the limitation of
the working temperature of the furnaces The eutectic point
between tridymite and zinc orthosilicate was found at 143200 and
49«1 mole percent zinc oxides The other eutectic point between
zinc oxide and zinc orthosilicate was found at 1507°G and 775

mole percent zinc oxide.
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A special platinum iridium alloy button was used in an
induction flurnace to determine the melting point of zinc oxide
which was found to be 1975°C. fLn optical pyrometer with an
accuracy of : 25°C was used to measure the temperature.
Velatilization of zinc oxide at high temperature was minimized
by putting platinum iridium clloy sponge on top of the specimens

The existence of zinc metasilicate was specially examined.
Specimens containing 49.1 and 51.0 mole percent zinc silicate were
heat treated at various temperatures from 1100° - 135000. At high
magnification of 1000X tridymite and zinc orthosilicate were
identifiede At low magnification of 100X and 200X, the material
appeared to be homogeneouse One eutectic point was found to be
at 49.1 mcle percent of zinc oxides A high percentage of eutectic
mixture would be found in the semple and could easily be mistaken
to be zinc metasilicate. Specimens containing 5l.6 and 65 mole
percent zinc oxide were heat treated above the eutectic temperature
and quenched samples were examined by X-ray diffractions Only
zinc orthosilicate X-ray pattern was founde Specimens containing
48¢3 and 51.6 mole percent zinc oxide were heat treated at 1350°C
and examined by X-ray, tridymite and zinc orthosilicate were found.

Therefore the abseunce of zinc wmetusilicate was proved conclusivelys

3¢  Lithium oxide = zinc oxide = silicute systems
He S. Van Klooster(ll) investigated a flew compositions
along 50 mole percent silica lines in this systeme Zinc meta=-
silicate wus said to be present, and a simple eutectic phase
diagram along the zinc metasilicate and lithium metasilicate join
was reportede Since the absence of zinc metasilicate was proved

(10)

conclusively by E. . Bunting, the data reported by Van

Klooster was considered very inaccurate, and was not considerede



)
I. Mo Stewart and G. Je P Buchi(l“) recently published

the result of their work on the phase relationships in the

gystem of lithium oxide - zinc oxide - silicas They prepared
specimens by pressing tharaw materiul into compacts with an
orgenic bonding agent which was subsequently burnt out at low
temperatures The compacts were heat treated in the temperature
range 925o to 1300°C for one or two hours, then the specimens
were examined by X-ray diffractione The temperature and dur:tion
of the heat tre:tment for individual compositions were established
by trial and error in the preliminary worke The final heat
treatment time and temperature chosen were thut which gave a non
glassy specimen, the diffraction pattern of which was sharpe

From the results of eighteen compositions investijated, they
concluded that two ternary compounds L120 * Zn0 o SiO2 and 4 Lizoo
10 Zn0 « 7 Si0, existed. The X-ray diffraction powder data of

these ternary compounds was very similars The pattern of Li, 0 °

2
Zn0 o 8102 was indexed on the basis of a primitive tetragonal cell
of parameter Mo = 11.47 & , 60 = 10.78 8 , and that of 4 Li0 *

10 Zn0 « 7 SiO2 on the basis of an orthorhombic cell of parameter

a = 7493 A s b =913 R, C,= 12.80 ey composition triangle
diagram was publishede The liquidus temperature of the compositions

was not investigated and no optical properties of the ternary com=-

pounds were givens



19

II. EXPERIMENTAL. WORK.

1. RAW MATERIALe
Purest grade of lithium carbonate, zinc oxide and sand

were used as the source of lithium oxide, zinc oxide and silica
for the preparation of the specimense Adequate quantities of raw
material were obtained at the start of the present work to ensure
the uniformity of the raw material.

Lithium cerbonate of reagent grade was not available, so
chemically pure grade wos useds The analysis given by the supplier

Je« Preston Ltd., is as follows:

Moisture less than le57%

Analysis on dry sample:

Li, €O, not less than 98.57%
ASZ 03 less than 5 pepeme
Pb less than 10 pepeme
Cl

Ca

Passes agreed tests in Be.P.Ce49

Mg

0
801

The moisture content was redetermined and found to be 0el35%
The lithium content was determined by flame photometer technique
and found to be 9Ye2,. expressed as lithium carbonates This

factor was used for correctione



d

Through the generosity of Amalgamoted Oxide Ltd., chemically
pure zinc oxide was received with a limit chemical analysis as

follows:

Moisture 0.05 = 0+15%

Analysis on dry sample:

Zinc oxide Zn0 99490 = 99.75%
Silica and insoluble matter Nil - Trace
Lead oxide Pb0 04025/ me.Xe
Cadmium Oxide CdO 0.002 = 0.008%
Copper Oxide Cu0 0002%

Ferric Oxide Fe203 Nil - 0.0015%
Alumina A1203 Nil

Manganous Oxide Mn0 0.0002/

Lime Ca0 Nil

Chlorine 012 Nil

Sulphur Trioxide SO3 0.01 - 0,015/
Arsenic 2 ptse/million

The moisture content was redetermined and found to be 0¢10%.
No other chemical analysis was donees The moisture content was used
for correction.

Belgiun sand was used as the source of silicae It was first
digested with concentrated hydrochloric acid over a steam bath for
longer than sixteen hours and then washed with distilled water
until free of chloride and driede The purity as determined by
the hydrofluoric decomposition method was found to be 99.%% The

moisture content was found to be 0¢015%.



All the compositions were calculated to be correct to 04001
The raw r.:terials necessary to give florty or fifty grammes of
specimen were weighed on an analytical balances Obviously, the
composition of the finished specimen would not be accurate to this
order due to loss in handling of the raw material and during
meltinge However, it wis felt that it would be advisable to
eliminate any possible additional error, because not much extra
work was necessary to achieve this order of accuracy in calculation

and weighinge

2. MELTING TECHNIQUE.
(l) Furnaces
Most of the compositions were melted in a normal Silit

Rod vertisal furnace with maximum working temperature of 150000.
During the first part of the work, the temperature of this furnace
was controlled by o transformer and a rheostat; later, o Cambridge
mechanical controller wi.s addede Several compositions with high
founding temperatures were melted in a platinum-rhodium wound
vertical furnaces This furnace was controlled by a Variac, a
rheostat, and a Cambridge optical controller, and had been operated

up to 1650°C.

(2) Preliminary Vorke
Before preparing specimens for the actual measurement

of liguidus temperature, the melting behaviour of this system
was surveyed, as it is known that a substantial amount of zinc
oxide is quite dificult to incorporate into ordinary commerciol
glasses and that lithium glasses have a very strong tendency to
devitrifye.

Owing to the large number of compositions neaessary tc
establish the pham diagram, it was not practical to analyse

all the specimense Therefore a melting technique with minimum



volatile loss had to be developeds The technique of putting the
raw materil into the furmace at the founding temperature was tried,
and found to be unsuitable because of the very high and variable
loss by volatilisatione To avoid this uncontrolled loss of raw
material due to vigorous chemical rewction between the raw material
at high temperature, the technique used by previous workers in the
Department investigating the liquidus temperature of ;lasses, was
usede The procedure consists of sintering the raw material at a
low temperature (e.g. about BOOOC) up to six hours and subsequently
meltingz the partially reacted material at higher temperature with
the aid of a mechanical stirrere This worked fairly well with low
zinc oxide glass, but considerable unexpected difficulties of
segregation were encountered in nelting high zinc oxide compositions
in the preliminary work stagee Lven the mechanical stirrer did not
improve the homogenity to a sufficiently high standarde The main
difficulty was that some meterial stuck on the side wall of the
platinum crucibles When the sintered material was put into the
melting furnace, a fair amount of material was partly melted and
stuck on the side wall of the crucibles Later the bulk of the
material melted down and lef't some material stuck onto the side
wall unmelteds Therefore some modifications were introduceds

Also it was found that the glasses attacked the pletinum crucible
slightlye However the attack was so slight that platinum crucibles

were used throughout this studye

(3) Melting Procedures
The modified procedure of melting was to sinter the
mixed raw material in platinum crucible at 750° to 900000
according to the composition for up to six hourse The row
material became & loosely bound mass, which was crushed insiue

the crucible, and then packed into cone shape to minimise the
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contact area with the side welle This would reduce the volume of
the sintered mass into cbout one halfe The sintered material was
put into the nelting fumace at about 1000° to 1100°C. and the
temperature of the furnace was then raised to the required founding
temperatures When sufricient melt was formed, a mechanical stirrer
was lowered to stir the melt continuously until a homogenous
specimen was obtainede The specimen was cast into rod form and
annealed at about 500.Cg in a nmuffle furnacee The tendency to
crystallization was very highe A number of specimens partly de-
vitrified after castinge The stirrer was a refructory rod covered
by a platinum shield and driven by a motors

Occasionally, a small amount of partially melted material was
found on the side weall of the crucible, when very high percentage
of zinc oxide glasses were melteds The crucible was taken out of
the furnacze and tilted to get some of the melt onto the partially
melted materials, Shortly afterwards the crucible was put back
into the furnace, stirring was started while the melt was still
fairly viscouse This normally would eliminate any partially melted
material on the side walle Most of the compositions were melted at
1300o to lhOO.C for up to six hours with continuous stirringe The
melting temperature was kept low and time was kept short to minimise
the loss by volatilisatione The melt was normally fairly fluid,
so the specimen was homogeneous as was confirmed by reproducibilities
of the liquidus temperature determinationse Either forty or fifty
gramme of specimen was melted for each compositione The amount of
glass needed for the determination of liquidis temperature was
small but it was easier to obtain more homogeneous specimens with
a bigger melt than with a few zrammese Some of the specimen reds
were used, t study the crystallization characteristicse The
specimens of' about twenty compositions were weighed with the
platinum crucible and platinum stirrer shield. By comparing

with the weight expected, it was found that less than 0.2% of
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weight loss occurred in wmost cases, with maximum loss of 0e5/% in
one cases Therefore the calculated composition of most specimens
would be correct to = 0.2% with a few extreme cases of © 0 5%e

The loss of zinc oxide seemed to be higher than that of the lithium
oxide, as specimens containing high zinc oxide tended to have
higher losse It was felt that this technique of prepar.tion of

specimens was satisfactory for the present study.

IS Heat treatmentes

(1) Apparatus.

For the liquidus temperature determination by quenching
technique, a constant temperature furnace is normally used, but this
method is very time consunings It is found from previous work done
in the Department that a vertical :radient furnace is much more
efficiente However the original vertical gridient furnace was a
nichrome-wound furnace with a maximum working temperature about
1100°G. Judging from the phase diagrams of the binary systems, the
liquidus temperatures of some of the compositionsin the system werc
expected to be higher than llOOOC, therefore a special Pt-Rh wound
vertical gradient furnace was made, the construction of which was
shown diagraﬁ%tically in Fige IIIa ond ITIbse To obtain the desired
temperature gradient, the furnace was rewound'three times. Finally,
the temperature range of the lower six specimen cones was sbout
5000 at 1000°C. The furnace was balanced by counterweight and could
be lowered quickly to chill the specimen.

The specimen holder was made of a thermocouple grade Pt-Rh wiree
Nine loops of the came type of wire were welded at one inch apart
onto the vertical wiress An insulated thermocouple grade platirum
wire was welded on the middle of each loop to form a thermocouple
at each loope These thermocouples passed through the refractory
etopper of the fumace and were soldered to compensating leads in an

insulated box situated above the refractory stopper. Following an
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ice=junction, the thermocouples wcre connected by copper lcads to a
ten point selection switch which was used to conneect each thermo-
couple to the usual potentiomcter, and zalvonometer circuit for
temperature measuremente Also three thermocouples could be con=-
nected to a Cambridge multi-point temperature recorder so that
permanent records were obtained for each experiment over the whole
duration of heat treatmente. When the temperature of the specimens
was measured with the potentiometer circuit, these three thermo=-
couples were disconnected from the recorders Half circles of
platinum of O.l Mm. thick and 2 cm. in diameter were folded into
the specimen cones which were placed into loops of the specimen
holdere

(2) Temperature control and calibratione

A Variac, a Cambridze ceéntre-line optical controller and a
rheostat were used to control the temperature of the furnace, the
deteoting element for which, a Pt - Pt/Rh thermocouple, was placed
very close to the flurnace winding to obtain quick responses. The
circuit diagram was shown at Fige IITe. Various temperature ranges
could be obtained by varying the voltage supply and the control point
in the Cambridge centre-line controller. With proper combination of
the s&tting in the Veriac and rheostat, the temperature of the furnace
could be controlled to within S 2°C. During the course of the work,
the controllexr did not function very well several times, and the
temperature of the furnace fluctuated up to 2 5%. As soon as the
control limit wes found to increxse beyond x BOC, the controller was
readjusted until it achieved the best performance.

The thermocouples in the specimen holder asssmbly were initially
calibrated by ins.rting a standard thermocouple into each specimen
cone in turn. Tor the seven lower thermocouples, the maximum
difference between the standard thermocouple end the corresponding

thermocouple in the specimen holder assembly was less than 3°c, with
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the error for tiie middle one of about 1%C. The top thermocouple was
found to give a temperature ebout 15°C higher than thatof the
standard thermocouple, and the second one about 10°c hishers The
temperature gradient of this part of the furnace was very steep, and
heat might be conducted from the hot zone of the furmace along the
thick Pt-RR wire frame to the top two thermocouples so that they
registered higher temperatures. Therefore the top position was not
used and the second one was used only on exploratory runse Since it
was not attempted to determine the liquidus temperature with an
accuracy of better than L 5°C, it was felt that the present design
did not introduce any si nificant error in establishing the phase
diagrams

After the specimen holder had been properly wired up into the
heat treatment unit, it was not possible to calibrate the thermo-
couples periodically by the same technique. Therefore three glasses,
the liguidus temperatures of which were determined in the first month
of the present work to an accuracy of : 2°C, were used to re-calibrate
the thermocouples every two monthss The liquidus temperatures of
these three glasses were redetermined and found to be within b 300 oft
the criginal data. Although the appearance of the thermocouples was
affected by heat, the calibration did not change.

(3) Determination of liquidus temperaturcs

The quenching technique wos used to determine the liquidus

temperatures of' compositions inside the glass forming reiion and was
described in this section. TFor compositions just outside the glass
forming region, a hot stage microscope was used, The construction of
this hot stage microscope and the experimental procedure was des=
cribed in the sections about the study of rate of ciystel growth.

In the quenching technique, the specimen rod was ¢rushed into
small pieces. Several pieces of the glasmbeing investigated, wore

placed in each of the platinum specimen cones. The weizht of each
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was up to 0.2 gme After the heat treatment furnaece had attained a
steady condition of the desired temperature range, the furnace was
raised to the upper position to heat treat the specimenss The
temperatures of the ton, the middle and the bottom cones were re=
corded with a multi-point recorders A potentiometer was used to
measure accurately the temperature of each specimen f'or five or six
times over the heat treatment period. The mean temper:sture was taken
as the temperature of the specimen. The fluctuation of the specimen
tempereture was assessed by mecsuring the temperature continuously for
three control cycles, ithe two extrcmes were teken as the range of
fluctuation. After the predetermined time of heat treatment had
elapsed, the furnace was lowered and the specimens were chilled in
air. The time taken for the specimen to cool from 1200°C to below
50000 was less then 15 seconds. Normally, no secondary growth was
found in the specimen, although the glasses in this system had a high
tendency to devitrifly.

After the cones were cooled, they were unfolded to release the
specimens, which were examined by petrologicel mioroscope and X-ray
diffractione The specimen cones were reformed after they were cleaned
in hydrofluoric acid ond hydrochloric acide Iach cone could be re-
used for about ten tineses In this way, & range of temperature was
covered by each experiment and each specinen was subjected to indi-
vidual heat-treatmente 'hen the selected teu:erature range was correct,
the liquidus temperature of' that specimen could be determined to
s 5°C. at oncee If one experiment could not yield the liquidus
temperature to the desirec accuracy, then further experiments were
done on different temperature rangess Normally two or three expsris=
ments were necessary to determine the liquidus temperaturee When it
was necessary to determine the liquidus temperature more accurately,
ee e those compositions used for re-calibration of' the thermocouples,

additional experiments were done to narrow the linmitse
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The duration of heat treatment ranged from one hour to six
hourse When there were no other experimental complications, longer
heat treatment time was normally used to ensure equilibrium con=-
ditione The minimun time necessary to obtain equilibrium was de=-
termined by approaching the equilibrium condition from both
directions for selected compositions in different composition ranges,
instead of for each compositione Part of the specimen was heat
treated at about 900°C to 950°C ove:night to devitrify the specimen
completelye These devitrified samples were then heat treated for
different times. Some specimens of the same composition in the glass
state were also heat treated for difflerent timese Both sets of the
specimen were examined for crystalse For most compositions, these
two sets of specimens would yield the same liquidus tenperature
within experimental error af'ter half an hour of heut treatmente
This did not prove conclusively that these specimens had reached
equilibrium because the amount of crystals present, which was not
determined, in corresponding specimens might not be exactly the same.
However, it was felt that the specimen used to establish the liquidus
temperature should have reached equilibrium condition because they
were held at temperatures for at leust ome hour and normally for
six hours.

Although the work seemed to be routine, some experimental
difficulties were encounterede One of' which was due to the
characteristics of the controller used. At the initial stage of
the heat treatment, the temperature of the furnace dropped about
15°C, as soon as the specimen holder was inside the furnace. The
temperature of the furnace normally overshot the control temperature
for about 15°C, when the temperature wus brouszht back to the control
temperature from lower temperatures The temperature of the furnace
would eventually be brought back to the control temperature at about

one and half hours' timee This would subject the specimen to

varying heat trectmente This difficulty was overcome by setting
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the control temperature about 1500 higher than the desired control
temperature before the specimen was heat treated. Immnediately after
the furnace was raised the control point was reset to the d esired
control temperature. The initial temperature of the specimen would
be up to 5°C lower then the desired temperature but the specimens
would attain the desired temperature in less than ten minutes without
overshooting the control pointe With suitable adjustment, the
specimens would reach the desired temperaoture and maintain the s teady
state within two minutes af'ter the beginning of heat treatnent.

In some of the compositions with Lizo e Zn0 o SiO2 or zinc
orthosilicate as primary phase crystal, over a range of temperature,
crystals were found to be at the bottom of the specimen with clear
glass at the top. When these specimens were exemined under a micro=-
scope, a secondary growth of crystal seemed to be present. These
phenomena were found in large specimens heat treated for a long time.
As this segregation of crystals might cause errors in the liquidus
temperature, additional experiments were done on smaller specimens
with successively shorter hcat treatment time until the crystals in
the specimen were distributed more or less uniformlye Some errors
were found in the early liguidus temperature results, all these were
redetermineds The segresation of crystal in the bottom of the
specimen might be due to the high density of these crystals compared
with that of the melte At high temperature the melt was not very
viscous, therefore the crystals formed would gradually sink to the
bottome This would cause inhomogenity and error in the determination
of the liquidué tenperature.

Surface devitrification possibly due to volatilization at the
surface were found in some compositions with ;;é;silica. Rede=-
terminations were done with shorter heat treatment time for all these
compositionse 8Some errors were found in the early results in the
identification of the primary phase crystals in the composition very

near the primary phase boundary time,
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he Examination of heat treated specimens

€1) Optical methods

The chillcd specimen was crushed into smaller pieces in a
percussion mortare Pieces from ¢ different part of the specimen were
examined with a petrological microscope to f'ind whether any crystal=-
line phase wus presente The distribution of the crystalline phase was
also investigated to see if surface devitrification occurred and
whether the crystalline phases sc regated from the melt.

In the early stage of the work only X-ray diffraction was used to
identify the crystalline phases present in the specimen. However,
X-ray diffraction was not very sensitive to low percentages of
crystals, esfocially tridymites Therefore specimens heat treated at up
to 50°C below the liguidus temper:dture hed to be used to get ifdenti-
fiable amounts of crystals iWhen the composition being investigated was
near the phase boundary line, secondery crystals were normally present
in specimens heat treated much below the¢ liquidus temperature. This
made the identification of the primary phase crystal very difficult.
Therefore a petrological microscope was also used in conjunction with
the X~-ray difrrcctometers

In the petrological microscope examination, crushed pieces were
immersed in liquids oi' knovn refractive indices. The growth habit and
birefringence of crystals were noteds The crystal habits of some
crystals changed with the composition of the specimen, therefore the
refractive indices of the crystalline phases were determined by the
Beche line technique. In this technique, an individual crystal in
contact with the immersion liquid was focused accurately and the body
of the miocroscope was raised slowly from the focused position. A line
of light, called the BecKe line, following the contours of the crystal
would move from the medium of the lower refractive index to that of
higher index. By using liquid or different refrcctive indices, the

ref’ructive indices of the OIySt&l could he determined to an accuracy



of = 0.,003. The crystals present were normally very small, so
accurate determination of refr ctive indices by Boche line technique
was not easy. When the difference of refractive indices of two
phrses under examination increcsed, it was easier to see the Beche
line. Therefore instead of using immersion liquid with refractive
index . ery close to the crystals, liquids with refractive index in
between the expected primary phases were used to differentiate the
crystal un the specimen. TFrom data in the previous experiment, it was
normally poscible to predict the crystalline pheses. All the heat
treated specimens were examined optically. The refractive indices of
the primary phase in at least one specimen for each composition were
measured accw etely. ‘rhe liquidus temperature of the secondary
crystal was also determined in some compositions.

