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SUMMARY

The kinetics of crystal nucleation and growth were studied in
glasses near the Na0.2Ca0.35i02 (NC2S3) composition in the soda~lime-
silica system. The effects of systematic changes in composition and
of various additions to the NC2S3 glass were investigated and related
to detailled viscosity measurements. Optical and electron .microscopy,
differential thermal analysis and X-ray diffractionwere the main tech-
niques used.

For the exact Nézss conmposition the internal nuclecation rates of
the NC2S3 crystal phase showed non-steady state behaviour at low tem~
peratures, the incubation times decreasing with rise in temperature.
The crystal-liquid interfaclal free energy was obtained from theore-
tical analysis of the steady state rates using the heat of fusion
deternined by DTA. Electron microscopy revenled imperfections in
the crystals at an early stage of growth,

On varying the base composition, the increases in nucleation for
glasses containing less than 50 mole% S10; could be correlated with
reductions in viscosity. Large increases in nucleation and decreases
in viscosity occurred for small additions of H20 and NaF to the NC3Sj
base glass, indicating a decreasc in the kinetic barrier to nucleu-
tion AGp. Increases in the crystal growth rates for these additions
closcly corresponded to reductions in viscosity. additions of Zr0;
decreased the nucleation and growth rates and increased the viscosity.
Additions of P20s, TiCz and lio03 decreased nucleation.

In glasses containing precipitated platinum there was evidence

for heterogeneous nucleation both from kinctic studies and from

electron microscopy.



For glasses heat treated isothermally intercepts with the time
axis were observed in plots of crystal size against time. The
origin of these intercepts is discussed.

Various physical chemical propertics of glass ceramics with
NC2S3 as the major crystalline phase were investigated, including
mechanical strength, thermal expansion and chemical durability.

The results indicate that the materials may have certain practical

applications.
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CHAPTER 1

INTRODUCTION AND SURVEY

OF THE RELEVANT LITERATURE



Phase transformations in glass forming systems constitute a
very active field in both science and technology.

The phenomenon of liquid-liquid immiscibility or 'glass in
glass' phase separation has been known for many vears (l.l). a
number of glasses exhibit 'immiscibility gaps' and under certain
conditions will separate into glassv phases of different composi-
tions. The study of this transformation is important in ¢lass
+echnology because of the different physical and chemical proper-
ties generally exhibited by phase separated glasses. There has
been considerable scientific study of the kinetics of this process.

Uncontrolled crystallization of glasses initiated either from
the surface or from internal inclusions is usually termed
‘devitrification', A great deal of attention has been given to
developing glass compositions which will not undergo devitrification
during the shaping processes of glass articles. Also, fundamental
studies have heen made of the devitrification process and its rela-
tion to certain glass properties such as visccsity.

The discovery of controlled intemal crystallization of glasses
(1.2) gave rise to a new class of materlals, namely ¢lass ceramics,
Glass ceramics are cbtained by a controlled heat treatment schedule,
of specially prepared glasses, which results in the nucleation and
growth of crystal phases within the glass. It is possible to
prepare very fine grain polycrystalline bodies which possess, in
general, certain improved properties when compared either with the
related glazs or ceraric (1.3). For example, the couplete absence

of porosity in glass ceramics (if prepared from bubble-free glasscs)



contrasts with the situation in 'normal' ceramics which are very
rarely free from closed pores, Also the fine grain glass ceramic
can be more resistant than the original glass to the propagation

of cracks initiated in. either the surface or the interior

of the body. These factors contribute to the often high mechanical
strengths of glass ceramic materials.

Some of the earliest glass ceramics were prepared by precipi-
tating metallic particles in the glass, these acting as sites where
the main crystalline phase could nucleate and grow. This process
is known as heterogeneous nucleation. However certain glasses
will crystallize internally without addirg any type of nuclecation
catalyst to the class batch. For this reason they are believed
to undergo hemogeneous nucleation. The term 'nucleating agent'
is given to thosa materials, added to the glass batch, that will
promote internal crystallization of the final glass. For example
a nucleating agent could enhance phase separation of the glass upon
heating. After further heating the main crystalline phases could

nucleate homoneneously in one of the glassy phases. thatever the

details of the process, the final staces in making a glass ceramic
will involve the nucleation and growth of the main crystalline
phases. A nucleation heat treatment in which a large number of
small crystals are formed is followed by heat treatment at higher
temperatures where the crystals are ¢rown to produce the desired
degree of crystallinity.