62) X~ray diffraction.

To avoid any possible error in the identif'ication of the
crystalline phase and to confirm the rcsuilts in the ovtical micro-
«~rnpe deternination, X-ray diffraction w:s used extensively. The
X-ray instrument, manufacturcd by Solus=Schell Ltd., was equipped with
r. 9 cme camera and a diffractometers To obtain higher accuracy, the
diffractometer was useds Throughout the present work, a copper taerget
tube, giving niczel filtered copper ke radiation wos useds 50 kv
20 ma was usede A powdered guartz srpecimen was used to check the
aligrment of the diftvructometer periodically.

The crushed specimen was ground in an agatec mortar into .Jine

!

powder. An eluminium holder with a hole of 1 x 1}';n§?q; cii was usad,
A piece of microscopic slide glass was placed under the aluminium
holder, and the powdered specimen was packed evenly in the hole.
Another glass slide was stuck on top of the aluminium holder to glve
some support to the powdered sample. The glass slide under the
cluminium holier was then removed and the surface of the powdered
specimen originaliy in contact with this glass slide was used for

Xwray diffroction worke This method of packing the powdered specimen
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was preferred to that by rubbing flat the surface of the specimen
with a glass slide, because rubbing the surface tended to encourage
preferential orientation of the orystals in the specimen. With the
present method of packing, a very smooth surface with morc randomly
orientated crystals could be obtained.

Specimens heat treated at about 30°C below the liquidus tempera=
ture were used. The powdered specimen was scanned at l?/min from
5' - 45.‘9 automatically with a geiger counter.s A trace was obtained
from the recorder. These traces were compared with those obtained
from specimens specially prepared as standards. If the amount of the
crystal in the specimen was not high enough to permit conclusive
identification, a different setting in the diffractometer was used.
If it was still not possible to identifly the crystulline phese,
specimens heat treated at successively lower temperatures were used,
until the primary phase was identifiede On the other hand if two
crystalline phases were found, then specimens heat treated at higher
temperatures were used until only one crystalline phase w:.s found to be
presente

Not all the heat treated specimens were examined by X-ray
diffractions Normally when the result from one specimen identified
the primary phase crystal conolusively, the other specimen of the
same composition was not ecxamined by X-ray diffractione With com=
positions near the boundary line, it was not possible to identify
conclusively the primary phase crystal by X-ray diffraction work,
then reliance was placed on the result from the petrological micro-
scopic examination alone.

During the course of the work, solid solution was found to be
present in Lis0 o an0 . 8102 crystalse All the X-ray diffraction
traces were checked for shif't ef pecuk posdtian, Whenever there was any
doubt, the specimen was scanned ninute by minute manually over the
strong peaks to obtain conclusive results. This was found necessary,

because the recorder drum in the recorder was driven by friction and
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slight alipping would introduce errors Also the time constant of
counter affected the peak position slightly. The relative intensities
of the peeks were normally obtained from the tracee

The X-ray dif'fraction patterns of the specimens were compared
with those of specially prepared standardse These standards were
prepared from the same ruw materials and melted by the same technique.
However the homojseneous melts of the standardswere held at suitable
tenperatures to crystallise and then chilled rapidly to room tempera=-
ture instead of pouring into rods and then annealing as the other
compositionss The standards were examined under the microscope and
no glassy phase was detecteds Therefore these standnards were pures
The melting temperature and the crystellization temnerature were

listed in Table I.

TABLE I

THERMAL HISTORIES OF VARIOUS STANDARDSe

STANDARD MELTING CRYSTALLIZATION  CRYSTALLIZATION
TE{PERATURE TEMPERATURE TIME
Lithiun disilicate 1300°C 1000°¢ Four hours
Lithium metasilicate 1300°C 1150°% Three hours
Lithium Orthosilicate  1400°C 1200°C Seven hours
Zinc Orthosilicate 1550°¢ 1450°¢ Six hours
Li0 + 3a0 + 810, 1550°C 1400°C Six hours
2 11,0 * 4 Zn0 * 3 810, 1550% 1350 Six heurs

Attempts had been made to prepare pure tridymite from quartz or
precipitated silica, but small amounts oi’ geither quartz or crysto-
‘ balite was found in the spccimens
The X-ray diffraction patterms of the lithium orthosilicate
standard and the zinc orthosilicate standard were found to azree
with that in the X-ray Powder Dota Filee However, it was found that

the data of lithium disilicate and lithium metasilicate in the X-ray



Pewdcr Data Fil . containcd several lines which wore not found in the

X-ray pattcrn of the present standard. Latcer it was pessible tm

identify thesc extrancous linés in the X=-ray Powder Data File. More

detailed inflormation is given in the discussion section.
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IITI. RESULTS AND DISCUSSION.

l. General.

About one hundred compositions were prepared and investi-
gateds The calculated compositions in mole percent and weight percent
were listed in Table II, The compositions were calculated to give the
exact mole percent, and the wreight percent data was given to two decimal
places, because the actual compositions of' the specimens did not warrant
any higher accuracy. The refructive index of the chilled specimen which
formed glasses were also listed in Table II cgainst the corresponding
compositions.

The investigated cmpositions were plotted in Fige 4, with boundary
curves and primary phase fields, The composition triangles cnd the glass
forming region limits were plotted on Fige 5. Fige. 9 was a plot of the
isofracts in the glasses forming region, The isofracts were derived from
data given in Table II,

In Fig. 6, isotherms had been added to the ternary system and the
compositions had been omitted, The essential data from which Fig, 6 and
9 were drawn, was given in Table II, By employing the vertical gradient
furnace, more than 2000 specimens were quenched, Not all of the data
was listed in Table II, because most of it was not essential for the
construction of the phase diagram,.

Tridymite, lithium disilicate, lithium metasilicate, ,inc ortho-

silicate and two new ternary compounds with the compositions of ILi,0 e

2
Zn0 « Si0, and 24,0 lrn0e3 Si0, were found as primary phases.,
Although the high temperature form of silica, cristobalite werenot
found as primary phase cry.tal in the composition investigated, cristo=

balite would be the primary crystal in glasses having a high percentage

of silica. Therefore it was added in the phase diagram,
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Table 2

27.

Jompositions and refractive .ndicce ol specimens invesuigated

and guenching datca

Composi.tion

S LA Sme W s e 4 ww b4 m

Li20

Tridymite field,

10
(487

(479

10

| (472

15
(7.77

15

(763

-

Zn O

20
26454

25
32,61

30
38447

10

14,11

15
20,78

: Refractive ; Temgeratﬁre
i Index of Gluss i (°0C)
510,

70,801 | 1.552 1415°
68.59) E - 1390°
' |

§ i 1200°
65 | 1570 ALy
62.60) | i 1120°
1 :
60 | 1,587 | 1290°
|
56.82) i 1280°
| | 1210°
1170°
75 1.533 - w30°
78.12) | | 1400°
0 | 15 L 1360°
71.59) | 1350°
% 1100°

- . .

¥ Compositions in brackets are weignt percent.

Trid,

LDS
IMS
VAS
A

SS

BBS

NGF

Tridymite

Lithium disilicate

Tithium metasilicate

Zin~ orthosilicate

Lizo o ZnD o SiO2

L;i.2n * Znd SiO2 solid selutiorn
2L120 * 42r0 + 3 8i0, solid solution
non glass f'orming,

s o

*
Phases present

...... s w e e

Glass
Glass,Trid.,

Glass,Trid,

Glass

Glass Trid.

Glass
Glass,Txide
Glass,Trid,

Glass,Tric,

Glass

Glassy,Trid.

Glass,
Glass,Tric,

Glass,Trid,

———— . ——
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Composition
15 20
(7449 27.21
15 22,5
(7.43  30.31
15 23475
(7.39 31.87
15 25
(7.36 33442
16.25 22,5
(8.12 30449
1645 23
31,25

| (820

65
65430

62.5
62,26

61,25
60.74)

60

59.422)

61.25

61,39)

6045
60.52)

Refractive
 Index of Glass;

1,560

1,570

1.577

12580

1.575

1.573

Temperature
! Phases present

]
]
\

D o ———

(76)

1233°
1228°

1138°

1196°
1182°
1074°

1060°

o

1142
1137°
1104°

1086°

1127°

13305

1096°

1087°

1130°

1120°

1080°

1065°

1060°
Q

1050
1040

Q

- e

28,
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;Glass

|
| Glass,Trid,

{
H
i
i
'

Glass,Trid.

iGlass

Glass,Trid.
Glass,Trid,

Glass,Trid,B
ss

Glass,
Glass,Trid.
Glass,Trid.

Glass,Trid,4S.

Glass
G]JJSS, Trid.
Glass,Trid,

Glass,Trid,ZS,

Glass,
Glass,Trid,
Glass,Trid.

Glass,Trid,Bss

Glass

~
-

w2sg,Trid,

Tra.\l,Ass’ BSS
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' Refractive | Temperature .
Composition i Index of Glass! (°c) %Phases present
' : " | S
17.5 20 62,5 1,570 JToEE S e e
(8.87 27.56  63.57) 5 1120° ! Glass,Trid.
104,3° ; Glass, Trid,
1026° f Glass,Trid.,A__
18.5 18.5 63 1,565 1111° ! Glass
(946 25,76  6U.78) 1105° ’ Glass,Trid,.
1090° z Glass, Trid,
20 5 75 1,525 1330° | Glass
(10.84  7.38 81.78 1320° | Glass,Trid,
125° | Glass,Trid,
20 10 70 1.537 1238° Glass
(10,64  L1hal9  7he88) 1231° Glass,Trid,
1115° | Glass,Trid,
20 15 658 SIS 01555 1126° Glass
(10,44 21,35 68,23) 111,° | Glass,Trid.
1030° ( Glass,Trid,
995° ! Glass,Trid.,Ae
22,5 10 6745 14543 1133° 'f Glass
(12,15 14469  73.16) | 1122° Glass,Trid..
1005° Glass, Trid.
i |
22,5  1L25 6625 | 1.550 . 1030° | Glass
(12,11 16,40 71.50) ! : 1025° ‘ Glass,Trid,
| | 985° | Glass,Trid,

| { 976° Glass,Trid. A

e L TP P I PP PSS p——
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L LRI

Refractive Temgerature;
Composition Index of Glass (70) Phases present

25575 M0 BeEE 66425 1.548 1061° Glass
(12,91 1479  72.30) 1052° Glass,Trid,
1013° Glass,Trid,

25,75  10.625 65.625 1,549 1047° Glass
(12.86 15,67  71.47) 1025° Glass,Trid,
1015° Glass,Trid,

973° Glass,Trid.,A.

24,375 10  65.625 1,549 1036° Glass
(13.28  1L4.84  71.89) 1027° Glass, Trid,
1005° Glass,Trid,

25 5 70 1.532 1139° Glass
(13,94  7.57 78.49) 1137° Glass,Trid.
1016° Glass,Trid,

991° Glass,Trid.,LDS.

25 10 65 1.549 101° Glass
(13,66 14,89  7L.45) 1002° Glass,Trid,
997° Glass,Trid,

27.5 5488 6725 1,540 1040° Glass
(15.57 7.70  T76.74) 1037° Glass,Trid.
| 102,° | Glass,Trid,

|
1007° Glass,Trid.,ILDS.

I {



31,

Composition

.-

i Refractive
i Index of Glass
i

{
‘

Lithiun disilicate fieldﬂ

26
(1435

2745
(15435

2845
(16421

30
(17.21

Lithium metasilicate fiell,

2845
(15495

28,75
(16.06

30
(16.86

9
13.53

9
13465

5
Tk

5
7.8

9
13.72

10

15,20

10

15.31

65
72,13)

63.5
71,00)

66,5
76405)

65
74.98)

6245
70434)

61425
68.73)

7483)

1.550

i
'

1.552

1.540

1.545

1,552

1,556

1.560

!

Temperature '

(C) | Phases present
e e et et e o e e
98,,° Glass
969° Glass,IDS.
960° Glass,IDS,Trid,
980o Glass
970° Glass,LDS,
Glass,LDS, A,
989o Glass
981,° Glass,IDS.
979° Glass,IDS,Trid,
1012° Glass
1008° Glass,LDS,
976° Glass,LDS,
980° | Glass
970° Glass,LiS,
960° Glass,IDS,Trid,
100° Glass
995° Glass,IMS.
988° Glass,IMS,
970° Glass,IMS, A,
1044° Glass
1039° Glass,IMS,
1007° Glass,IMS,A.
970° Glass,LDS,A.
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Composition

32.5 5 62.5
(B9 17931 v 73:13)
32.5 12,5 55
(18,39 19,14 62.47)
3245 15 52,5
(18,19 22,84 58.78)

35 5 60
(20.68 8.05  71.28)

35 10 55
(20,25 15.76 63.99)

35 15 50
(19.84 23.16 57.00)
37¢5 5 575
(22,52 8.17  69,32)
3745 10 52,5
(22,05 15,99 61,96)

Refractive
Index of Glass

B T TP Sa—

1.549

nminan}

1.570

1.580

1.553

1.567

NGF

NGF

NGF

Rt e s T ——

—a

Temgerature

(7o)

1180°

1170°

v G- e . s

320

o — . o—

!
’ Phases present

Cem e s e s

Glass
Glass,IMS,
Glass,INiS.

Glass,IMS,LDS,

Glass
Glass,1MS,

Glass,IMS, A.

Glass
Glass,IMS,.

Glass,IMS, A,

Glass
Glass,IiS.

Glass, LS,

Glass
Gl&BS,mSo
Glass,LilS,

Glass,LliS.

Glass

Glass, 1S,

Glasc

Glass,IMS,

Glass

| Glass,LiiS,

i
|
!

S S SN S S S
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Refractive TemBerature
Composition Index of Glass | ( C)
%0 5 55 NGF 1160°
(24436 8429  67.35) 1150°
L0 10 50 NGF 1185°
(23,84 16423 59.93 1170°
45 5 50 NGF 1200°
(28,27 8,56  63.17) 1180°
Zinc Orthosilicate Field}
10 32,5 5745 1.595 1267°
(4L.67  L41.33  54400) 1259°
1200°
10 35 55 1.601 1290°
(4e63  4hel5  51,22) 1275°
1259°
1210°
10 40 50 1,610 1330°
(Le56 149463  45.81) 3310°
12,5 30 5745 1,590 1213°
(5.96 38494 55.10) 1195°
1150°
15 25,625 59.375 1,583 1103°
(753555 34218 558218 | 1099°
1078°
1059°

Y A s - — e e

e nd

b ¢

330

——— - — v—

Phases present

B i

Glass

Glass,IMS.

Glass

Glass,IMS,

Glass

Glass
Glass,ZS.

Glass,Z2S,Trid,

Glass
Glass,ZS,.
Glass,ZS,

Glass,ZS,Trid,

Glass

Glass,ZS.,

Glass
Glass,ZS.

Glass,Z8,Trid,

Glass
Glass,ZS,.
Glass,ZS,

Glass,Trids, Bss'

——————




Composition

15 26425 58475
€7.33 3492 57.75)

15 2750 (115745
(7,30 36442  56429)

15 30 55
(7e24 3941 53,35)

15 35 50
(7412 45,20 47.68)
15,625 25 59.375
(7.69  33.52 58.79)

Li20 »~Zn0 o Si02 Field,

1745
(8,81

20

(10425

2245

30466

20

27.91

60
£0.53)

60
€1.81,)

Refractive
Index of Glass

T . — .

1,583

1,588

1.593

1,580

1.577

1.575

. —— . .

—— e ——

3o

|

Tempgrature

(o)

e

1119°
1106°

1087°

1140°

1127°

1088°

o

1165
1156°

1101°

1251°

121,8°
1185°

1089°
1082°
1069°

(o}

1049

1074°

1063°

1045°
1076°

1058°

(*]

1040

988° |

. e e ——————

Phases present

Glass
Glass,ZS,

Glass,ZS,.

Glass
Glass,ZS,

Glas S‘. ZS.

Glass
Glass,ZS,

Glass,ZS,

Glass
Glass,ZS,

Glass,ZS,

Glass
Glass,ZS,
Glass,ZS,

Glass,Trld.,BSS.

Glass
Glass,Ass.

ASS.BNS,Trid.

Glass
Glass,A,
Glass,A,

A,Trid,




Refractive
Composition Index of Glgss

20 25 55 1.585
(10,06 3427 55.67)
22,5 1245 65 1,552
(12,05 18,11  69.84)
22,5 15 62.5 1,565
(11.92 21.61  66.46)
2575113325 65 1.55)
(12,86 16,50 70.65)

25 12,5 62,5 1.560
(13,53 18.40 68,07)

25 15 €0 1.569
(13,40 21,90 64470)

25 20 55 1,583
(13.15 28464  505420)

R

- v 8

. T 8 o c— —

Temfgrature
C) Phases present
112° ﬂGlass
1138° Glass,A__.
1068° Glass, A_ o
997° Glass
991° Glass, As
985° Glass, A, Trid,
1034° Glass
1026° Glass,A.
1013° Glass,A,
980° Glass,A,Trid,
986° Glass
984,° Glass,A,
977° Glass,A,
965° Glass,A,Trid,
955° A,Trid.,IDS,
998° Glass
980° GlassyA,
973° Glass,A,Trid.
1066° Glass
1061° Glass,A,
1029° Glass,A,
11360 Glass
1125° Glass, A,
1085° Glass, A,
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Refractive
Composition Index of Glass

25 25 50 1,593
(12,91 35,16 51.93)

26 10 6l 1,552
(14429  14e97  70.7L)
27.5 10 52,5 1,552
(15,26 15.10  69.6L)
2745 11,25 61425 14555
(15,20 16485 67.95)
2745 12,5 60 1,562
(15,13 18,61  66,26)

30 1235 5745 1,565
(16,70 18,95  6L4436)

30 15 55 1,572
(16,53 22,51 60495

B

b

Tempgrature
(7c) Phases present
1210° Class
1185° Glass,A.
955° Glass
953° Glass,A.
951° A,Trid. ,LDS,
986° Glass
972° Glass,A.
961, Glass,A,LDS,
1009o Glass
1006° Glass,A,
986° Glass,A.
968° Glass,A,IDS,
1093° Glass
1079° Glass,A.
1059° Glass,he
1075° Glass
1053° Glass,A.
1030° Glass,A,IMS.
1156° Glass
11,8° GlassyA,
11410 GlassyA,
1137° | Glass,A,IkS,
|
1085° | Glass,A,INS,

B e

i

|
!
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, Refractive
Composition Index of Glass
30 20 50 | 1.587
i
(16421 294,44 54435 |

2 1i,0 * 4 ZrQ « 3 8i0, EField.

16,25
(8408

16425
(8404

1645
(8406

1745
(8.71

175
(8465

175
(8450

1745
(8ed2

23475
32,04

25
33463

2845
3792

25
33484

2745
36484

3245
42,80

35
L5476

60
59.88)

58,75
58433)

55
54403)

5745
57 okili)

55
5Ls51)

48,70)

4745
15.82)

1.579

1,583

1.590

1,586

1.590

l.6m

l. &5

R

ram—— b

37

Temperature .

("c)

1208°

o

1195

1072
106L
1058°

1089°
1078
1056°

1142
1126°

1096°
1083
106

Phases present

Glass

Glassyh,

Glass

Glass,Bss.

Glass,Bss,Trid.

Glass
Glass,BBs.

Glass,Bss.

Glass

Glass,Bss.

(lass
Glass,Bss.

Glass,B_ .
S8

Glass,Bss,Trid.

Glass
Glass,B_ .
8s

Glass,B__,
ss

Glass
ﬁlass,Bsso

ulass,Bss.
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- m
Refractive T grature
Composition Index of Glass ‘ em{) c) Phases present
20 30 50 1,597 1201° Glass
o
(9.89  40.40 49.71) 1192 Glass,B_ .
o
1158 Glass,Bss. '

L e T SR ——————
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(2) Composition triangle.

The composition triangles were established with X-ray
diffraction data of specimen heat treated specially below the solidus
temperature, The compositions of' the specimens and the X-ray dif=-
fraction rcsults were listed in Table 3, and the composition triangles
were shown in Fige 5e Opecimens ol selected c ompositions were heat
treated at 950°C for at least twenty four hours, Parts cf the specimens
were examined under the microscope for the glassy phase, Witk some
composivions, heat treatments up to f'orty eight hours were done to
ensure comp.ete crystallization,

In this series of experiments, cristobalite was found in some
specimenss Since tridymite was the stable rorm of silica in this heat
treatment temperature, these specimens were not in equilibrium as far as
the silica phase was concernede One of' the specimens with cristobalite
present wac heat treated agcin at 95000 for six dayse Most of the
silica was then found to be tridymite, Also another specimen with
cristobalite present was heat treated agein at 85000 for t wenty-f'our
hours, and quartz wus found to be the only form of silica present, In
both cases, the other crystals found in the specimens were not af'fected,
Therefore, the presence of cristobalite did not affect the state of' the
other >rystals present in the specimen, The existence of cristobalite in
the specimen arter long time hcat treatment might be due %o the slug-
gishness of the conversion of the cristobalite form to tridynite form,
Therefore, the presence of cristobalite did not affect the conclusion of

the corgosition triangles.



Table 3

X-ray data of specimen heat treated at 940° - 950°0,

Composition (mol %)

Li0 | 2Zmd 'Sioz
10 30 60
10 35 55
15 30 55
16425 25 58475
1745 22,5 60
1745 2745 55
175 35 475
20 15 65
20 25 55
20 30 50
25 15 60
25 20 55
30 10 60
30 20 50
3245 15 5245
5D 5 60
L5 5 50
aliB ey e
13% 535 | 33%
19,04 | 47,62 | 33% |
(% 10 7) j
22,22 i Udyolyly ’ 33% |
(2 | & i 3)

v w e

- ——

L.i20 «Zn0+8i0

3

57

66%

S

—————————— 1 2 e

> |2 Zn0. Bi0

R s e T I

&

2

e
; o

B
88

B
s

Phases Present, ¥

28, B

88

A, IDS,.

Ass’.’ Bss'
ASHIDS,
A, IDS,.
A, LDS,
A, 1LDS,
A, LDS,
IDS, IMS.

B_ s 28

s’ ZSQ
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Composition (mol %) Phases Presente:
Lin0 Zr0 8102 Lizo-ZnO-Sioa 2 ZrD*SiOz
1 1 1
23% L3z 335 70 30 Bss‘
2 1
26% 40 333 80 20 B s A e
30 365 33% 90 10 Ao
s = Quartez, tridymite or cristobalite
IMS = Lithium metasilicate
IDS = Litbh_um disilicate
s = Zinc orthosilicate
A = Lizo e Zn0 -« Sioz ‘
A = Li20 * 210 * SiO2 selid solutien!(i.c. with poak shifts) :
ss
B = D L;sz) e L. 700 + 3 SiO2 selid celutien (i.e. .,w}j.th penk S!xi,{‘ta)
ss
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(3) Glass forming region.
The glass forming limit on the low silica side in the
present system was noted during the determination of the liquidus
temperature, The limit was found to be near t he 50 mole percent silica
line, being higher in silica at the lithium oxide rich side, Therefore
lithium oxide imparted higher tendency of crystallization in the present
system than zinc oxide did.

Glass formation is a kinetic problem, Whether a given composition
will form a glass or not depends upon the rate of the cooling and thus
the size of the ospecimen affects the limiting composition for glass
formation, In the present investigation, specimens about 0,2 gramme m
the form of cones were used, The specimen was held at a temperature
slightly higher than the liguidus temperature, until a clear melt was
obtained, The specimen was then withdravn from the furnace rapidly
and chilled in the air, A petrological microscope was used to examine
for crystalse, Any slight light scatteiing effect was regarded as an
indication that the specimen was outside the glass forming r-zgion,

. Ba.stresss(l3 ) investigated the glass forming region in the alkali
silicate systems, He found that the limit was 37 mole percent lithium
oxide in the lithium oxide = silica system, when specimen weighing
0.3 gr:mme was used, In the present investigation, a 40 mole percent
lithiun oxide, ©0 mole percent silica specimen was prepared and exgmined,
It was found that this composition was outside the glass forming region
with the present procedure, Therefore, the result of Bastr:ss was ro-
garded as consistent with the present procedurs and his result was used,
The glass forming region was indicated in Fig, 5,

The glass forming region reported here is wider than it would have
been if much bigger specimens were used, When forty or fifty grammes of

S0,
campositions with 5 mole percent Khigher than the indicated limiting
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compositions were poured from a platinum crucible af‘ter melting,
deritrification was of'ten founde Compositions near the indicated limit

inevitably devitrified during pouring,

(4) Refractive index,

The refractive indices of the specimens within the glass
forming region were measured by a microscope using the Beche line
technique, The refractive indices of' the matched immersion liquids were
measured with a Leitz-Jelley Ref'ractometer, Curves of the refractive
indices against percentage of lithium oxide with constant silica content
or percentage of silica with constant lithium oxide content were plotted,
Data in the binary lithium silicate system was taken from Kracek's(s)
worke A few of these curves were reproduced in Fig, 7 and 8, The
refractive indices did not change linearly with mole percent composition
with constant lithium oxide content but they changed linearly when zing
oxide was used to substitute lithium oxide, Compositions having various
refractive indices were read off from the curves and plotted on the
composition diagram, then the isofracts were constructed, The maximum

experimental error of a single measurement with the Beche line technique

is * 0,003, With:theipresent methed ef plotting the iseffacts, the acou-
raocy should be about = 0.001. The results were given in Tadle 2 and Fig.Q
(5) The tridymite field,

The field of tridymite was f'ound to extend from 147000 to the
eutectic point E Liy0 25,5 mol % Zn0 10 Mol %, 810, 64.5 Mol ¥ at

9550 * 5°C and eutectic point F Li0 1645 mol %, ZnO 23 mol %, S:i.O2

60.5 mol % at 1050 £ 5°%C in Fig. 6.

In some very short time ex-
ploratory quenchings, meta stable cristobalite appeared in compositions
of this field, In the actual determination of liquidus temperature,
tridymite was found in every case, probably due to the long heat treate
ment time employed. The crystals obtained were small lath like, some=-

times round with very low birefringence and refractive index, actually

lower than the surrounding glass., These characteristics were used for



REFRACTIVE INDICES

FIG.7 REFRACTIVE INDICESOF GLASSES WITH CONSTANT
SILICA CONTENT.
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optical identification, The familiar sixty degrees branching needle
crystal of tridymite was not found in the present study, This crystal
gave a very weak X-ray diffract.on pattern, Therefore, it wms sometimes
d'fficult to use X-ray diffraction for identification, Hcwever, the
optical characteristics of this crystal were so different f rom the other
primary phase crystal, that, it presc¢nted no problém:din identificutien.
The X=-ray diffr-ction puttern found was the suame.ns publishel in the
X-roy Pewuer,Data.File. - ((Ae S. Te M. Card)s = . £ T

LA
. : ¢
. o L) . )

The point M was found tc be the minimum point on the join 510, ~
Lizo e Zn0 « Si0, and the maximum point of on the boundory curves

The system Si0p = Lis0 e Zn0 . $i0y = 2 Liy0 e 4 Zn0e 3 810, is not
completely ternary owing to an encroachment of the zinc orthosilicate
fields The eutectic point or this system wae found to be Li20 1645
mol %, Zu0 23 mol % and Si0, 60,5 mol % at 1050 ¥ 5°C, The reaction
point between the silica, zinc orthosilicate and 2 Id,0 * 4 Zn0 » 3 510,
is located in this compositiontriangle at Liy0 1547 mol %y ZNO 2446 moOl %
810, 59.7 mol % at 1068° * 5%,

The system SiOz - Lj_zo ¢ 2 3102 - Lizo e Zn0 o SiO2 is not come
pletely ternmary owing to an encroachment of the lithium metasilicate
field, The eutectic point was found to be Lis0 25,5 mol % Zn0 10 Mol %
$10,, 6le5 Mol f at 955° £ 5%¢, A second invaricnt point between lithium
disilicate, lithium metasilicate and Lis0 ¢ Zn0 - 810, is located in
this composition triangle at Li0 2745 mol % Zn0 9.8 mol % 510, 6347
mol % at 976° £ 5%,

Cristobalite was not found as primary phase crystal in the com-
positions investigated, because the high silica field was not investi=-
gateds However, this field was expected from the data in the binary
systemse In Fig. 4 and 6 the cristobalite = tridymite bounda.y was
drawn tentatively to confirm with the accepted 147o°c inversion

temperature,
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The iield of litlium dizilicete ls wvery smnall ori is entilins
by the avea BCRE. 2.3 compound wars found 4o e faivly biz recitunenlas

D dadl BT

w

leth ciystal with faivrly sharp corners, The refractive indices on fun
crystal are wery neawv o that cf glasses in thus field, Couscauertly b,
profile of she ccystal is no% very distinct, when exawiued under orano~y
light, Under polarized light, this crystall appeared tc be typrcal 1ofh
like, positive elongated crystal vath parallel extinction; anc coulil b
fairly casily recognised. The optical propurties of thae cryshal wan:

listed in 'Table L.

Table 4

Cptica: properties of iithium J.silicate crystal

v e I e . G e AR s e v b ana Sw— 0wl ) P e wam—.
t

Eetioe- Vlcogom !

System | Habi%

: x ‘
Authors P=froctive i M.lnf‘.gd ! CL"} stol Cr‘ystal l
|

' f Indicec . Guoup tion ! Hicm
i - e = 4 i i
i | ! ' !
[ — _...o.l- - o vk s e a—— -.-i- A —— . -.'-Jb-. ;s 10 PO ¢ arwere el
; ‘ ] ;
L) % | Babalot s sy !
! Aust:gl ) ! 1.54 ‘l.,b ! 1.56 {Biaxial | i
! esitivel .
! ! : I} p Al '
; \ 4 { ! )
| i - ' | . , ! . . 5=
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. Oghrrn \1O l | : ‘10“113“ 21 mhombie ; ;
! ! :
i 1 ' |
WATES 4 | o
! FoU.Kvaek' *° ¢ Lebigf |t..550i 1 ,\)56: B.02lal | ortho- parallsl!
| | ; Ponswvlve! rhombig i ‘

I !
crtac= | prismlpacallel. ok

Uil T
pasgtertil o Ko l

| Present Study = 1:507 L.F50; au.E-’;Zf" B'in‘:ia.l
. ‘ ’)(‘ St .,lve

Sy & - a— e . AL S S —— At % M A ——_

Orecimens of pure lithium dfsilicate wers speclally preparx i o be
used a- staudards, whzsr toe l-roy diftraction duata of the standad vas
compared with that in the X-roy Powder Data Tile, it ~as fourd thatb
several cxtiraneous lines were included in the X-ray Powder Data File,
Other date of this crystal was then ccllected from the literuture, and
the present data was indexed,

The data in vhe L=ray pPovde: nata TMile is due to A, E. Aus‘t'.i:‘_( 115').
Relative intensities ~nd '=-spucings were given but nu Millor Indey wms

given. Seveiral extraneous lines in this data were dve to lithium meta-
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silicate, These might be due to the inhomog;enflties in A, E, Austin's
specimen,

G. Donnay and J. D. H, Dannay(]'S) measured the cell parameter of
this crystal with Weissenberg single crystal technique, This érystal was
found to be orth®embic with parameter %o = 5,80 & ’ Poim 14,66 & and o =
4,806 X. No diffraction data was given,

R. Hoy and E. P.{Osbornt:5)  gave the powder dnta of “this!crystal bis
no Millor Index was given. Using Donnay's parameter data G. Rindone(l7)
gave the Millor Index of his powder data, The d-spacings published seemed
to be the calculated vulue instead oif the observed value,

The present powder data was indexed as orthorhombic crystals with
cell parameter 2o = 5.80 245 oY= 14,66 £ , and % = 4,806 £ . With four
formulae weight rer unit cell, the calculated density was 2,438 gn}/cm3
and agreed with the observed density of 2,447 gn/ 0m3.

The relative intensities of these crystals can easily Lz affected by
preferential orientation in the powder specimen, The intensities of 111
and Cu¢ increased greatly when coarse particles were present in the
specimen, The intensities of these lines decreased with further grinding
and careful preparation of the powder specimen, R. Roy(lé) and
Ge Rindone's(l7) data seems to indicate that preferential orientation

occuwrred in their specimens, The calculated and observed powder data

was listed in Table 5, together with other data in the literature,



Table 5,

X=ray Data of Lithium Disilicate

Piesent Study

L7a

- ———— L —— 7 ————" - & & - ———

| ﬁ 16
AE, ustEQZ'R.Roy's(md)* G.Rindone's(]'?)

¥ DPue to lithium metasilicate

Data(X-ra 1
jPodey Tata | “haga T Pt
Eoamenen N = Sammaiy [
A8y | Qony |V | & [ ME |4 [V 4 I, | hWa
Q20 .4 W7 =332 |§7e31 12 732 TedD i s ki 1474332 N 020
10 | 5.392 | 5.1 6 5,39 | 12. 15,392 8 110
%70 11
02L 4,007 | 4.02 1 4,08 4 14,10 4
130 37388 edelD 45 delD 331 3T30) BOL (955738 58 130
040 3,665 | 3.66 | 100 3.67 | 100 |3.64 | 65 | 3,666 52 040
11385135895 (13« 5181] 530 3.58 |100 | 3,588 | 100 11
o T | ¥
2,950 5 131
200 2,900 | 2.91 2 2,93 | 10 | 2,900 | 12 200
¥2572 11
002 2,403 | 2,39 L 2,40 3 [2.385] 30 | 2,403 29 002
221 243831122835 4 2+37 §12,366 151041525362 8 221
151 | 2,298 | 2.,295| & 2.3 212,30 | 5 12,299 | 1A 151
210 00182,055 % 12,0503 w2 2,06 | 7 | 2,056 7 241
042 2,010 | 2,012 2 2,00 'l i5:1i25010 5 oL2
170 1,970 | 1,966 | 30 1,98 24 11,96 | 15 | 1,970 | 12 170
202 1,850 | 1.847 2 1.84 2 (1,8, L | 1,850 5 202
080 1.832 | 1,833 2
222 1,794 | 1.796| 2 ' PRI 6
| by I
113 1 5361805535 2
033 5228 #1552 w2 1.50 L {1.,528! 6
133 1.473 | 1oi73 2 1.7 | 4
042 | 1,468 | 1,468 | 16 47| 18 |1l.46 | &
332 | 1440 | 12| 2 s Py TS N,
420 1524225/ | #104231 [ aa )y L.425( 4
l.41 3
223 13788 {01s35761[1%2 105781505 i
*1,30 3 f
b 51 | 1,255 | 1,251 6 1,26 6 11.25 | 3 :
B2 E NP5 N (3] 2001 SanD 1228 o | ! .
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The Li20 + 2 8i0, = Li 0 « Zn0 8102 join is not a true binary

2 2
system owing to the presence of lithium metasilicate, The compounds,

lithium disilicate, lithium metasilicate and Li, O « Zn0 » 8i0, form a

2 2
composition triangle., The invariant point of this composition triangle is
a reaction point which is Liy0 27,5 mol % Zn0 9.8 mol % 810, 63.7 mol %

at 976° & 5°C in the lithium disilicate, silica and Li O « Zn0 . SiO

2 2

composition triangle,

(7) The lithium metasilicate field.

The lithium metasilicate field above the fif'ty mole percent
silica line is outlined by the area ABC,

The lithium metasilicate crystals generally appeared in the glass as
lath like positive elongated crystals with parallel extinction, The
crystal habit changed considerably. When the compositions were near the
lithium metasilicate compositions, the crystals were found to be well

formed laths with rounded corners, ¥hen the compositions approached the
Li20 A Si02 - Lizo e Zn0 o Si02 boundary, the crystals tended to become
roynded trianglese, The specially prepared lithium metasilicate standards
were well developed triangular prisms which could be easily brokeni nto
tiny needle-shaped crystals, When it was examined with the needles
lying flat, they appeared to be uniaxiale Since this crystal was re-
ported in the literature to be pseudo-hexagonal orthorhombic, a

specimen was specially prepared to examine the crystal along the axis of
this necdle, Several crystal prisms were mounted vertically in Paris
plster reinforced by Canadian balsam, This specimen was so ground that
the aris of these prisms were parallel to the light path of the
petrological microscope well developed biaxial interference figure was
obtained from tiis specimen, Therefore it had proved conclusively that
this crystal is actually biaxial, The optical properties ol this crystal

were listed in Tab e 6,



Table 6
Optical properties of lithium metasilicate crystal,

— - -, T ow-aime .- . . T I . oa
. - —— - aw o o v — . o . » o o —

! ;
| Authors Refractive Mineral | Crystal ' Crystal| Extinc— Elorg=
Indices Group | System | Habit | tion !tion
T Fra : i
i Sl b A ST S bitgail e S R SRR
AE .Austin’\ 14) 1,59% 1.61% Uniaxiall ; :
positive 3
R.Roy and(le) 1.590 1,610| Uniaxicl prism pardllel hegetie !
E.F.0Osborn positive /
! |
F.C.Kraeck(a) 1,591 1,611} Uniaxial ' prism jparal.l hegzﬁ:j_ve
G.Donney(l5 ) 1,584 1.,609| Biaxial | ortho- lath [parallel :Fmi't:ive
and J.D.He positive| rhombic :
Donney !
'‘Present Study {1,585 [1.593 | 1.611] Biaxial | ortho- | lath |paralel positie !
! } positive| rhontic ; |

i | R e et i f

Several extraneous lines were also found in the data in the X-ray
Powder Data File when they were compared with that obtained from the
stan’ard prepared in the present studye The data in the X-ray Powder Dnta
(1)

File is also due to A, E. Austin o Relative intensities and d-spapings
were given but not the Miller Index. These extianeous lines were later
identified to be due to litidium ortiosilicate, 3

The cell parameters were measured by G. Donnay and J, D, H, Domay(15 )
with Weisenberg single crystal technique.. No diffraction data was given,
They indexed these crysials as pseudo-hexagonal orthorhombic with %o =
5043 %, Y0 = 9,41 8 , and % = 4,660 £ .

The present powder data was indexed as pseudo-hexagonal ortho=-
rhombic based on Donnay's cell parameter, Since a'/b = 0,577, this crystal
was hexagonal within the experimental accuracy, if dimensions =lone were
considered, However, results from the optical examination have proved
conclusively that this crystal is biaxiale Therefore, the data was

indexed as an orthorhombic cry<tale With four formulae weight per unit

cell, the calculated density is 2,51 gny/ cm3 in agreement with the observed



density of 2,520 gm/ c:m3 e The calculated and observed powder data was

listed in Table 7 together with A, E, Austin's(u*') cata,

Table 7

X-ray Data of Lithium Metasilicate

B e N T Ere——— ¢ prye———a

T e CT P

_ _Present Study i (X=ray Powder Data File)
M G4,y | Yony | VI, | @ | Vi,
2532 2
110,020 | 4,705 | 4.70 100 4,70 100
*4.s02 10
111,021 3,311 | 3,31 22 3.32 22
3420 2
130,200 |i¥ 2,716 = | 2,71 92 2,72 74
2,66 13
2,59 b
131,201 2,347 %
2434 17 2,35 19
002| 24330
112,022 | 2,088 | 2,09 3 2,10 5
132,202 | 1,769 §
1.773 8 1,78 10
150,240 | 1.779
222,042 | 14655 | 1.655 7 1.66 12
060,330 | 1568 | 1,567 40
003 | 1.553 1,560 L0 g 30
le53 L
312,242 | 1.413 | 1,412 3 1.0 2
260,400 | 1.357 | 1.355 L 1.36 6
133,203 | 1.348 | 1,349 L 12
1 062,352 | 1.300 | 1,299 | 7 IS 1330 12
i351,h21. 1.256 | 1.255 6 1,26 8
313,243 | 1,170 | 1,170 3 1,18 ; 5
422,352 | 1,138 ' 1,138 3 1) ' 5

o S E O Y
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(8) The zinc orthcsilicate fluid,

The zinc orthosilicate iield above the fif'ty mole percent
silica line is fairly big and is outlined by the area GHJ,

The zinc orthosilicate crystals generally appeared in the glass as
well developed hexagonal long prisms with high refractive indices and
birefringence. Sometimesthis crystal was found to be irregular grain
with no characteristic crystal habit, The X-ray diffraction pattern was
found to Le the same as published in the X-ray Powder Data File (A.S.T.M,
Cards),

Zinc orthosilicate forms a composition triangle with silica and
2 Li20 e 4. Zn0 » 3 S:1.02. The invariant point of this camposition
triangle is a reaction point at L120 15,7 mol %, Zn0 24,5 mol % and
O e 42Zn0 « 3 Si02, silica

2

«nd ILi 2o e Zn0 - SiO2 compceition triangle., Zinc orthosilicate dissolves

in 2 LiZO e 4L Zn0 « 3 85.02 to form solid solution,

$10, 5947 mol % and 1068° £ 5°%C in the 2 Li

(9) The 1i,0 * Zn0 ® SiO, field,

2 2

20 e Zn0 -« SiO2 field abouve the fifty mole percent silica

is outsided by the area ACEMI'IK, The primary phase crystal of the

The Li

compositions in the area ACEMX is pure Li2 e 7Zn0 o S:i.02, because it does

not form solid solution with lithium disilicate, lithium metasilicate or

silica, However it forms partial solid solution with 2 Li20 * 4 ZnQ -

3 Si02, and two phase regions were found on the right of the line KM,
the comrposition of this primary crystal A was fully investigated,

Severcl compositions with simple oxide ratio were precpared by repeated

grinding and sintering or by melting with mechonical stirring., These

specimens were then completely devitrified., The results were shovm in

Table 8,



Table 8
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Compositions with simple oxide ratio,

-~

Composition (mol %)

Lizo Zn0 S:‘LO2
1 : 1 s 3
1 . ! : 2
2 : 2 : 3
i 2 1 s 1
L 3 & : 2

. e W —— b

L T w—

X=-ray results

——n i

2
A+ S;LO2
A+ 8102
A
=EReTSier i
2‘+ 8102 + Bss'

Note: 810, includes quartz, tridymite, and cristobalite,

Six compositions around ILi

2O * 2Zn0 « Si0

5 were investigated by

X-ray diffraction. All the specimens were heat treatéd at 950°C for one

or two days,

Table 9

The results were listed in Table 9.