Studies of crystal nucleation and ¢rowth in glassas are very
relevant to glass and glass ceramic technology. Also, due to the

relatively slow molecular rearrangements and dilifusion these processes



can be conveniently studied in glasses.

The main objectives of this investigation were to carry out
fundamental studles of crystal nucleation (including heterogeneous
nucleation) and crystal growth in soda-lime-silica glasses, n
further objective was to investigate the possibilities of making
practical glass ceramics from this system which, from the point of
view of raw materials, i1s one of the cheapest glass forming
systems. The effects of different nucleating agents on the
nucleation and growth of MNaj0.2Ca0.35102 (NC2S3) crystals were
analysed for glass compositions close to the NCp,&3 composition.
The properties of the glasses and final glass ceramics were studied
as well as the effect of the bhase composition on the l'C3S3; crystal

nucleation.

1.1 The kinetics of nucleation

l.la Homogeneous MNucleation Theory .

Let us consider one mole of a one component system at a con=-
stant extérnal pressure. The thermodvnamic condition for ejuili-
brivm (1.4) is that the Gibks Free Energy of the system G = H - TS,
vhere H and S are respectively the enthalpy and entrony per mole
of the substance at absolute temperature T(°K), is a minimm. At
the melting point of the substance, characterized by a temperature
Tne the liquid (2) and the solid (s) phases ccexist, both having
the same free enexgy, il.e. Gg =G° . AL T < Tm the solid phase

ig stable whereas at T > Tm the licuid is the stabls phase. it

)
any temperature the value - AG = - (c® - q ) is called the 'driving



force' of the trancformation liquid =+ solid. Let us assume that
the liquid can be supercooled to T < Tm without the occurrence of
crystallization. We wish to analyse the 'supercooled liquid to
solid' transformation using nucleation theory. This was origin-
ally developed for liquid condensation from the vapour (1.5).
Nucleation theory, in Volmer's sense (1.6), assumes the axistence
of heterophase fluctuations by which embryos of the solid phase
can be formed inside the liquid. This involves the formation of
an interface between the solid and liquid characterized by an
intexrfacial free energy per unit area O, The total free energy
change in forming a spherical embryo of radius r is given by

W = i(r) =§-'rr r’%g +4mto (1.1)
m

where vm is the meolar volune of the crystallizing vhase. This 1s
shown schematically in Figﬁre 1,1, For T > Tm (AG > 0) ¥ ircreases
very rapldly with embryo size, whercas for T < Tm (AG<OQ) w
increases initially with r but reaches a naximum ¥* at a critical
radius r* and then decreases. The value of r* can be calculated

W{r)

from equation (1.1) by solviné ddr = 0 and V'* can be obtained

by substituting back into egquation (l.l). Thus

2

Wr = -1—?7 7ol K’é’-z- , (1.2a)
£+ = - 22V (1.2b)

2,
Embryos of r > r* are called nucledi. 3y calculating (g;%)
r=x*

it can be observed that the system is in an unstable state at

r = r%, Those embryos with r < r* will tend to dissolve ané the
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nuclel with r > r* will tend to grow. For the initial stages of
the transformation it is assumed that embryos grow or shrink by
the addition or removal of individual atoms or 'formula units’.
W* is often called the thermodynamic barrier to nucleation.

The distribution of embryos (valid for r < r*) is given by

q = -w;_
Lr Nv exp[ T ) (1.3a)

where Nr is the number of embryos of radius r, Nv is the number of
atoms of liguid per unit volume and the exponential term is the
usual Boltzmann's factor for the probability of finding an embryo
of radius r. Also the probability for an embryo of radlus r = r*

to grow is given by

AGD
s* Vv expi- 7 (1.3b)

where AGD is the activation enerngy for an atom to cross the liguid-
so0lid interface, V is the atomic vibhration frequency (z E%-: k 1s
Boltzmann's constant and h is Planck's constant) and s* is the
number of atoms facing the solid critical size embryo. AGD is
vsually called the 'kinetic barrier for nucleation’. Finally the

nucleation rate or ths nunber of nuclel of s0lid produced per unit

time can be written acs

AG
7% 1
TR S ¢ I ] (1.42)
v h kT

In this derivation it is asstmed that a steady state distribution

of erbryos of critical size has been attained. Ilso equation (1l.4a)