Compositions around Lizo * Zn0 - SiOQ.

Compositions (mol %)

-
i

- 14,0 0| 8i0,
1l 35 30 35
2 35 35 30
3 50 39 35
4 | 32 32 36
G52 36 32
3 Ao 32 | 32

——

X~=ray results

L w—

A+ Lizo « Si0

A + Zn0

2

A (with pegk shift) + 810,

A+ SiO2

A+ Zn0
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Assuming that the composition of this primary phase crystal A is
Li 0 « 2n0 « 8i0,, the excess Ii 0 in No. 2 and No, 6 ccmpositions could
not be found, This may be due to the low atomic number of lithium, The
othei four compositions indicated that this primary phase cry.tal A does
not form aa appreciable solid sclution with zinc oxide, lithium meta=-
silicate or silica,

The phase relationships at 95000 were investigated to e stablish the
composition triangles, The results were presented and discussed in the
section concerning the composition triangles, From this data ai.” *hat iu
the preceding two sections, the composition of this primary crystal A is
certain to be Lizo ¢ 2n0 . Sioz. Although the presence of solid solution
may cause error in interpretation, the data on the left of the L120 .
7Zn0 o 5102 - SiO2 join clearly indicates that the conclusion is correct,

Two specimens of Li20 e Zn0 SiO2 were prepared - one by repeated
grinding and sintering and the other by melting. Both specimens showed
peaks corresponding to those of the primary crystal A, There cre some
d. or pancies in the ratio of intensities between the LiZO « Zn0 - Si0,
specimen and those of the primary crystal A, However, it was found that
the intensity ratios are not as reproducible as with other compounds,
This was found both ir the Li

2
crystal A, I. M. Stewart and G, J. P. Buchi(lz) had also identified this

O ¢ Zn0 Si()2 and in the primary phase

composition as Lizo * Zn0 - SiOz_in their work on the phase relationship
of LiZL ~- Zn0 =- SiO2 system, They had indexed their powder data on the
basis of primitive tetragonal cell with parameter % = 11,47 X and % =
10.78 X. It was found in the present study that the powder data could
also be indexed on the basis of hexagonal cell vith parameter %o = 1847 X
and %o = 8,2 2. Discrepancies were found in several lines between the
caaculated and ouserved value in the basis of both unit ceils; with
slightly better ag-eement with the hexagonal cells. The discrepancies
were slightly bigger than the maximum experimental error. These two

unit cells were not transformable, therefore they are incompatible.

The apparent fit with these unit cells moy be due to the big unit cells
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used and the large meximum error assumed. The density of this crystal was
found to be 3,39 gm/c.c:. by displacement technique. Therefore each hexa-
gonal cell contains thirty formula units and the tetragonal unit cell
ccatains seventeen formula units, so that both unit cells seem to be far
too bigs It may be possible that the true unit cell of Li 0 « Zn0 » 810,
is only very close to the hexagonal cell., The X-ray diffraction dat was

shown in Table 10,




Table 10.

X-ray powder data of Lizu * Zn0 - Si02

D

Present study

|

!
I. M. S'eward and G.J.P. Buchi.(lz)

=

d ¥To | = i 1o
5o 70 ] 505 | 5
4s05 60 | 1059 - | nd |
3.93 50 ' 3.9 | nd
3.6l 100 34665 vs
3.12 10
3.08 90 3,099 nt bd

2.991 VW
2.88 10 2.888 vw
2.815 vVw
2.70 100 2.696 s
2.65 90 24643 w
2.56 8 2.578 wd
2,51 70 2.508 s }
2el4ly 10 Al L vvwd \
2436 20 2351 vvwd
2.3 20
028 5 2.266 vvwd
2.190 5 2.199 vvw d
2.120 140 2.123 B VW
2.020 5 2.019 vvw db
1.940 10 1.942 W
1.901 10 1.889 w
1.865 20 1.865 w
1.816 10 1.820 W
1.796 8 1.79, w
1.757 5 1.748 vvw d
1.692 vvw d
1.610 10 1.615 v
1.592 VW
1.56) 20 1.563 wh
1.540 50 1.536 5
1.509 5 1.511 W
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d I/I‘ a I/I.
1.488 vvw
1.466 10 1.468 wd
1.446 8 1.453 vw
1.438 VW
l.423 vvw'
1,410 10 1.409 vvw
1364 vvw d
1.354 vvwd
1,310 25
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The LizO ® Zn0 »° Si02 crystals were normally found to be

rectangular tablets with rounded corners in the glass, The Li2Q .

Zn0 e SiO2 standard prepared for X-ray work was found to be irregular
grains with no characteristic crystal form or habit and with no good
cleavage, Also multiple twinning in all directions seemed to be present
in these samplece Therefore it was very difficult to obtain accurate
refractive indices, The maximur and minimum refractive indices were
determined and found to be 1,635 and 1,664,

2O e 4, 2n0 * 3 SiO2
The 2 Li 0 * L4 Zn0 ¢ 3 $i0, field above the fifty mols percent

(10) The 2 Li field,

silica is outlined in the area I'GJI, The refractive indices and the

X-ray data of this crystal are very simiicr to that of L'l20 e Zn0 Sioz.

Also solid solutions were found between these two compounds, Therefore
these made it difficult to locate very accurately the ewutectic point F

intheSiOZ-LizO-ZnO'Si02-2Li0ol,.ZnOOBSiO

2 2

triangle, Liquidus temperatures of compositions around the point F were

composition

uce? for locating Fe The present date of point F is LiC 1645 mol %,
20 23 mol % $i0, 60.5 mol % at 1050° ¥ 5%,

During the early stage of the investigation of liquidus temperatures
of the compositions in the glass forming region, the primary phase field

of the crystal B was mistaken as that of the crystal Li O e Zn0 Si02.

2
After I, M, Stewart and G, J. P. Burchi(lz) had reported the existence of

the ternary compounds Ii,.O e Zn0 e Si0

2 2
the X~ray diffraction data of all compositions with I..:'.?C e Zn0 » Si02 as

andALiZOOlOZn0°7Si02g

primary phase crystal were re-examined, It was found that the X—-my»data
of seven compositions near the gzinc orthosilicate field showed slight
shifts of peak positions, Owing to the close similarity between the
X-ray pattern of crystal B and that of Li0 « Zn0 » 8i0, and {b: illj-
defined pattern ov.tained from the small amount of crystal in the X-ray
specimen, these diff'erences were overlooked at the time of the experiment,

Specimens of these compositions, heat treated ai lower temperature, but

above 1000°C were then examined by X=ray diffraction and the peak shifts
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were confirmed, After the investigation of the Li20 * Zn0 « 8i0, =

2 Zn0 o SiO2 join, the existence oi' the primary phase crystal B and its
primary phase field inside the glass forming regicn were confirmed, Also
data in the zinc orthosilicate primary phase f'ield supported the existence
of another ternary compound,

The composition of this primary phase crystal B was not investigated

as conslusively as that of 1i,O0 ® Zn0 « SiO,, but 2 Li 0 » L Zn0 « 3 SiO

2 2? 2 2
seems to be the most likely composition for this primary phase crystal B,
This point was discus=sed in more detail in the following sect.or ~~nzerning
the L120 e Zn0 o SiO2
L Zn0 « 3 Si0

-2 7Zn0 e 8102 join, The X-ray data of 2 Li20 ]

2 were shovn in Table 11,



X-ray powder data of 2 ;iza * ) Zn0 * 3 Si0

Table 11.

2

8.

d I/Ie
S5el7 25
5.2l 10
L.07 75
3.97 45
3.69 40
3463 35
3.21 20
3415 5
3.07 25
2.86 25
257k 100
2.63 80
2,51 80
264y 5
2.40 25
2.319 5
2.135 25
2,026 15
1.936 20
1.879 5
1.850 20
1.816 >
1.742 5
1.601 30
1.536 40
1.470 15
1.438 1C
1.369 25
1.307 20




(11) The Ii0 « Zn0 ¢ Si0, = 2 Zn0 ¢ 5i0, join,

Four compositions in this join were prepared by repeated
grinding and sintering at lb,OOOC. The results outained were not re-
prouucible, Theref'ore new specimens were prepared by melting at
1500 - 1500°0 in a Pt/Rh winding furnace and these specimens were used
for subuequent heat treatment experiments, Finally nine compositions
were prepared.

The melted specimens chilled from the melting temperature were
examined by X-ray diffraction, Gradual chonges of the peak pori+ionsg
and intensities with composition were found, The peak shifts were not
constant and also not in the same direction for all peaks, The biggest
shifts were in the two strong peaks from 2,70 R to0 2.76 % and from
2,65 & to 2,61 8. Also the peak of Ii0 « Zn0 + Si0, at 3,64 8 split
into a double peaks Compositions containing up to 60% of zinc ortho-
silicate gave one phase with an X-ray pattern similar to Tij0 o Zn0 o

Si02, and no zinc orthosilicate was detected, This indicates the

w

2 3%ence of a continuous series of solid solution in the Li,.0 e ZnO o

2
si0, - 2 Zn0 » 510, join up to 605: of zinc orthosilicate in Lin0 o Zn0 e
SiDz in specimen chilled from higher than 150000. Attempts were made to
index the powder date of this series of solid solution on the basis of a

0

Zn0 e S:i.O2 crystal, with increasing 85 and decreasing ®o for this series

hexsgonal cell with parameter %o = 18,7 & and %o = 8.2 £ for the Id

of sowLid solutione Higher discrepancies were found between the

calculated end the observed values than that in the Li 0 ¢ Zn0 « Si0

2 2
crysval., This may be due to the wrong unit cell used for the Li O e

2
ZnQ » SiO2 crystal.
These compositions were also heat trecated at various temper-tures in
ihe range of 9500 - 1500°C. The X-ray data was fairly difficult to
interpret due to the close similarities of the X-ray pattern of the

crystal B and mzo e Zn0 o S:i.02. However the presence of zinc ortho-

silicate could easily be identified. Compositions containing higher than
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L4O% 2 ZnO * Si02 and heat treated at low temperutures gave the X-ray
pattern of zinc orthosilicate and an X-ray pattern similar to Li?_O .

Zn0 e Si02. In the specimen corresponding to the composition of

L r_,_—;_zo e 10 ZnO o 7 SiO2 only one phase with an X-ray pattern similar to
Li20 o ZnC o SlO2

lOSOOC; selow that temperature zinc ortinosilicate precipitated out and

was found, when the specimen was quenched from above

the X~ray pattern of the other crystal shifted toward that of Li 0 e

2
Zn0 + 8i0,. This data proved conclusively that the "compound"

4 Li0 » 10 7u0 » 7 $10, reported by I. li. Steward and G. J. P Buchi (12)
is not a true compound, but a solid solution of zinc orthosili~ate in a
compound with composition situated on the left of the 4 Li20 e 10 Zn0 e

7 Si0 O ¢ Zn0  Si0

2 2 2

Zinc orthosilicate was not found in specimens containing less than

composition along the ILi -2 7Zn0 o Si02 join,

35% of 2 Zn0 « $i0,. In the region between Li,0 + Zn0  Si0, and 3337

2

2 Zn0 o Si02, only one X-ray pattern similar to Li O ¢ ZnO * Si02, was

2

found, except in campositions near 20% 2 Zn0 ¢ SiO The X-ray pattern

e
cf the specimen containing 20j% 2 Zn0 Sio2 heat treated at low temperature
were the same as in the specimen chil'ed from above the liquidus tempera-
ture except the two strong peaks at 2,61 X and 3.64 & which split into
double peaks, If these double peaks are interpreted as from two differert
compounds with very close X-ray diffraction patterns then there is a
ternary compound in the region of 20 = 35% 2 ZnO SiOz. Within this
regic~, the only simple oxide ratio compound is 2 Li20 e L ZnD ¢ 3 SiOz.
It should be pointed out here that the peak shif'ts of these wwo peaks are
much bigger than those of the other peaks, when solid solutions were
found in the specimens chilled from above the liquidus tenperature, If
the specimen containing 20% 2 Zn0 ¢ Si0, broke down from one phase at the
righ temperature into two phases at the lower temperature, the strong
peaks would split but the other peaks would just become broader peaks,
owing to the small peak shif'ts. Theref'ore, it is reasonuble to assume

the existence of another ternary compound in this join,
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During the investigation of phase relationships at 950°C, it was

thou ht that only two phases, silica and 1i, 0 e Zr0 « Si0, solid solution,

2 2

were found in the area outlined by KMGJ, but on closer examination some
specamens also showed the split of' these two strong peaks in their X-ray
patterns, Therefore two two-phase regions separated by a three phase
region were shown in the composition triangle diagram,

Several compositions in the 2 Zn0 o SiO2 primary phase field were
found to contain tridymite and crystals similar to Li20 e Zn0 » S5i0,
only and 2 ZrJ * 8102 was not present in specimens heat treated -+
temperature lower than 107000. This indicated that the point G is only
a reaction point and another compound is present with composition in the
Li20 e Zn0 o SJ'.O2 - 27Zn0 » S:'LO2 join,

Attempts to determine the liquidus temperature along this join by

quenching technique were not successful, because it was not possible to

20 e Zn0 o SJ.O2

by X-ray diffraction due to the close similarity of these two ¥-ray

differentiate the small amount of the crystal B from Li

re.lerns and the existence of solid solutions between them, Identifi-
cation by optical methods were not successful, because the optical
properties of these two compounds are very similar and the size of
crystals formed during the high temperature heat treatment was similar to
those formed during the quenching from high tomperature to low tempera=-
ture,

4. the moment, ro differential thermal analysis apparatus capable
of rcading 1500°C was awilable, so the quenching furnace was used for
thermal analysis, Two alumina specimens were put in two adjacent
specimen cones, Temperature diff'erence between these two cones were
deduced from the temperature measurement of alternate core at half a
minute intervals, Lithium metasilicate was used to find if sone
thermal effect could be detected. The temperature difference of' these
two cones over and above that found in the alumina run were regarded as
thermal effect of the lithium metasilicate. The same heat up schedule

was used, At 1205°C (1iquidus temperature of lithium metasilicate is
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1201° b loC) a temperature drop of about 500 was found, The specimens of
other compositions were investigated with the same procedure, A tempera-

ture drop of about APC was found at 148000 with 7,0 e Zn0 Si02, and a

2
temperature drop of about 300 vas also found at 145000. Unfcrtunately,
no significant thermal effec’ was found with other composition,
Obvious.y this was due to the insensitivity of the arrangement of the
apparatus, because the thermocouples were outside the specimen cones
instead of @wbedded in the specimen, Although the composition of the
primary phace crystals B was not proved to be 2 Li20 ¢ 4 Zn0 « 3 8502
conclgfixely by the liquidus curve in the Ii 0 * Zn0 -« §i0, = 2 Zn0

’

Si02/ it is tentatively identified as 2 Ii0 * L Zn0 « 3 Si0, on the

evidence discussed above,
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PART B. MECHANIS!T OF CRYSTALLIZATION

——

T. LITERATURE SURVEY.

1. Explanation of termse
In the literature, diff'erent terms have been used by
various workers to ref'er to the same processess For the convenience
of discussion, the terms used in this thesis will be explained here
to avoid confusione

When nucleation takes place anywhere in a structure, the
process is called homogeneous nucleations. Generally, the rate of
nucleation does not change with time. If nuclecation tekes place at
prepared sites, the process is called heterogencous nucleation.

The rate of such nuclcation decreases with time as the preferred
nucleation sites are exhousted.

If the concentration of crystals at the surface of a specimen
is much higher than that of the whole body, the process is called
surface crystallizations When there is not much difference betwecn
the concentrations of crystals on the surface and in the body, the
process is called uniflorm crystallization.

The mechanisms of crystallization are classifiied according to
the behaviour of the specimen in the nuclcation stages The
crystallization processes generally refer to the microstructure of

the specimene

2. Nucleation.
(1) oclasicel nucleotion theorys

(18)

G. Tammann considered the free energy chonge in the
crystallization processes of undercooled liquidse Classical
nucleation theory is based moinly on his arguments and experimental
resultse In an undercooled liquid system, the liquid phase has a

higher free eneryy than that of the stable crystalline rhases

Therefore there is a decrcase in free energy during the trans-
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formation of the liquid phuase into the crystalline phases However,
in the formation of the crystalline phase, a new boundary is formed,
and this increases the total free energy of the whole system in the
form of surface enci ye During the initial stage of the formation of
the crystallinc phase, the total free energy of the whole system
increases, while the crystal grows, because the increase of the
surface energy of the boundary, due to the ncwly forued crystal, is
higher than the decrease of free energy owing to the difference
between the freec eneryy of the crystal and that of the undercooled
liquide The net result is an increase of free energy for the whole
system arising from the high surface to volume ratio of a smell
particles Therefore nucleation has an ener y barriere. If the
crystal is bigger then a certein size, the total energy of the
system decreases while the crystal grows, because the increase of
surf'ace enersy as a result of the larger surface of the crystal is
lower than the decrease of free energy due to the difference between
the free energy of the crystal and that of the undercooled liquide
Therefore, in these conditions, the total free cncrzy of the system
decreases, during the growth of the crystal and the crystal is
stablee The minimum size of the stable orystal depends both on the
surfrce enevgy of the boundary and the difference of free energy of
the liquid and the crystals This minimum size is called the critical
size and it changes with tenperuturee As a result, nuclei above the
critical size will grow and those below the critical size will be
dissolvede The homogeneous formation of nuclei is instentaneous
and can only arise from thermodynamic fluctuations of sufficient

nmagnitudes
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After the formetion of the table nuclei, the growth of the
crystals will decrease the total free energy of the systcme There-
tore, there is no energy barrier in the steady state crystal growth.
Owing to the difTerent nature of these two stages of crystallization,
Tammann(ls) divided the mechanism of crystallization into two separate
processes, the formation of stable nuclei end the steady state
crystal growthe

He considered that the ability .of a liquid to be undercooled
depends both on the rate of formation of stable nuclei end the rate
of steady state crystal growthe The rate of nucleus formation in=-
creases with the degree of undercooling and then decreases af'ter
reaching a maximume The rate of nucleus formation vereusdegree of
undercooling curve is in the form of a random distribution curve.

He also predicted that the shape of the growth rate vcrsus degree of
undercooling curve would be of the same form.

He verified his theory by experimental work on organic liquids,
mainly pure compoundse In the absence of accurate date on the surface
enersy of the crystal and liquid interface, he predicted that the
critical size of nuclei was very smalle He undercooled organic
liquids for a certain time interval at constant temperature and then
held them at higher temperature to grow the nucleie By assuming that
no new nuclei were formed at the higher temperature, he counted the
crystals end obtainea the rate of nucleus formatione The number of
crystals was not constant but followed the law of probabilitys He
found that the rate of nucleus formation at each temperuture de-
crecsed with successive undercooling. Also holding for a long
time at higher temperatures decreased the rates However, the
shape of the rate rersus temperature curve assumed the predicted
form and the maximum rate temperature was not arfected by repeated

heatinge.



R. T. Jacobdine(19) studied the rate of nucleus formation in a
binary lithium silicete glass contuining 30 mol % of lithium oxides
The spccimens were heat tocated at 5200, 560° or 600°C for up to
three dayse After acid etching, the specimens were examined under
microscopse Lithium disilicate wis found to be the crysialline
phases The size of the crystals was not uniforn indicating that
they did not start to grow at the same times The number of’ crystals
per unit area was found to increwcse linearly with time at the
three tenperaturcs investigateds The rate of nucleus formation was
higher at higher tenperaturce However not enouch data was obtained
to enable conclusions to be dravm ahbout the rate of nucleus formation
over a wide temperature range.

0. Kapp(zo)

studied the nucleation of a lead glass and a
magnesia glass by holding the specimen at constant temperatures
In the specimen of the masmesia glass heat treated at 700°C for
various time intervals from thirty minutes to three hours, all
crystals were of the same size indicating sinultaneous growthe In
the specimens of the lead glass, some small crystals were found
suggesting the formation of new nuclei at later stajes of heat
treatments In another series of experiment, he heat trected seven
specimens of ma;nesia glass and lead glasses at 750°C for a half of
an houry, and photographs were tokene The number of crystals in one
sixth of the photogra h were counteds Very widely scattered results
were obtained. The standaid deviation for ecch specimen was found
to be as high as twenty five percecnt of the means By using Graf's
statistical analysis, he concluded that the variation in the rate
of nucleus formation was due to chance., Also he found that each
glass had its own range of rate of nuclei formation.

During the investigation of titania white enamel, T+ B. Yee
and A. T. Andrews(Zl) studied the number of crystals formed during

the heat treatmente Thin films of the enamel were supported on



quartz slides and Lcat treated at temperature range from 700o to
1100°C for two “o eisht minutese The number of crystels in unit
area were counted in the enlargcd photomicrographss The rate of
nucleus formation increased with increusing temperature up to 8500 -
90000 and decreased at higher temperaturce However a very high
scatter was found and the curve was not symmetricale Both anantase and
rutile were found as crystalline phascs in the enamel.
Re. D Maurer(zz) studied the nucleation process of a photo=
sensitive glass. The specimens were exposed to high energy radiation
of varying inteasitles and f'or var.ous lensths of time and then heat
treatede Light scattering and light absorption meusurvements were used
to deduce the number and size of the stable gold nucleis He concluded
that the number of stable nuclei in the specimen depended solely on the
intensity and length of irradiation but not hent treatmente The
smallest stable gold nuclel was only one to three atoms big and the
growth of the gold crystal obeyed a simple diffusion lawe

(2) Heterogeneous nucleatione

Qe Glass ceramic processe
S. i« Ohlberg, A. Re Golob and D. V. Strickler(23) studied

the mechanism of' crystallization in three quaternary systeme ZIZlec-
tronic microscope, opticol microscope end an X-ray diffractometer
were usede

In the magnesia - alunina = silica - tutania system, a series
of specimens was heet treated at 1000°C for different times. The
crystalline phase was identifiede Silica - 0 crystals were found
firste Cordierite crystols were identified latere Rutile was found
only after a long heat treatments In another series of experimcnts,
the specimen was neat treated at 90000 at diffecrent times. After
twenty-five minutes of heat treatment, about eighty percent of

crystalline phases was found, but these crystalline phases were not

identifiede They concluded that when the specimen was chilled during
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cesting, glass-in-;less phase scparation ococurred. During the heat
treatment, droplets of glass of different composition from the main
body of the glass increascd in sizes Later, magnesium ditatanate
was formed which nucleated the silica-0 crystals heterogcneously.
Cordierite and rutile were developed later, by the reaction of the
intermediate crystalline phases and the glass matrix.

In the lithia - lime - silica - titenia system, the specimens
were heat treated at dif'ferent temperature for different timese
When the heat trectment temperature was below 600°C, no crystalline
phase was identified by X-roy diffraction, but small droplets were
found in the electron micrographse At higher tempercture heat
treatment, crystalline phases were found, and the appearance of the
boundury of the droplets changed during crystallizatione In the
specimen heat treated f'or a long time, quartz, lithium disilicate
and an unknown crystalline phase with a total crystalline content of
90/% was founds Ther concluded that, glass in glass phase separation
occurred when the specimen was casts During the heat treatment more
glass droplets were formed and these heterogeneously nucleated the
minor crystals which then grew from the boundarys In the final
stage, the minor crystals nucleated the major crystals heterogenouslys

In the lithia - ma _nesia = alumina = silicate system, the
specimens were heat treuted at lower temperature and then at higher
temperatures Droplets were found in the electron micrographse
Later, the crystallization started at the interfuces of the droplets
and the crystal grew into the droplete In the specimen heat treated
at high temperature for a long time, 85 ofi%-spodumene and silica=-0
crystals were founde They concluded that in this system, glass in

glass phase separation also occurred.
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We Vegel and K. Gerth(zs) studiod two glasses, one of which
was meinly a lithia = alumina - silica = titania glass with minor
constituents and the cther was a lithia - bevyllia fluoride glass.
In both glasses, phese separation droplets were cl:arly cdemonstrated
in the electron micrographse In the aluminosilicate glass, the
droplets crystszllized first and then the slass matrix crystallized.
In the fluoride glass, the glass matrix crystallized ficst and then
the droplets crystallizeds They concluded thet catalysts (1.00
titania and cerium oxide) promoted phase separation. During the
phase separation, network former oxiaes would concentrate in one phase
and the other phase which contained a high percentagze of network
modifier oxide would devitrify first and then this crystalline phkase
heterosenously nucleated the other phase.

(24)

R. D. Maurer studied the crystallization of a titania
nucleatled glesse Results from light scattering and X-rey diffraction
were used to deduce the size and number of crystalse At the initial
stage, isotropic regions were found which became anisotropic with timee
Higher temperatures favour this transformation. It wos concluded that
liquid in liquid phase scparation occurred at the early stage of heat
trestment, end the phese separation promoted the cerystallization of
nagnesium dititanates With about ten perceut of total crystalline
phase the sizes of the crystals were found to range from 57 K to

211 £ in specimens neat treated at different temperature for different

times The numbers of crystals in these specimens were found to be

10 - 1000 x 10Y5 orystel/ 3
(25)

Je. P. Williams and G. B. Carrier investigated the crystal=-
lization processes in two glasses. In the lithia = alumina = silica =
titania glass, the specimens were heat treated at 800°C for one hour
and then at higher temperature for one or four hours.ljg-eucryptite

was found in the specimen heat trested at 800°C only. Prolonged

heat treatment at this temperature did not affect the size and number
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of crystals significantly.. If the specimen was heat treated at

800°C and then at 930°C for one hour, the crystals grew slightly.

If the heat treatment temperature wuas raiscd to higher than 9LO°C,

the crystals grew much faster, and changed from hexagonal : -eucryptite

to tetragonal = -spodumene. In the fully heat treated specimen, only
-spodumane solid solution crystals, aluminium titanate end glass

matrix were found.

In the barium aluminosilicate glass, the specimens were heat
treated at 950.0 for two hours and then at different higher temperature
for ten hourse Only mullite crystals were founds Bigger crystals and
lower crystal content were found in specimens heat treated at higher
temperaturee The acid resistance of the specimen changed with the
final heat treatment temperature.

R. Roy(26) discussed the phenomena in the crystallization of
glasses in the lithia -~ alumina - silica and magnesia = alumina -
silica = titania systemss In the early stage of heat trcutment,
silica=0 crystals wure identifiied always. Latep48-eucnyptite solid
solution, . -spodumane solid solution or cordierite crystals were found.
Alsc different crystels were found simultaneously, indicating the
precipitation of dif'ferent crystals from phases of different composi=-
tionse The "catalyst" crystals (i.e. titenia end lithium disilicate
in these cases) were found only at a very late stage of the heat
trea*ment, su phase ueparation was the initiel step of crystallization.
Metastable phase separation was favoured by a stable two liquid region
at high tenmperature and a flattened liquidus curve.

He suggested that the structure of a liquid"would be described as
random, and that of glass as possessing short ranze order". Luring
isothermal crystallization, the structure of glass changed, and meta-
stable two liquids, or a metastable crystal might form before the

appearance of the final stable crystals. In the original liquid,

sub-critical nuclei existed in large numbers. These nucleil were
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simply regions of difflerent compositions, still having only short-
range order and were in dynamic equilibrium with each other with no
surface sepearating the arcase On quenching and reheating, such
nuclei grew as a result of a very low activation energy process,
since the structural demends of the short range order were mininal.
Therefore uniform crystallization could most easily be accomplished
by the separation of a second short range order phase. This would
imply the formation of meta stable phase separation or the crystal=-
lization of a meta stable crystals capable of forming solid solution.

W. B. Hillig( 27)

discussed theorutically the effects of liquidus
temperature, time, surfuce free energy and diffusion coefficient on the
rate of nucleus formatione The barium oxide - silica - titanie and
The liquidus
the barium oxide - alumina = silica - titunia systems were inveatigated./
temperature, the critical homogeneous nucleation temperature, critical
nucleation temperature on pletinum, and lower cut off to homogeﬁeous
nucleation were measured. He concluded that for the system investi-
gated, a nucleation catalyst was not necessary to produce glass =
ceramice.
¥, P. H. Chen(zs) studied the crystallization of a synthetic
mica glass. The specimens were hect troated at different temperatures
for different time intervels. The carbon meplica technique wes used in
¢n electron microscope to investigate the microstructure of the
specimen. The number of crystals per unit wrea was obtained by
counting the particles in the electron micrographs. An unidentified
intermediate phase was found in the crystallization of mica crystalse
Nucleation of the intermediuate phase was, affected by the heat trent-
ment temperature. The rate of nuclei formation was higher when the
specimens were heat treated at the lower teuperature. Also the rate
at constant temperature decreased with increasing *“ime of heat
treatment.s The final stable mica crystal is formed from the tronse

formation of the intermediate unstable crystalline phases He con-

cluded that the formation of the intermediate phase was a hetere-



geneous nucleation process and the decrease of the rate of the
nucleil formation was duc to the exhoustion of preferred nucleation
site,

b, Photosensitive glass process,

The final microstructure oi' the aricle made by the glass-
ceramic procéss is very sumilar to that made by the photosmsitive
glass process. Both of them are muinly polycrystalline materials
with extremely small crystals and zero porosity. They dirfer
in the processes by which they are Iormed, In the photosensitive
glass process, the articles are irradiated by high eneiygy ruaiation
and then heat tiecuated to convert the exposed glass into polycrystalline
materiale Therciore the glass is "nucleated" by irradiastion. In the
glass ceramic process, heat tr.utment is used to "nucleate" the article.
As it is difficult, if not impossible, to heat treat accurately a part
of the article, the 1inal microstiucture oi' the whole article made by
the glass ceramic process is substanticlly the same, In the photlo-
seasitive glass process, part of the article can be exposed to radiation,
while the other parts are ciinieclded i'rom the radiation, Af'ter heat
treatment part of' the article w.ll bée mainly in the cryctulline state
and the other parts will be mainly in glassy state,

These two processes wie also diff'erent in their mechanisms of
crystullization, Although they ove both heterogeneous nuclcution
processes, theixr vaths wre difierente In the ;lass ceramic process,
2ll the experimental evidence points to the initial stage of liquid
in liquid phase sepﬁration, then the formation oi the intermediute
unstable crystalline phases on the yh&SC boundary of the liquids and
finally the transtormation of the unstable crystalliine phases to thel
stable crystulline phase, Alt.ough in some exeriments, the laquid
in liquid phase separation was not appairent, on the evidenco of other
researches, it would be reasonablec to assume that the specimen, with

the shortest heat treatment that they examined, had passed the liquid in
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liquid phase separation stage. In the photosensitive glass process,
metallic particles are precipitated homogenecously in the glass body,
during the early stage of the heat trcatments These particles grow to
a size big enough to act as nuclei to provide nucleation sites for the
stable crystalline phase, In other words, the stable crystalline phase
precipitated direetly from the glassy phase onto the metallic particles
without the intermediate step of* liquid in liquid phase separation or
the step of the tiansformation of' unstable crystalline phase into the
stable crystalline pnase,

Not much work about the photosensitive glass process had basen

publisheds Se D. Stookey(29)

had described the path of crystallization
of photosensitive glass as part of his discussion on catulyzed crystal-
lization of glasse ke D. Maurer(zz) had shown irom his work in light
ssattering ard light absorption that the gold particles were precipi-
tated homo;ieneously from the glass phase, The growth or the gold
crystals obeyed a simple dirtusion law. The smallest stuble nuacleil was
owly one to three atomse For catalyzing the crystallization of lithium
metasilicate, the minimum size of the gold particles was about 80 2
(i.e. aboui ten thousand gold atoms)a He suggested that this requirer
ment was due to the stress on the nuclei of lithium metasilicate arising
from the slight m*sfit between the lattice spocings of the gold crystals

and that of the lithium metasilicate,

3. Steauy state crystal growih,

(1) Crystal growth in pure compounds,

G. Tammnnn(ls) also investigated the rate of cryctal geowth
in the undercooled organic liquids by observing the advance of the
crystal liquid interface, The organic liquads investigated were pure
compounds. He nucleated the undercooled liquids by putting the cor-
respending crystals on the surface of the liquid., The growth was
found to be linear with time and the usual hump shaped growth rate

versus temperature curves were obtained, The maximum rate was found
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at o temperature higher than thay of' the maximum rate of nuclei
fcrmation, When the rate was higher than 5 :m/min, the reletionship
was very complicated,

(30)

W. D. Scott and J. A. Pack studied the crystal growt! o sodium
disilicate from its own melt with a hot stage microscope, No homo=-
geneous .wucleation was observed. All the crystallization started at
the interface with the platinum wire or with air, Bothe{ and (3
sodium disjlicate were found depending on t he nucleating temperature,

Sometimes boul. types of crystals were found to grow simultaneou.”,,

The growth rate followed the equation

- e oS
U = AT 1/5 =005

where U = growth rate
A = fluidity
T = undercooling,

Using existing viscosity data, the 2roirical equation fitted the
data guite well,

N, . Hinslie, C, R, Morelock end D, Tu:c'n'oell(3 1) studied the
crystallization of fused silica, Reterogeneous nucleation by “dirt"
on the surface was demonsirated, IV wus {found that fire finish could
prevent this nuclcation effectivelys Ordinary specimens without fir
finish were heat treated at diffsrent temperature from 1356° to 1678°C
for time up to six days in electric furnace. Crystullization ctarted
from the surface, ana the thickness of the cryrstalline layer was
measured at room temperature with a microscope, Different atospheres
were used, With water vapour and oxygen in the so.l:. capsules con-
taining the specimen the crystal rate was the same as that in air,
With dry argon or nitrogen atmosphere, the crystal layer was only about
one tenth of that in air, The growth of' the crystalline layer was found
to be proportiocnal vo the square root of time instead of linear with

time, Vhen graphite, chromium or germanium vas put on the surface of
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the cpecimen hcat tresled in waver vapeur almosphere, the crystalline
layer was much thinner ard seemed o increuse linearly with time,
Internal crystullization was observed occasionally., The growth rate
increased with temperature up %o neerly the meliing point of c:risto-
balite, Also the growth rate was found Un be much ligher than that
derived tl.eoreiically. They concluded that the growth of cristobalite
was influenced greatly by impurities, and the impuritiss diffused from
the surface through the crystalline Jayer to the crystol and glass
interfcce, Theveliore the growth was difiusion controlled,

S. D. Brown and S, S, K:'Lstle(3 2) studied the devitrificat.on of
fused silica containing 0,005 = 0.5 mol % of alumina, Great care was
taken in the selection of batch material and the prepuration of the
specimens to obtaln homogeneous specimens. The specimens were nucleated
by immersion ir. water and heat treatment at low temperature, The growth
rase was cbtained by observing the advance of the crystal aid glass
interface in a rod av different time intervols until about ninely
pnecnr of the specimen was crystallized. The growth versus time
cruves for differ-at temperatures were found to be straight lines, The
log :vowth wote versus 1'/I curve were alsn straight lines. The growth
rate was found to inercase with incressing temoerature, Over the

C N,
tempereture range £ om 12807 o 1460 C. the expcrimental data fitted

the equation
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Log A decreused with increasing amount of wlumina but » oinimum
was founde B also decreased with increasing amount of alumina, ranging
K Cal’ : .
from 55 to 3L e liol, The grov'h rate at different temperature was

plotted against composition, At the same temperaturs, the growth rute



increased ganerally with addition of alwaina. 'Lhe viscosity over the
same temperature ruonge was found to incrzase with increasing amount of
alumina, Cristobalite was found to be the only -~rystalline phase,

(2) Crystal growth in complex glass,

E, Preston heat treated a commercial sheet glass in a
gradier. furnace for different time and at various temperatures to
study crystal growth, The linear growth rate vas obtained from the
half length of the crystals measured under a microscope at room
temperature, It was found that the crystal size on the surface was
different from that inside the glass, The prumary phase crystal vas
devitrite., The usual hump shaped curves ior the rate of growth versus
temperature were obtuined, It was found that the expeiimental data

fitted the following Iormula quite welle

U = Ce "A/Tab('rliq - T)
Vhere A, C = constant
U = growth rate
T = heat trectment temperature
Tliq = liquidus temperature,
Ge0: Jones(jj) gave the Iigure or 15 . Cal/mol as the typical value

for 4. The length of the crystal versus time curves were straight lines
at short time interval but tailing off aftervards,

Aot De Mi;ne(ﬁb) studied a soda lime silica glass with i.zat
treatment at different temperature for different {ime, LAbove the
maximum growth rate temperature, the linear growth rate varied
inversely proportional to the degree of undercooling, The log rote
of grcwth versus l/gug curve was a straight line at low temperature
range. The calculated activation energy was about 10 = cal/hol.

(
H. R. Swift'js)

studied the effect of magnesia and alunina on the
rate of crystal growth. Heat treated specimens were examined under a

microscope at room temperature, The longest crystal was tuken for



mecsureneni, tub oustimesy; the same crystal was measured at

different time interval of heat treatment, The crystals were f ound

to originate from the surface, All the crystal length verus time

curc s were straight lines and the solution rate joined continuously
to the grcwth rate vemus tempcrature cruve, The primary phase crystal
and the . econdar, crystal were all investigated, The maximum grovth
rate of the secondary phase crystal might be higher than thuat of the
primary phase crystals, The inflexion point in the maximum growth rate
versus composl iion curve corresponded to the entectic point in '~
phase diagrame The usual hump shaped rate of crystal growth wversus
temperature curves were obtuined, The experimental data were found to

be close to the formula

R = 2_?2 (’l’ e T) Where R growth rate

—,L liq »(

T = heat treatment

viscosity

temperature

=
i

1iq liquidus . teuperature,

0, Ii. grauer and E, H, Hamiltoncjé) rtudied the liquidus
tempsrature and nrystal growth of a soda lime silica glass with a
gradient furnace. The usual hump shapedcurves were obtained for
crystal size versus temperature, All the crystal length versus time
curves were straicht lines passing through origin,

Sei g Iittleton(57) reviewed Dictzel's work on crystallization of
soda lime silica glass, The rate of growth was determined by the time
taken for a crystal to recach a length of threec hundred microns, The
usual hump shaped curves were obtained. The maximum giowth rate
temperature changed with glass and also this. temperature did not
correspond to any specific visco.ity value, A straight line was

obtained for the maximum growth rate versus flulity, When the product

cf growth rate time viscosity was plotted against the temperature, the
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straight linc »7 the high temperature sids extended far beyond ths
maximum growth rate point.into the low temperature rangc,

T, B. Yece ard A, I, Andrews(zl) also investigated the growth
rate of titania crystals in the enamel, Data was obtained frcm both
photo and electron micrographs, The replica technique was used in the
electron mnicroscopes The growth rate was found to increase with
temperature over the temperature range studied.

Jo G Morley(38)

studied the crystal growth rate of five binary
lithium silicatz glasses with a microf'urnace type hot stage micr-
scopes Cristobalite, tridymite, lithium disilicate and lithium
metasilicate were found to be the crystalline phases by X-ray dif-
fraction, The growth of the crystals was f'ound to be linecr with time,
The usual hump shaped growth rate versus temperature curves were
obtained, The maximum growth rate of silica was about 340 microns per
minute, The maximum growth rate of one lithium silicate was found to
be about 850 micron per minute and that of the other was about 200
jaie- i per minute, It was not possible to make positive identif'ication
as to which of these lithium silicates show«l the very high growth rate,
T..e meximum growth rate of the lithiun silicate with a high growth rate
increased with higher Jithium oxide content at first and then levelled
off at about 850 micron per minute at still higner lithium oxide
content, Morley suggested that the growthmte might be limited by the
rate of .ileat transfer during the crystal growth process,

Go - Be Rindone(39) studied the influence of platinum on the
crystallization in a binary litidium silicate glass containing twenty
mole percent of lithium oxide, The rote of crystallization was in-
creased with platinum content. Platinum precipitated out b efure heat
treoiment, because the glass was grey in colour, X-ray diffraction was
used to measure the percentage of crystal in the specimen., The per=
centage of crystal versus time curves were all straight lines for short
time periods but tailed off at longer time, When the activation energy

was calculated, it was found that the original value of 120 = ca]‘/mo].
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without platiaum duc.cased to 50 * 7Y

mol at higher concentration
and maintained this valve., Lithium oxide rich regions were soid to be
found in the electron micrograph, These regions ‘nereased from 250 to

500 3. after platinun was added,
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II. NUCLEATION.

The crystallization characteristics of the glasses in this
Li20 - Zn0 - SiO2 ternary system were compared with o commercial soda
lime silicate glass, The glass used was G.E.C, Vmbly X-8, It is a
complex glass and its liquidus temperature is given at 85000.

Specimen rods were heat treated individually at about 50°C intervals

in the temperature range from 390%to 65000 for one or two days, After
the heat treatment, the specimens remained clear, and no change could be
detected with a microscope. These s.ecimens were then turther hecat
treated at 750°C for one or two days. These gpecimens deformed and
their surface ber~ame cloudy. When they were examined with a micro=~
scope, islands of crystals were found on the surface, but no crystals
were found in the interiors of the rods, Other specimens were heat
treated at 75000 for two or three days without vrevious heat treatment,
and again only surface devitrifiicaotion wus observed. When the specimens
which had been heat ticated at 750°C f'or two days were compared, no
significant difference wvas found between those with previous low
temperature heat treatment and those without,

Two series of experiments were done on specimens of glasses in this
ternary system., In one series, the effect of temperature was investi~
gated. In the other series, the effect of time was investigated.

The specimens of five glasses were investigated. Their compositions,

liquidus temperatures and primary phose crystals were listed in Table 12.



Table 12

Glasscs used in ithe nuclecation experiment

Glass;  Composition (mol %) ! Liquidus Primary phase |
number| Lj.20 Zin0 * S:LO2 ; temperature crystals }
: I i . | D 1

| | f ‘ | ,

208 Mo = oV 65 1008 * 5% tridymite !

' | i

21 z5i75 1 an 66.25 | 1056° % 5% tridymite ;
3| 275 125 65 985° £ 5% | Li0 « Zn0 + S0, |

i ;

thi i T3 15 E5B T 17002500 tridymite t
5 ’ i e (T 1230° * 5% tridymite f'

i } !

L ! e, i

le Effect of temperatures
(1) Experimental work.
Th: s;ecimens in the form of triangular rods of the first

three compositions were heat \reated individually in a horizontal
gradient furnace in the temperature range of 400o - 55000 f'or twenty
four hours. They wereexamined at room temperature visually and under
the microscope. After the examinations. cne side of each rod was ground
and polished and the whole specimens were immersed in lx hydrofluoric acid
for ten minutes. The ground and polished surfaces were examined under a
microscope with reflected light. Freshly broken surfaces of the high
temperature and low temperature end of the spccimen of glass No. 1 were
examined with an electron microscope with replica technique, Also the
high temperatﬁre zone of this specimen was examined by X-raoy dilfraction,

"hese specimenc were then subjected to further heat treatment, The
temperature of the furnace was raised from 550°C to 75000 in one hour,
These specimens were then examined under a microscope before they were

held at 750°C for half an hour.
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Table 12

Glasscs used in the nuclecation experiment

Glass;-“_gompositlon (mo}wga___4j Liquidus | Primary phase ?
number|  Lis0 Zn0 " SiOé ; temperature | crystals }
f ‘1 . : N ‘i e 4
1 25 | 10 | 65 1008 ¥ 5% tridymite |
l | %
2 23.75| 10 | 66.25 1056° % 5% tridymite ;
3 2575, 1L.25| 65 985° £ 5°%C | Li,0 + Zn0 » Si0, |
! ! !
el b 4670 i 15 65 1120° * 5% tridymite 1
5 1588 EY20 888 B 65 1230° ¥ 5% tridymite i

] |
! o 28| i A .

l. Effect f temperntures
(1) Experimental work,
Th: s;ecimens in the form of triangular rods of the first

three compositions were heat lreated individually in a horizontal
gradient furnace in the temperature range of 1,00o - 55000 for twenty
four hours. They wereexamined at room temperature visually and under
the microscope., After the examinations. cne side of each rod was ground
and polished and the whole specimens were immersed in lx hydrofluoric acid
for ten minutes. The ground and polished surfaces were examined under a
microscope with reflected iight. Freshly broken surfaces of the high
temperature and low temperature end of the spccimen of glass No. 1 were
examined with an electron microscope with replica technique., Also the
high temperatﬁre zone of this specimen was examined by X-roy di’fraction,

"Lese specimenc were then subjected to further heat treatment, The
temperature of the furnace was raised from 55000 to 750°C in one hour,
These specimens were then examined under a microscope before they were

held at 750°C for half an hour.



(2) Results,

In contrast to the commercial soda lime silicate glass
investigated previously, all specimens were pale opal in colour at the
high {cmperature zone, but remained clear at the low temperawurs zone,
after the initial heat treatment at the lower temperature, When the
specimens were viewed with transmitted light, the colour changed
gradually along the rod indicating the change in size of the light
scattering particles, The lengths of the specimens which gave light
scattering effect varied slightly, but the temperature range was o,
proximately from 500o - 550°C.

Small broken pieces from the high temperature end of the specimens
were examined under a microscope with transmitted light. Small spheres
of crystals were found, The crystals at the came temperature were found
to be very uniform in size, Thcy were about scventy microns at sections
heat treated at 55000 and about thirty five microns at 520°C. Below
50000, no crystals were detected, In thesc broken pieces, half spheres
of 2. ystals were found to be at the edges with the edges passing through
the centres of the crystals. Sometimes sectors of crystals were found to
lie with the centresof the crystals at the corners of the broken pieces,
These seemed to suggecst that the specimens broke along the cleavage
planes of the crystals und that these cleavage planes were radiating
from the centres of the crystals, Owing to the uncertainty of the
thickness of the broken pieces, it was found difficult to estimate the
number cf crystals at diff'erent temperature,

By the Beche line technique, all these spherical crystals were
found to be lithium disilicate, This result was coafirmed by X-ray
diffraction on the specimen of' glass No. 1, and no otiher crystals were
identified., The concentration of the lithium disilic:te vas ubout
three percent, Calculated from the size and concentration of the
lithium disilicate crystals, the number ol crystals was about 105 per
cubic centimeter, compared with LDlS per cubic centimeter in the

commercial glass ceramic.
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Besides the big spherical crystals described above, there were a
lot of tiny crystals in the glass matrix of the high temperature zone of
the specimens, These tiny crystals were just visible with 350 X magni-
fication, so theyshould be smaller than one micron, Vhen these broken
pieces were examined with light perpendicular to the optical axis of the
microscope . a cloudy appearance was observed, Some specimens without
heat treatment were examined under the same conditions and no light
scattering effect was observed,

Some electron micrographs were taken on the broken surfaces of the
high temperature end and the low terperature end of the specimen of
glass No., 1 by Mr. J. Lewins of the Department of Glass Technology.

Some electron micrographs were reproduced as Fige, 10, 11 and 12, The
carbon replica technique was used, Unfortunately, the micrographs were
not very clear due to the low contrast of' the replica with this technique,
A platinum preshadowed carbon replica will provide much more detuil,

but this technique on glass specimen vas not yet acquired into per-

fer l(n by Mr. J. Lewins, However, the prescnt micrograpks did show up
the difterence between the section at the high temperature zone and that
av the low temperature zone, Some particles of the size of' Q.4 micron
were found on the micrograph of' the high temperature zone specimens only,
This corresponded fairly well with the observation under the microscope,
Therefore there were two sizes of crystals present in the heat treated
specimen, The size of the big crystals was too big and their number was
too few to give the light scattering effect, Therefore the light

scattering eftect might be mauinly due to the small crystals,



Electron Micrographss

Magnifiication 40,000 Xe.

Fige10

Unheat treated
soda lime silicate
X-8 glasse

Glass No. 1 heet
tre%ted at about
430°C for 24 hourss

Fig.12

Glass No. 1 hegt
treated at 550 C
f'or 24 hcurse
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Af'ter the hydrofluoric acid treatment, some small pits were found
on the polished surface, On examination under the microscope with
reflected light, these pits were found to be of the shape and size of
the well developed spherical big crystals observed with tiensmitted
light, Therefore these pits were the sites of these crystals preferen-
tially ettacked by the acid, More pits were found at the higher
temperature zone,

The polished surface seemed to be smooth except for the pits,
af'ter the acid etching, but the original surface of the whole . " was
not smooth, This indicated that the properties of the surface were
significantly difrerent from that of the bulk of the glasss One
specimen without heat treatment was also acid treated at the same
time, and the surface remained bright and clear, This suggested that
heat treatment had produced regions on the surface which caused the
etched effect on the surface due to differential acid resistance, and
that the structure of the low temgerature zone vias not as random as
1.2t of the non heat treated specimen, although it did not have aay
light scattering eifrect.

After the heat treatment from 550o to 750°C, the lithium di-
silicate crystals at the high temperature zone had grown to 125 micros,
The size of the crystals in the same temperature zone was found to be
as uniform as before, Small lithium disilicate crystals were found to
extend to the lower temperature zone, The tiny crystals were bigger
and ¢asier to be seen, but they were still too small to be measured
with a microscope,

After the specimens were held at 75000, they werc examined under a
microscope with transmitted light, The lithium disilicate spherical
crystals were found to merge into each other at the high temperature

zone, oSome small lithium disili-ate crystals seemed to have developed



at the high temperature zone indicating that new crystals were f'ormed at
thz heat treatment at 75000. The tiny crystals could be seen in the gaps

of the big spherical crystalse

2, Effect of tinee
(1) Experimental work,

Glasses No. 1, 4 and 5 were investigated in this series,

The heat treatment consisted of holding at 55000 for twenty four hours,
raising the temperature to 75000 and holding at ?5000 for eight hours,

Eleven specimens of glass No, 1 weire heat treated, One specimen
was taken out at the end of the heat treatment at 550°O for &, 1, 2, Uy
8, 16 and 2L hcurs; whern the heat treatment had reached 75000; and af'ter
the heat treatment at 75000 for 2, 4 and & hours, IFive specimens of
glass No. 4 ani 5 were heat treateds The etfiect oi time in heat treat-
ment at 550°C for less than twenty lour hcours was not investigated, so
they were all heat treated at 55000 for twenty four hours before they
were heat treated at higher temperature.,

(2) Results,

The specimens were intended for examination in the electron
microscopes Owing to the experimental difiiculties of the replica
technique, only visual and microscopic examinations were donee, The
results of the examinations were present in Tables 13-15, All the
specimens were found to retain their original shapes, and no deformation

was noticed.



Table 13

Results of heat treatment of glass No.l

CO,

e Heat treatment Result
2 : N ! - e Crystalline "
550 C | 550 = 750 C. 750°C Appearance ; phases
T e et - e e
5 hre i - ’ - | Transparent ! None
! ! ]
I hrooll - _3 - " | "
2 hrs.é - ! - " g "
| |
4 hrs. i o — n ¢ "
8 hrs, | - ~ | Slight light 4 ”
‘ scattering.
16 hrs, | - - , Light scattering ; Spherical lithium
i i dncreacede | disilicate LOpm
; : and tiny crystalse
i
24 hrse - - Light scattering Spherical lithium
further increases disilicate 65 m
, |  and tiny crystals.
2J, hrs, 1 hr, - . Slight opal Spherical lithium
‘ disilicate 120 A
i and slightly bigger
| “iny crystolse
24 hrs. | 1 hr. 2 hrs, Light opal, ' spherical lithium
: ' disilicate 50 =
? | 180 M_and bigger
3 ! tiny crystals,
2l hrs, 1 hr. 4 hrs.: Opal. 1 Lithium disilicate
‘ ; :  size varied put
i could not be
i . measured because
i i crystal merged,
i l
24 hrse 1 hr, 8 hrs, ! Same mL above,

i oPal. '




Table 14

Results of heat treatment of glass Noeol,

G7,

-

Heat treatment

Result

550°C

TSOOC Appearance !

, 550° - 750°C | |

“rystalline
phases

24 hrs, | - : - Light scattering, :
i
i {

24 hrs, i Light opal,

§ 2l hrs, 2 hrs, | Opal,

; 24 hrse | 1 hre # hrs, Op&lo

1 hr. | 8 hrs. | Opal,

24 hrs,

o e ey LN

Spherical lithium
disilicate 25 po
much less in
number, Higher
concentration of
tiny crystals,

Lithium disilicate
merged into each
other, The size
was not unif'orm,
Tiny crystels in
the glass matrix,

Lithium disilicate
crystals merged
together, High
concentration of
tiny crystals in
the glass matrix,

Lithium disilicate
crystals merged
together, High
concentration of
slightly bigger
tiny crystals in
the glass matrix,

Lithiun disilicate
crystals merged
together,




Table 15

Results of heat treatment of glass No.5

834

‘» - - ———
; Heat treatment | Result
 5sc%  550° = 750% | 750°C | Appeavance " Crystals
? s E — % s
2, hrs, | - . = | Light scattering, | None
' ! |
j
24 hrs, | 1l hr, - f Light scatteringe. High concentration
: ; f of tiny crystals
; ‘ j up to about 2
i 1 !
| 2l hrs, | 1 hr, b At e e by iy i ey
, .
| |
. 2k hrs.; 1 hr, 4 hrs, Light opal, High concentration
| i ! of tiny crystals
g 2 up to about 4 pA
; t
b2l hrs.! 1 hr, i 8 hrs, Light opal, High concentration
‘ | ! of tiny crystals
? i ' x up to about 5}}.

bige




IIT. STEADY STATE CRYSTLL GROWTH.

1. HOT STAGE LICROSCOPE.
(1) Design of various types of hot stuse microscopce
Before deciding which florm of hot stage nmicroscope was

going to be constructed, a survey of the design of hot stage
microscope was madce Although numerous modifications had been
used by differunt workcrs to suit their own purposcs, cll the
designs could be allocated into one of the three groups described
belowe

aes Conventional furnace with an auxiliary lens systems

With this deosi;n, a conventional furnace is used. The
real image of the specimen in the flurnace is formed by the
auxiliary lens systeme The rcal imagc, which is outside the
furnace, is then viewed by microscopee The general design of
this type is shovm dia_rammatically in Fige 13.

The temperature of the spccimen can cesily be measured. and
controlled to within close limits by conventional methodse The
specimen can be quite big and the protcction of the objecetive lens
of the microscope is comparatively casye The limitation of this
design is the mesnification that canbe achievede Owing to the
auxiliary lens system, the resolving power is scriously diminished.
Also it is difficult to use¢ polarized light because normally re-
flected light is used in this design.

This type of hot staje microscope was tested at roon tempera-
ture to investipate the chareccteristics of the optical systems A
lens systems with 4.5 inches focal length and a 450 prism were
used as the auxiliary lens system, to throw the
image of the specim~n outside the furnaces It was found that
the distance of rclay lens system from the specimen was long

enough 80 that a water cooling system might not be necessary for
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protection of the optical systeme The magniiication could also
be varicd within limits and it was possible to obtain o magnifi-
cation of 50X without unduc diff'icultiese. However, the use of a
relay lens system decrecased the resolving power greatlye
Different methods of illuminating the specimen were tried, but
the resolution was still poor. It was felt that while this type
of design could be inproved by using a more suitable relay lens
systcm, the improvement would not be likely to mect the present
requiremente Also the thermal capacity of the conventional
furnace would be too big and the change of the specimen temperature
would not be quick enoughe Therefore, this system was not investi-
gated any furthers
be Hot wire furnace on the stage of microscopes

Several workers have used a noble metal wire or a
thermocouple to form a loop to hold the specimen which is heated
by a current flowing throuzh the wirees This hot wire furnace is
placed directly on the stage of the ordinary microscopes The
temperature is measured by the emissivity of the metal wire or the
eem.fs of the thermocouples With suitable desizn, the heating and
the temperature measurements are essentially continuouse

The energy used in this type of the furnace is so small that

the objective lens can be brought fairly closc to the specimen
without water coolinges Therefore, the resolution and magnifi-
cation are higher than in any other designe The thermal capacity
of the unit is small and the temperature can be changed very
quicklye The incorporation of a controlled atmosphere chamber
is relatively easyes By means of voltage stabilizer and alosed
specimen chamber, the temperature of the specimen can be con-
trolled to close limits for reasonable periodse The chief
limitation of this design is the small size of the specimen and

the temperature gradient in the specimen.
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A hot stage microscope of this design manufactured by
Griffin and Georgze Ltde was tricde The hot wire furnace was a
£/ Rh/Pt = 20% Rh/Pt thermocouples Using a silican diode crystal
in the circuit to separate the heating ond thermo=electiric
currents, the thermocouple was heated at altcrnate hali cHfcles of
the supply voltage; in the intermediate half c)tclc when the
heating current was cut off, a phased switching system was used
to connect the thermocouple to the temperature measuring circuite
Therefore, the heating end the temperature measurcmonts were
practically continuouse The working temperaturc of this micro=-
scope was up to 1800°C in inert atrmospheree The temperature of
the hot wire could be controlled to within 1%C for longer than
six hours and could be changed very quicklye. The specimen was
held by surface tonsion at the junction of the thermocouple and
its dimensions were about 0el5 mme X 0ol5 mme X Oo7 mme

Powdered specimen of composition 30 nol i Liy0, 5 mol % 2n0,
65 mol % SiO2 was used for the investigntione During the trial,
it was found that the amount of specimen used, had a pronounced
effect on the accuracy of the tempercture measuremcnte When too
big a specimen was used, the gpperent liquidus temperature was up
to 60%C higher then the actual liquidus temperatures Vhen the
right amount of specimen was used the liquidus temperature could be
reprocduced within 5°C easily. However the shape of the thermo=
couple junction was found to be very critical for correct tempera-
ture measuremente MNegnification and resolution were good with
this designe Thercfore it would be very useful for liquidus
+cnperature nmeasurement, if' cquilibrium could be obtained in less

than a few hourse
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When this apparatus was tried for the study of crystal
grewth rite, difficulties were cncountercde Owing to the smell
size of the specimen, the surface had on opprecicble curvatures
Thercfore the specimen itself’ acted as a lens and accurate
measurement of the dimensions of the crystal could not be obtainede
The depth of the field of the leng working distance objective was
quite deep, so differcent dimensions could be assigned to the same
crystal by adjusting the distance of the objective from the
specimen, even though the corystal was still in focus all the times
Also crystels which srew from the thermocouple interfered with the
obscrvation of the crystal inside the melt and bubbles evolved
continuously from the _lass-thermocouple interface in a certain
ronge of temperaturese The lithium silicate crystals grew very
rapidly and it took less than 20 seconds for the crystal to grow
from side to side even at comparatively moderate growing rates for
the type of crystalse Owing to these difficulties, it wes felt
that this type of hot staze microscope would only be suitable for
the determination of liquidus temperature but not for the study of
crystal growth rate.

ce Unconventional furnace on the stage of microscopes

With this design, a micro~-furnace is placed on the stage

of the microscopee Transmitted light or reflected light can be
useds To protect the objective lens, which is fairly close to the
furnoce top, an elaborate cooling system has to be incorporated
into the desime i

Magnification and resolution are between that of the con-
ventional furnace design and that of the hot wire furnace design.
The specimen cannot be very big, but up to 0.5 cm. is possibles
The measurement of the specimen temperature is not easy owing to

the thermal zradient in the furnacees It is not easy to incorporate



a micro~furnace with a controliable atmospheres The temperature of
the furnace is very scnsitive to droughts because of its low
thermal capacityes On the other hand, rapid temperature change is
possiblee

Although there are several disadvantages with this type of
hot stage microscope, this design has been proved to be successful
by J. G. Morley, studying the crystal growth rate of lithium
silicates The main disadventage is that the construction is
complicated, because of the provision of water cooling and the
supply of very high a.c. current at low voltages However, it was
felt that this type of hot stage microscope would be most suitable
for the study of the growth rate of crystal in glasse The detailed
design of the instrument used in the present study is described in
the ncext section.

(2) Design of the prescnt hot stage microscopes

(a) Optical arrangemente
The design of the present hot stage microscope was based

on that used by Je« G. Morley, in investigating the crystal growth
in binary lithium silicate glassess Only slizht modifications were
made on the original designe The general arrangement was shown in
Fige lha and 1lhbe

The design of' the furnace depended mainly on the objective
lens used in the microscopees To minimize the temperature gradient
in that part of the furnace where the specimen would be, the
furncce had to be very long compared with the size of the
specimens Therefore on objective lens with a long working
distance ond reasonable magnificition and numerical aperture was
neccssary to obtain good magnification and resolutione During
the design stoge, the readily obtainable objective lens was that

manufactured by Cook Trouzhton, and Sinms, having an initial



Figo llq.ao

General arrangement of the hot stage microscopes

Fige 14 be

Showing microfurnace, thermocouple and water cooled
objective and sub stage condensers
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magnification of 5X, a numerical cperture of 0.15 and o working
distance of 17 mme The furnace was therefore designed according to
this obJjectives

The microscope used was a polarizing microscope Model MP made
by James Swift and Son Cos The body of the Pentax single lens
reflex camera made by Asahi of Japan was used to photograph the
specimene The lens of' thc comera was taken off and a microscope
adaptor was put into its places Illumination was provided by
transmitted light from a Swif't ML microscope lampe

The camera was f'irst mounted on top of the microscope with a
microscope adaptor which did not fit the eye piece of the micro-
scope very wells A tube was then made to enable the ndaptor to fit
the microscope usecde It was loter found that the camera unit was
so hcavy that the microscope slipped slightlye Therefore the
camera was finally mounted independently. A graticule with one
hundredth of a centimeter scale was used in the eye pieces The
adjustment of the top lens of the projecting eye piece wus not
enough, so a ring about one centimeter high was placed in between
the graticule and the top lens of the eye piece to act as a spacer
to project the eye piece scole onto the filme

The heat from the furnace was quite intense, so a water cooling
jacket wos used to protect the objective lense The working distance
of the original sub=-stage condenser was not long cnough, and an
identical long working distance objective with a water cooling
jacket was used in place of the substage condenser, The design
of the water cooling jacket is shown in Fige 15 A film of water
about one millimeter thick was maintained in front of the lens by
continuous pumpinge The water was pumped through a close circuit
from a tank to the water cooling jacket of the objective lens then

the furnace terminal, the water cooling jacket of the sub-stage



FIG15 DESIGN OF WATER COOLED OBJECTIVE AND CONDENSER.
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lens and finally back to the tarke This system did not seriously
impair the optics of the system and protected the lens from over=-
heating at furnace temperature up to lA.OO'C-

The polarizer of the microscope was in the optical system all
the time, but the analyser could be put in and out of the optical
system by operating a levers

Throughout the present study, the microscope was screwed down
onto the base plate of the unit; the camera support and the furnace
terminal block support were secured at fixed points of the support
colunne Therefore the distance between the specimen and the camera
body would be the sames

During the trinl run of the instrument, it was found that the
distance between the objective water cooling jacket and the top of
the furnace was only three millimeterse. Although the objective
lens was not unduly heated, there was not enough room to operate
the thermocouples By this time, it had become known that Jumes
Swif't and Son Ltd., produced an objective lens with wovking
distence 26 mm, a numerical aperture of 0,16 and initial magnifi-
cation of 5Xe Since this objective was better in every respect
for the present study, it was acquired and used throughout the
studye The distance that the thermocouple could be moved vertically
was now about one centimeters

(b) Furneace Design.

The micro-furnace was constructed from thin 10%
rhodium/platinum sheets according to the design shown in Figel6a
The heating element was a tube mounted vertically, having a
circular diaphragm one centimeter from the topse This tube was
welded onto the thin upper and lower circular plates which in

turn were welded ...to the circular current distribution barse



This furnace was supported by two heavy current input leads
terminated in the circular distribution barse The outer rodiation
and draught shield wes welded to the outside of the upper circular
bar and the inner one was welded to the inside of the lower circular
bare The whole unit was made of the same material to minimize the
unavoidable thermal stressecse

When the furnace was in operation, the furnace tube expandede
The thin upper and lower circular plates ccted as buffers to mini-
nize the therial stress on the tubee The mechanical support was
provided by the heavy current input bars and the circular distri-
bution barse The two radiation and draught shields were invaluable
in improving the temperaturc distribution and decreasing fluctuations
The dicphragm was put at a point higher than the middle point of
the furnace tube, because it had been found by previous worker
that the highest temperature would be at this pointe Also the
temperature grodient in this region was expected to be very small.
The specimen holder was actually a tapered ring which sat on the
hole in the diephragm. The melt was held in position by its own
surface tensione

The dimensions of the present furnace were slightly modified.
Since crystals growing from the side of the specimen holder inter-
fered with observation of the crystal inside the melt, the specimen
holder was enlarged from three to four millimetere The geometry of
the furnace was dictated by the size of the specimen holder and
the numerical aperture of the objective lense These effects
were shown in Fige 17 Therefore the diameter of the furnace
tube was increased to seven millimeter to obtain the best
resulte Too wide a tube was avoided, because it wos felt that
this would increase the temperature gradient inside the furnacee
The length of' the tube was also increased from twenty to twenty

seven millimeters to obtain better temperature distributions



Tn order to carry the greater weight of the furnace and to
withstand the mechanical resistance of the flexible heavy current
leads connecting the furnace terminal block with the transformer,
two "sliding heads" of small lathe mounted at right engzles to each
other, were used to construct thc mechanical stage unit instead of
using the ordinary mechanical stagce The two "sliding heads" provided
means to adjust the horizontal position of the furmace so that the
furnace tube would be in ali mment with the microscope at all
temperaturess The mechanical steage was mounted on o column which
also provided the independent support for the camerae

(¢) Power supply arranzement and temperature measurements

Large low voltage current had to be used to provide the
powers The circuit diagram was shown in FigelBe A voltage
stabilizer was used to steady the input voltages A small Variac
was placed between the stobilizer and the trunsformer to control
the voltage input to the transformere The reduction ratio of the
transformer was one to eightye The trunsformer was cornected to
the furnace terminals by seventy ordinary 5 ampere copper wires to
provide flexibilitye. The copper furnace terminals were water
cooled by close circuit atere The insulated furnace terminal
block was fixed at the end of the mechanical stage unite The two
heavy current input leads of' the furnace were secured onto the
terminal block by screwse

During the experiment, 60 to 120 amperes ot 0.8 to 2 volts
was useds The relationship between the applied voltage on the
primary phase of the transformer and the specimen tempereture was
shown at Fige 19« The temperature achieved at the same applied
voltage wes not the same every timee The temperature secmed to
be affected by the ambient temperature and the temperature of

the cooling water.



FIG 18 CIRCUIT DIAGRAM OF MIKROFURK ACE.
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The thermocouples used were of 1355 Rh/rtc ~ Pte The wire
diameter being only 0.004" in order to minimize errors due to
thermal conduction up the thermocouple leads and to obtain a very
small junctions These thermocouples were carried in twin bore
fused silica} sleevess In the present study, one of the thermo-
couples was used to nucleate the crystals, and the other was used
for periodical calibration purposess Both of them had to be put
into the confined space of the furnace tubes Therefore they were
carried in two three-dimension micromanipulators to facilitate the
accurate movemente

The thermocouple leads were connccted to compensating leads in
Jjunction boxes situated at the micromanipulatorse The compensating
leads were connected at the ice junction to copper leads which
terminated at the potentiometers A two way switch was used to
connect the unbalonced voltage from the potentiometer either to
scale lamp galvanometer, or the Graphspote The Graphspot is a spot
follower device with a recorder, the speed of which can be varied
widely by different combination of gearss The spot of light from
the external light source is followed by a photocell, or an external
electrical signal is converted into an internal light source by a
built-in galvanometere This instrument provides o convenient means
of recording continuously an electrical signal or the movement of the
spot of light from an extermal light sources The scale lump
gelvanometer wos used as the null-point instrument for standardizing
the potentiometer or exact temperature measurementes The graphspot
was used to provide a continuous record of the specimen temperature,
When the graphspot was used, the potentiometer was sct at six
millivolt and the excess e.mefs was fed into the Graphspot, so
that a more sensit.ve scale could be usede Under these conditions,
the scale on the chart was about three degree centi rade to one

millimeters This was accurate enouszh for the crystal growth study.



During the periodic calibration of the thermocouples, the scale

lamp was used and an accuracy of 0.100 could be achievedes

2  EXPERIMENTAL VWORKe
(1) calibration of the graticule, the Graphspot and the
thermocouplese
A graticule graduated in tenth of a millimeter was fitted
into the microscope eye piece, and it appeared superimposed upon the
photographse It was necessary to calibrate the scalc on the grati-
cule so that the actual length of the crystals could be deduceds
The camera and the microscope were independently supported so that
the microscope could be focused onto various depths of the specimen
which was about two millimeter thicke Therefore it wus also
necessary to investigate whether the vertical position of the
crystals in the specimen could affect the magnification.

During the calibration, the microscope and the camera were
fixed at the same position as in the experiment with the cooling
weter system operatings The furnace was first fixed at the usual
position and the microscope was focused on top of the specimens
The furnace wus then taken offe A stage micrometer calibrated in

—lth of a millimeter was carried by a three dimension micro=
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manipulatore Its position was adjusted to bring the stage micro-
meter into sharp focuse The scalc of the stage microscope was at
the same position as that of the top of the specimens A photograph
was takene The stage micrometer was then lowered one millimeter and
was at the sume position as that of the middle of the specimens The
microscope wes then readjusted to focus the stage microscopes
Another photograph was takene The same procedure was repeated

with the stage m’ecrometer at the same position as that of the
bottom of the specimens TFrom this scries of photographs, it was
found that there was no detectable change of magnification due to

variation of the positions of the stage micrometere Under this
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condition, the ratio between the two scales was found to be about two
to threeo, and one small scale division on the graticule was about
thirty-three micronse These photographs are reproduced as Fige20e

The range used in the Graphspot was 0-10 MVe However it was
found that the calibration was not exactly linear as stated in the
operation manual of the instrumente Therefore calibration curves
were obtained so that the temperature could be read off from the
scale reading on the 250 millimeter wide chart in the Graphspots

During the calibration, the output of a thermocouple in a
furnace at constant temperature was used as the source of e.m.fe
This was first balanced exactly by the potentiometer using the
scale lamp galvanometer as null-point instrumente The potentio=-
meter was then turned down at steps of one millivolt, and the un-
balanced voltage was fed to the Graphspote Four curves, two of which
were with increasing voltage and the other with decreasing voltage
were obtainede This chart was reproduced as Fige 2le A calibration
curve of scale reading = voltage applied was constructed from the
data obtained from the charte 6 MV was added to the data and the
resultent millivolt was converted to temperature by appropriate
conversion tables The culibration curve of scale reading=temperature
was then plotted from these results, and was used in the experiment,
during which the potentiometer was set at six millivoltse These
calibration curves were shown in Fige22.

In the present study, two thermocouples were useds Both of
them were calibrated by specimen of known liquidus temperature,
and the measured liquidus temperature was found to be within
¥ 2°%. 1In the determination of liquidus temperature or crystal
growth rate, one of these thermocouples was immersed in the melt to
measure the temperature and to nucleate the melts This thermo=-
couple was cleaned in hydrofluoric acid after an experiment on one
specimen and was then calibrated by the other thermocouples During

the calibration, both thermocouples were put into the furnace and



Fige 20,

Micrograph for the Calibration of Graticules

(a)

Stage micrometer
at the top positione

(b)

Stage micrometer
at the middle
positione

(e)

Stage micrometer
at the bottom
position.
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were placed very close tozether above the surface of a specimens
When the indicated temperatures differed more than 5°C, about one
centimeter of the used thermocouple was cut off and a new junctlon
was medes The used thermocouple was checked again by the standard
thermocouplees
(2) Temperature distribution in the furnacee

The temperature distributions in the region above the
specimen of the furnace were investigated with a cruecible of the
same size in place of the tapered ring specimen holder, to similate
the experimental conditione The thermocouple was carried in the
gradueted three dimension micromanipulitor and measurements started
at the centre of the bottom of the crucihle so that the exact position
of the thermocouplc was knowne Potentiometer and galvanometer unit
were used to measure the temperatures It was found that the maximum
temperature was at about one millimeter above the rim of the crucibles
The axial temperature variction, up to three millimeter above the
crucible, was slighte The maximum variation in the crucible was
about seven degreese The temperature near the top of the furnace
dropped rapidly and it was difficult to obtain steady reading at
these pointse This might be due to the convection air current going
down at the centre of the furnace tube and coming up along the walle
The radial temperature distribution was investigoted at 0.5 mm above
the rim of the crucible and also at a point very near the bottom of
the cruciblee A very rapid increase of temperature was noted when
the thermocouple was moving away from the centrees Increase of 26°Q/
mme was noted when the thermocouple was near the wall of the furnace
tubes It was felt that the thermocouple was not reading correctly
the temperature of the surrounding air, because it received fairly
high radiation from the wall of the furnace tubes Since this
survey was done with the thermocouple hanging free in the air, the
apparent temperature variation would be higher than the actual

temperature variation of the air due to error introduced by the
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radiation fron the wille Owing to this interfeirence, the radial
tenperature distribution in the specimen was investigateds The
thermocouple was immersed in the melt about one millimeter below the
top surfacee The maximum temperature variation was found to be only
six degrees compared with about twenty degrees in the previous in-
vestigations The axial temperature distribution was not investi-
gated because it was found impr.ctical to push the thermocouple into
the bottom of the melte However it would be safe to conclude that
the maximum temperature variation at different points of the specimen
wias less than ten degrees centigrades The temperature distribution
curves were shown in Pigure 235 and 24

Earlier, it had been stated that this type of furnace was
sensitive to draught and it was difficult to hold the temperature
for o long periode It was found during this survey that, when the
thermocouple was hanging free above the specinen, the temperature of
the thermocouple junction dropped, up to 5000, by Jjust blowing into the
furnace tubes However, if precautions were tuken to avoid creating a
disturbance in the room and the thermocouple was immersed in the melt,
the recorded temperature was found to be within % 2°. for at least
half of an houre Since the time needed to study the growth rate at
each temperature was ranging from thirty seconds to fifteen minutes
in the present study, it was felt that the temperature of the specimen
was steady enough for its present purpose.

(3) Determination of liquidus temperatures

A small piece of specimen of the composition under

investigation was put in the specimen holder which was placed in a
rider in a platinum cruciblee The whole unit was then put into an
ordinary electric flurnace holding at temperature near the liquidus
temperature of the specimen. After the specimen had melted and
adhered to the speciwen holder, the platinum crucible was teken out
of the furnacee Some more specimen was filled into the specimen

holder which was than returned to the furnaces This procedure was
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repeated until enough specimen had been filled in the holders With
this method, a specimen with a reasonable flat upper and lower sur-
face could be obtaineds Also it avoided the difficulty of filling
the specimen holder without spilling while it was in the micro-
furnace of the hot stage microscopes

The specimen was carefully placed in the diaphragm of the
furnace, so that its surfaces would be as horizontal as possible,
and the furnace was secured in its terminal blocke The cumera unit
was taken off, so that the specimen could be observed visually more
easilys The furnace was heated up slowly to just above the liquidus
temperature of the specimen to melt all the crystals that might be
presente With the aid of the microscope, the thermocouple was
lowered into the melt until its junction was just immersede The
thermocouple was then raised to a position at temperature about
5000. below the meltse The temperature of the melt was then lowered
to about 5000. below the liquiduse The glass coating on the junction
of the thermocouple would then devitrify fairly quicklys Then the
thermocouple was again lowered into the melt and crystal growth would
start from the junctione The temperature of the furmace was raised
to about 15°C below the liquidus temperatures The temperature was
measured accurately with the potentiometer and galvanometer unite
Normally a small ball of crystals would form at the junction sur=-
rounded by the melte This crystalline mass wos observed until it
reached its equilibrium size, usually taking about only one minutes
The temperature of tne furnace was raised in about 500. steps, and
the furnace was held at each temperature for abou® five minubes and
the crystals were observede D iring that time, the temperature was
measurede This procedure wes repeated until all the crystals were
dissolveds The liqu.dus temperature was taken as the middle tempera=-
ture between that when t e last trace of crystele had persisted and
that when all the crystals had dissolveds The determination of the
liquidus temperature was repeated three times and the results were

within 5°C.
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(4) Determination of the rate of crystal srowthe
After the determination of liquidus temperature, crystal

growth characteristics at three or four different temperatures were
observed visuallys The camera unit was then put back intn position
and illumination was adjustede The potentiometer was set at six
millivolt and the unbalanced voltage was fled into the Graphspot.
After all the adjustmen had been made, the measurement of crystal
growth rate could then begine

In the d etermination of the rate of crystal zrowth, the
position of the crystals was controlled by nucleating the melt
with the thermocouplee The temperature of the melt was raised
well above the liquidus temperature and neld there for a while
to dissolve any crystal that might be present and also to destroy
the "memory" of the crystals in the melts At this moment, the
thermocouple wus above the melte The tenmperature of the fumace
was then lowered by decreasing the applied voltage to a pre=-
selected levele The thermocouple junct on was lowered into *he
melte The amount of immersion was so chosen that the interference
of the meniscus of the melt upon observation was at a minimume
The microscope was readjusted if necessary to focus the thermo-
couple junction inside the melt. By virtue of its low thermal
capacity, the temperature of the melt would approach the steady
temperature in a few secondse After the crystals had grown to an
observalle size, photographs were taken at regular time intervals
ranging from five seconds to two minutes, depending upcn the
prevailing growth rate, until the crystals grew to outsiue the
field of the camera, or the observation was iaterfered with by
osher crystalse The temperature of' the furnace was again raised
above the liquidus temperature to dissolve all the crystals, and
the thermocouple wes then raised above the melte The same pro=-
cedure was then repeated for another temperature at about 10°%C

intervals The rate of the crystal growth was studied from just
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below the liquidus temperature down to the loviest temperature, at
which the observation was practical with the present apparatus.

¥hile the thermocouple was *bove the melt, there was a coating
of the melt at the junctione Due to the much smaller he~t capacity
of the thermocouple junction than that of the melt, its teumperature
dropped much faster, when the applied voltase was turned downe As
soon as the junction was lowered dowm into the melt azain, its
temperature would rise because the melt was at a higher temperature.
The indicated temperature then dropped again and approached a steady
level in a very short time, showing that the melt was then at a
steady temperaturee These werec recorded on the chart in the
Graphspot, and the record for the experiments at several tempera-
tures was reproduced as Fige 25« Since the thermocouple junction
was at a lower temperature for a longer time and reheated on
entering the melt, usually the coating of the melt at the junction
surface would crystallizes Shortly af'ter the junction was in the
melt, these crystals would start to grow into the melte Tharefore
the crystals were normelly around the junction and at the camtre of
the photographse

Depending upon the temperature and composition, crystals somew
times started to grow from the side wall of the specimen holder,
but the central mass around the thermocouple always grew to an
appreciable size before this occurreds Therefore cnough photo-
graphs could normully be taken to determine the growth rates
At lower temperature, difficulties were encountereds Vhile the
cystalline mass around the thermocouple was growing steadily,
crystals started to grow on the surface of ihe nelt, and this
interfered with the observetion of the crystals at the middles
Therefore the th:rmocouple was left in the melt when the tempera-
ture of the furna~e was droppeds Crystallization would normally

start at the thermocouple junction immediately and this wculd give
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a longer time to obscrve the growth of the crystals at the middles
At still lower teamperatures, even this method did not help very
much, because the crystals started to grow at the surface very
quickly and the number of crystals on the surface wes quite large.
In a very short time, the whole surface was occupied by a lot of
tiny crystalse This was found to be the limiting factor at the
lowest temperature that observation could be carried outs

At the lower temperature range, the thermocouple was lowered
immediately af'ter the applied voltage wes lowereds At higher
temperature, it was found necessary to wait for a while before the
junction was lowered into melt to give some time for the melt on the
junction to crystallizee This time interval ranging from a few
seconds to about two minutes increased with the temperatures

At temperatures just below the liquidus temperature, crystals
did not start to grow immediately after the junction was lowered
into the melte A few minutes might be taken before the crystals
appeared at the junction, even in composition having a very high
crystal growth rate at this temperature ranges In this temperature
range, the thermocouple junction was normally raised to a position,
the temperature at which was much lower than that of the melt.
When the temperature of the furnace was lowered, the junction would
be at a temperature range at which orystals would grow immediately.
Therefore, before the junction was lowered, the coating of the melt
on the junction would have crystallized alreadye Under this con-
dition, crystals would start to grow in the melt shortly after the
junction was in the melts

An attempt was made to grow the same crystalline mass at
different temperaturess In this attempt, the thermocouple
junction was lef't in the melt all the time and the temperature

of the furnace was increased to about 5°C. higher than the liquidus
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temperature, after the observation at one temperature wos completeds
Ir the low temperature range, the time necessary to hecat the specimen
to above the liquidus temperature was quite long, and the whole mass
was completely crystallized during the heating up periods Under this
condition, the last trace of crystals was normally on the surface of
the melt and also away from the thermocouple junctione When the
temperature was lowered again, these crystals started to grow before
that at the thermocouple junctione Therefore the observed crystal=-
line mass was not the same for successive experiments at dif'ferent
temperatures At higher temperature range, the specimen did not
crystallize completely during the hcating up periode However, the
crystalline mass normally started to dissolve from the bottoms The
crystalline mass became thinner and thinner, and at the later stage
only a few long crystuls were left radiating out from the junction.
When the temperature of the furnace was lowered again, the crystals
normally grew downward instead of at horizontal directione This
made the observation very diff'iculte Llso the time for the last
trace of crystals to dissolve was only about a seconde This made it
very difficult to control the size of the last trace of crystalse
Due to the ebove practical difficulties, this technique was not used
in the present study, instead a new crystalline mass was nucleated
for the experiment at each temperatures

In one specimen with composition of lithium oxide 25 liol %
zinc oxide 15 Mol % ond silica 60 Mol /5, some special difficulty
was encounterede When the thermocouple junction was lowered into
the melt with the fumace temperature below the liquidus temperature,
the crystals originally in the coating of the melt on the junction
detached from the junction and flew to the surface quicklye These
crystals were very close to each other, and grew into each other at
a very short times This made the observation very difficulte

Therefore this composition was not studied.
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After the study of crystal growth rate at various temperatures
wes finished, the liquidus temperature of the specimen was rede-
termined twice with the same experimental procedurec already described.
The liquidus temperature of the specimen was always flound to be
within 5°C to that determined before the study of the rate of crystal
growthe Normelly a liquidus temperature of 3°C higher was obtained
after the study of the growth rates Therefore the change of the
composition due to selective volatilization was very slight and
this did not significantly aff'ect the results obtainedes

In the temperature range with a very high orystal growth rate,
the indicated temperature rose up to twenty degrees Centigrade during
the crystallizatione This was mainly due to the release of latent
heat of crystallizatione Under this condition, the average tempera=
ture was taken to be the temperature of the experimente The indicated
temperature was the temperature of the thermocouple et the centre of
the crystalline mass, and the increase of temperature at the crystals
and melt interface would have to be highers Thew® was no way to
measure the temperature preciselys Therefore the actual tempeiature
of the experiment was in doubte However, this was met at only two
or three temperatures at each specimens TFor the exﬁeriment at all
other temperatures, there was no observable change of temperature
during the experiment.

(5) Identification and measurement of the crystalline phases

Af'ter the study of liquidus temperature and crystal
growth rate, the crystalline phase at diffeerent temperatures was
identif'iede A small crystalline mass was allowed to grow as in
the study of crystal growth rates The thermocouple was raised
out from the melt bringing with it the crystalline mass, at the
same time the appiied voltage to the furnace was cut off to
freeze the crystals at the thermocouple junctione This crystal-

line mass was then immersed in liquids of different refractive
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indices. The Bcche line technigue was used to identifly the
crysialline phase at the edge of the crystalline mass.

The rate of the crystal growth was deduced from the photo-
graphs takene Films of different speed were triede Since there
was fairly low contrast between the crystalline mass and the melt in
the negatives, it wos necessary to increase the contraste This was
done by slightly under-exposing and over-developing a slow film.
The best result was obtained with Ilford FP3e The intensity of the
transmitted light was so adjusted that an exposure of one thirtieth
of a second would give a negative slightly under exposede The de-
veloper used was Ilford Microphen Fine Grain Developer, and the
developing time was increased from the normal seven and a half
minutes to eleven minutese

It was quite easy to deduce the length of the crystals from an
image projected from a negative by a photographic enlarigers The
negatives taken in the calibration of the graticules were used for
standardizatione It was found that when che image of' the two
millimeter stage micrometer was ten inches long, the image of the
sixty division of the graticule was 9.1 inches longe When the
length of the crystal was measured, the photographic enlarger was
so adjusted that the superimposed image of sixty division of the
graticule would be 9.1 ins. longe Under this condition, O.1 in. on
the base plate of the enlarger was equivalent to twenty microns.

A graph paper with 0.1 in. graduation was placed on the base plate
of the enlarger and the distance between a reference point ard the
edge of' the crystalline mass was read off from the graph papere
The edge with the fastest growth rate was meusured; the edge with
a slower growth rate was neglected, because at this point, the
crystal was not growing in the plen of observation, or this line

was not parallel to the direction of the growth.



" 3. Resultse

These glasses were investigated, Their compositions,
liquidus temperatures and primary phase crystals were listed in

Toble 16,

Table 16

Glasses used in the crystal growth experiment,

i
Liquidus % Primary Phase !

' Glass Nr, | Composition % ‘
? TA0 iz i eios i TSR e eh Sosie L ni
! : : | | 1
i ! - ; e i
! ! ! | i
, L 20 | 150 65 | 1120° £ 5%, : Tridymite,
| ' ( ‘
| 6 30 | 5{ 65 | 2000°%5%. | Lithiumai- |
! | ! i % ; silicate, #
f 7 L35 5: 60 | 1188° £5°%.! Lithiun meta- !
‘ | g ' | ' silicate, i
: I !

The length of' crystal versus time curve and the growth rate versus

t.r ) rature curves are shown in Fig,. 26-32, A series of micrographs

showing the grovth of Li20 ¢ Zn0 o SiO2 were reproduced as Fig, 33, All

the leng*th of crystal versus time curves are struight lines indicating
linear growth rates The growth rates at various temperatures were ob-
tained from the s’opes of the length of crystals versus time curves,
The usual hump shaped growth rate versus temperature curves were ob=
tained,

A high scattering of results were obtained with glass No. 7.
The main cause of the scattering was the measurement of temperature,
A very high growth rate of over three thousand microns per minute were
obtained with this glass, During the growth of the crystuls, the
temperature of' the specimen increased up to 3UOC. The temperature was

neasured at the centre of the crsstalline mass, so the increase of
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temperature at the crystal and melt interface was much higher, There
was no way to measure the temperature of the interface very accurately,
At present, the average temperature during growth was used to plot the
cuvves., This uncertainty of temperature measurement causel the wide
scattering,

Ow.ag to the high rates of growth, the time to observe the crystal
was limited to about half a minute, ¥ive second intervals were {ound
to be the shortest time for operating the camera accurately, If three
second intervals were used, it was difficult to take the photographs af
the right moment, Therefore, only five photographs were taken ‘o obtain
the growth rate. Owing to the rapid change of temperature, the growth
rate changed as well, This made the .oints on the length of crystal
versus time curves scatter, The best straight lines were drawn through
the points to obtzin the grouwth rate, This would also introduce some
€1TOor e

At the lower rate of growth, the data obtained was more accurate,

I. plass No. 4y,the growth rates of which - 're below seventy f'ive microns
per minute, the points were all falling on the growth rate versus
temperatur > curves, Ixcept for very high growth rate curves, the points
of the length of crystoals versus times all fall on the straight line
fairly accuratelya

The linear growth rates obtained ranged from about ten microns per
minute to over three thousand microns per minute, The maximam growth
rates of different crystals ranged from about twenty microns per minute
in tradymite to over three thousand microns per minute in lithium meta-
silicate, J. G. licrley found that the maximum grovth rates in the lithium
silicates were about eight hundred microns per minute in the glo;ses he
iivestigated. He suggested that the rate at which the latent heat of
crystallization c~uld be conducted away might be the limiting factor of
the growth rate, From the much higher growth rate obtained in the present

study, it could be concluded that his suggestion was not correct.
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With the present experimental procedure, only the higher rate of
growth could be obtained, when different types of crystals were growing
simultaneously, hecause the crystal and melt interface was that ol the
crvssal which had a higher rate of growth, In glasses No, 6 and 7, the
growth rates of the primary phases were higher than that of the secondary
phases, *‘hereforec only the growth rates of the primary phases could be
obtained, In glass No. 4, tne growth rate of the secondary phase crystal
was obtained below about lOOOOC, because its growth rate was higher than
that of the p~ mary phase,

The present hot stage microscope proved to be very useful %o study
the growth rate of the crystal at high temperature, A wide range of
growth rates could be studied with the present apparatus, The erroc in
the observation of high growth rate is arn inherent difficulty of the study
and cannot be eliminated by using other apparatus, because it is im=-
possible to measure the temperature of the moving interface between the
crystal and melt continuously. However this apparatus is limited ot low

of the melt
4. evature ranges by the high tendency of the surface /to devitrify, po
that the position of the growing crystal coald not be controlled by the
mcasuring “hermocouple and the tiny crystals on the surfuace interfered
with observation, In the present study, the temperature range stulied

extended from just below the liguidus temperavure to about 85000.



IV. DISCUSSION OF RESULTS.

G, Tammann's concept of the mechanism of crystallization has been
accepted as the classical theory of nucleatione By consideration of
the total free energy chang~ during the initial stage of the phase
trunsformation from an unstable phase to a stable phase, he concluded
that there is an e.ergy barrier in the formation of the new phase,

In this theory, only the direct transformation cf the unstable phase

to the stable phase is considered, the other paths with intermediate
steps are not considered, In the transi'ormation of a pure material,

the direct transformation of the unstable phase into the stable phase

is the only path. However in the precipitation of a stable phase from a
complex solution, different paths with various intermediate steps are
conceivable, I " the energy barrier of each intermediate step is lowen
than that of the direct formation of the stable phase, it is more likely
that the path of the dircct formation will not be followed, The
separation of a second liquid phase seems to be an easler step, because
{the surface tensions of the liquids are similar.

In the classical theory, the concept of' the interface between the
stable phase and the unstable phase is of a macroscopic scale, In the
absence of precise knowledge of the properties of the interface of the
small nuclei, the concept of the inlerface of macroscopic scale, is a
reasonable assumption. Howeverg; S. D. Stooke§zggs pointed out in his
discussion of t'e crystailization of the photosensitive glass irat the
minin an size of the stable gold nuclei in the homogeneous nucleation was
found to be one to three gold atoms, These results were obteined in-
dependently from light scattering experiments and from the latent image
stabilization experiment, If the minimum size of a stable nucleus is in

the order of one to three atoms, it is difficult to conceive the concept
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of interface surrounding this group of atoms, .iven the concept of an
interface in the macroscopic scale is accepted, the properties of
this interface may be completely different from that of o purticle in
the macroscopic scale, With a particle consisting of only one to thr:ee
atoms, some other factors (esg. the relative geometrical position
betweer. them) may be more important than tle surfnce energy term in the
consideration of the classical theory, Owing to the foregoing reasons,
the classical nucleation theory can only serve as the buckground kncwe
ledge of the processes of crystallization of complex systems ar” 4
cannot be applied directly in most cases,

It has been reported by other workers and observed in the present
study of the growth rate of crystal that over a range of temperature
just below the liquidus temperature, the crystals do not grow immedintely
~f'ter the spccimen is below the liquidus temperuture, cven the growth
rates of the crysuals are very high in this temperature range, This
indicetes the very high energy barrier of the formation of the new
cacer in this temperature range, I the various processes of con-
ditioning the epecimen, before the crystals are able to begin the
steady stote crystal growth, are regarded as the "nucleantion process",
instead of limiting the term nucleation to the formation of stuble
nuclei, the clasc~ical theory can be extended considerably to include
morc phenomena, In other vords, the processes of overcoming Lhe energy
barrier of the steady state crystal growth can be considered as ‘uhe.
"nucleation" stage,

During the present study of nucleation, only surface crystallizotion
was observed in the commercial sode lime silicar glass, Also in the
crystal growth study, surface crystallization was the limiting factor
of the low temperaturc limit for the observation of the crystal growth.
Actually in the present technigre, to study the crystul growth rute, the

coating of glass on the thermocouple junction was placed in favouruble



conditions ror heterogencous nucleation by providing a large platinum
ard melt interi'ace, air and melt interface and the suitable tempersature.
The crystals formed in the coating on the thermo-ouple were used as
"raclei" for the crystallization of the specimen, Therefcre the
crystals were actually nucleated heterogenously. The easiness of the
heterog.neous nucleation may be due to the differences between the
structure of the specimen and that of the interior, or due to the lower
energy barrier in the nucleation processes, or due to impurities. In the
acid etching experiment on the heat treated specimen, 1t was found that
the properties of the surface were different f'rom those of the intcrior,
A higher differential acid resistance wos found on the surface than in
the interior of the glass, This indicates a higher inhomogenity o:i the
surface than in the interior, On the surface, the condition is different,
snd the energy barrier should be diffevents Tmnbu]l(.izc)i shown in the
study of crystal growth in fused silica that impurities have a pronovnced
effect on the easiness of the "nucleution" stage,

In the glass ceramic process, phase ‘eparation was found to te ihe
initial essential step for the formation cf the high concentration of
the tinv crystals at the later stage, Therefore the uniform crystale
lization of the glass ceromic materials is actually a heterogeneous
nucleation process, instead of a hLomogencous nucleation process., The
success of' the glass ceramic process is actually the introduction of an
evenly distributed liquid and liquid interface into the interior of the
material and hence the energy barrier of crystallization in the interior
is lowered to the same, or even lower, level of that on the surface,
Therefore a lot of crystallization centres are introduced in the interior
of the matevrial and a lot of crystal will form simultaneously to convert

the material to an essentially polycrystalline material,



In the present study of the nucleavion of the glasses in the
lithium oxide - zinc oxide - silica ternary system, uniform crystal-
lization was found in every specimen, Therefore the tendency to
crystallization of the interior of' the glass will be comparable to that
oi' the surface, However the rcsults of' the acid etching experiment
indicates that higher segregation occurred on the surface of the
specimen, This may mean a slightly higher tendency to crystallization
of' the swzface than that of the interior., In the present study, the
effects of ditferent heat treatment were not studied, Possibly, - more
suitable heat treatment schedule may eliminate this slightly higher
tendency to crystallization of the surface,

The primary phase crystals oi’ the tw> of the three glasses
studied are tridymite and that of the third is 1&20 e Zn0 o SiOZ.

"he compositions of these three glasses are very similar and close to
the eutectic point E of the composition triangle of Si02 - Li20 -,SiO2 "
Lizo * Zn0 o Si02. Big lithium disilicate crystals as well as a lot of
17y crystals were found in these thrze specimens, although the primary
phase of these glasses are not lithium disilicate, From the ef'fect of
time in pucleation experiments, the growth rate of the lithium di-
silicate was found to be much higher than that of the tiny crystals in
the temperature range oi' the experiment, Since these crystals were
found to grow simultaneously, the different sizes of these two types

of crystals would be mainly due to the different growth rate ins*ead

of tre difference between the easiness of their “"nucleation", Thevre~
fore in the sub-solidus temperature, the ;rowth rate of fic different
crystals have a higiher effect on the size of the crystal, and hence the
crystalline content of the final product, than whether a particular
crystal is the primary phase of this specimen or not, if tfe heat

treatment is not continued to the equilibriuvr condition.
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The formation oi' the spherical crystals and their outward
growth of them should not be taken as the proof that these crystals
grow from the stable nuclei as described in the classical nucleation

(23)

theory, because Oldberg, Golob and Strickler had showm that crystals
originated from the interface of a sphorical droplets also f{'orm spherical
crystals.

It was observed that the heat trcated specimen broke ulong the
cleavage plane of the crystals, Therefore these crystals seem to
weaken the materials. In any case, unit'orm size ol' crystals is ad-
vantageous in the glass ceramic process, In the effect of time in
nucleation experiment, the composcitions of the glasses No, 4 and 5 are
further away from the composition of lithium disiliicute, Much less and
smaller lithium disilicate crystals were found in the specimen of gluss
No. 4 than ian giass No. 1 to 3, after heat treatment at the lower
temperature, After heat treatment at 550o - 750°C for one hour, the
lithium disilicate in glass No. 4 seemed to be bigger than that in glass
No 1 to 3, possibly due to the higher growth rate of lithiua disilicate
in glass No. 4 than in glass No., 1 to 3, in this temperature range,

In glacs No. 5, which is outside the silica = lithium disilicote =
L:i.20 * Zn0 » S:i.O2 composition triangle, no lithium disilicate wus
identified, and only a very high concentration of tiny crystals were
found in the heat treated specimens, Theref'ore the compositions on the
right c” the 3102 - LiZO ¢ ZnO o 8102 join seem to be more suitable for
the production of glass ceramics,

In the crystal growth experiment, the growth of { he crystal was
found to be linear with time, In the literature, cnly Turnb\.n&?r];c)i his
Associotes had reported root time relationship in the crystal growth in
glasses, They found in their study of the crystal growth of cristo=
balite in fused silica that the atmosphere has a pronounced effect and
they suggested that the diffusion of catalytic oxygen, water vapour or

impurity in the crystalline layer was the controlling factor of the growth
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rate, If the oxides other than silica in the glass are regarded as
"impurities", then in a complex system, the diff'usion of "impurities"
will not be the controlling factor of the growth rate because the
concentration of "impurities" is so high in every part of the glass
already.

The iemperature ranges of' the crystal growth investigation in the
present study are quite narrow, and it was found dif'ficult to deduce any
information of the mechanism of the growth rate from them, Several
workers had suggested that viscosity is the dominant factor of the
growth rate below the maximum growth temperature, By plotting the
product of the growth rate and viscosity versus temperature, Littleton(37)
had demonstrated that the straight line from high temperature extended
to far below the maximum growth temperature, suggesting that viscosity
is *he dominant factor over this temperature range,

In their investigation of growth rate of cristobalite in fused
silica containing small amounts of alumina, Kistle and BrowSﬁgld found
that +'. growth rates at the same temperature increased with the amount
of alumina, but the viscosities at the same temperaturc also increased
with the amourt of' alumina, They had suggested that this was a contra-
dictory case to the generally observed efiect of viscosity., In the
temperature range th~y studied, the grouth rate of' the same glass in-
creased with temperature, indicating that the temperature range was
below the maximum growth rate temperature, TurnbquZigwed that the
growth rate of cristobalite increased with temperature up to about
fifty degrees below the liquidus temperature, By comparing the tempera-
ture range, it was found that the temperature range in which Browm and
Kistle(g%%died was below the maximum growth rate temperature., IFrom the
phase diagrom of the binary alumina - silica system, it is noted that
the liquidus temperature of silica is lowered greatly by small eddition

of alumina. Since the growth rate versus temperature curve are normally of
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the same hump shape, The lowcring of the liquidus temperature by
addition of alumina will move the grouth rate versus temperature
curves to a lower temperature, When the growth rates of dif'l'erent
glisses at the same temperature were compared, the different part of
the growth rate versus temperature curves were used., This does not
present the true picture of the crystal growth process, because the
effect of viscosity is masked by the effect of liquidus temperature,
The comparison of the maximum growth rate may have more meaning,

In the present study of the growth of crystal, a very wide . “~ge
of maximumn grovwth rate from about twenty micron per minute to over
three thousand micron per minute was obtained, The ratio between them
is over a hundred, This phenomena is very striking, because the
compositions of the glasses are not widely different, In the absence of
r-liable viscosity data of these glasses, it is dirficult to ass;ss the
effect of viscosity., Since the maximum grovwtn rates were found in ap-
proximately the same temperature range, the difference of viscosity of
ther? glasses al the maximum growth rate temperature will not be large.
Therefore some other factors may be important, These maximum growth
rates are not obtained from the same kind of crystol. Therci'ore the
difference between the structure of' the melt and the crystals may be
important.

The crystalliization characteristics of glasses in this ternary
system were only studied slightly, With the results obtained so far,
it is noted that the glasses crystallized unif'ormly. This may make
these glasses suitable for the glass ceramic process, The compositions
on the right of the Si02 - LiZO * Zn0 « S:I.O2 Join will be more suitable,
because the high growth rate crystals of lithium metasilicate and lithium

disilicate are elminated., The Li. O e Zn0 o Siu2 solid soluticn and

2
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2 1i.0 ¢ 4 2Zn0 » 3 L»io2 solid solution fields scem to be more suitable

2
owing to the existence of solid solutions, which will assist the pre-
cipitation of crystals,

The physical properties of the partially crystallized material
have not been studied. Since the physical properties of glass ceramic
materia’s depend on the properties of the constituent crystalline phases
and the glass matrix, desirable properties may be obtuined by choosing
suitable compositions and heat treatments to give the desired crystals,
The effect or heat treatment on the microstructure of the final »roduct
and their physical properties of compositions in the Lizo e Zn0 o SiO2

solid solution and 2 Li20 o 4L Zn0 + 3 SiO2 should be investigated further.
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