G

is valid for the initial stages of the transformation where the
untransformed volume is essentially the starting volume of liquid.
The embryo distributionjassumed by Volmer, for the case of condensa-
tion from the vapour, was such that it vanished for erbryos cf

r > r*, However Becker and Doring considered a distribution such
that at the critical radius the number of embryos was lower,
whereas for very small r the distrilution was essentially the

same as Volmer's. This is shown schematically in Figure 1.2,
Then all these refinements are applied to the liguid=-solid trans-

formation the pre-exponential factor is given by

b}
N kT s¥* [ Lo ]

v h 3nkT

Iovever steady state nucleation rates may be represented to a

good approximation by

s A
I = A exp| - W+ D) (1.4b)

kT

where A 1s essentially independent of temperature when compared to
the exponential term;

Finally it should be noticed that for precipitation of crystals
the equiiibrium shape of the crystal necd not be spherical. the
crystal will tend to adopt that shape which minimizes the surface
free energy. This shape can be calculated from thlff's construc-
tion (1.6). Hence the previous equations have to be modified by

A O
where the 0, and I, are respectively

replacing 0 by O = "‘TTEET_- n 4

the free energy per unit area and area of crystal face 1. Also



the appropriate shape factors (1.7) have to be included. However
the general form of equations (1.2a,b) dec not change where now a
typical 'critical dimension' plays the role of thc previous critical

radius.

1.1b Non-steady state homogeneous nucleation

The creation of a stationary size distribution of embryos of
the stable phase may take a pefinite time interval in condensed
systems, this time being governed Ly the atomic transport in the
liquid and by the inherent instabilities of the embryos. The

non-stationaxry nucleation. rates for srall t: (1.6) can be written

as
T=1 T/t (1.5a)
where T (originally cglculated by Zeldowich (1.6)) is given by
T = %%; (1.5b)

werc n* is the number of atoms in the central nucleus (r=r*).

o - : AC *2
Also D* = Eﬁ-s* e AGo/kT y lie. T = Ty exp{l'n} wher2 Tg = n_h .

kT Ak Ts*
*2
russel (1.6) found T = %35* for precipitation reactions involving

long range diffusion. Hillig (1.8) found that the time to form a

nucleus was
2 2

V.
—_ L r*

whera VL' Vu are the molar volume of liguid and solid phases, D
refers to the solute diffusion coefficient and X is the mole fraction
of solid. Hillig emphasized that "this time is expected to be

mach shorter than the actual time to achieve steady-state conditions



because the inherent instability of a subcritical nucleus has not
been taken into account'.

Finally Kashchiev (1.9) found

o
I=1I_|[1+2 S 13 exp (- jzt/‘t)] (1.7a)
3=1
and
T = g = KT (1.7b)
i £
7D {‘—"f Ms*2 l"‘""z']
A" pen n=n¥*

where 2 is the number of atoms attached to the critical nucleus per
unit time per unit area. For comparison with experiment it is
better to obtain an expression for N(t), the number of nuclei per

unit time per unit volume;

0
M) e Fend
T 1 TG 2'21 3z exp(~ 31°t/1) (1.8a)
o j=
vhere for t > 5 T
Iowz
N{t) = Io t -*~ET-T (1.8b)

This last expression means that the steady state nucleation rate (Io)
and T value can be calculated (1.10) from the linear part of the
N(t) versus t plot (Figure 1.3) 1f the experimental results cbey

equation. (1.8a).

l.1c Heterogeneous Nucleation Rates

In homogeneous nuclecation tlie probability of nucleation at any

site is identical to that at any other site. In heterocencous



rnucleation the prcbability of nucleation at certain preferred sites
in the assembly is much greater than at cther sites. Nucleation
can occur on inclusions or solid impurity particles,on the surface
of the supercooled liguid or on unifoxrmly distributed particles of
metals or other substances precipitated by homoaeneous nucleation
in the liquid. In principle the interfaces produced in a liquid-
liquid phase separation process could also offer preferred sites
for nucleation. In ordzar to reduce the complexity, in the follow-
ing derivation, let us assume the same general conditions sgtated in
section l.la plus the existence of M flat rigid substrates per unit
volume in the supercooled liguid. Let us cousider the formation
of a spherical cap (Ficure l.4) of radius r of the solid (s) on

the substrate (f). At equilibrium the contact angle satisfies

g - g
cosh = g = A st (1.9)
o
Ls
- " ¥ oy o .
where sz, Usf and st are the interfacial free encrgies per unit

area between liguid-substrate, solid-substrate and lLiquid-solid.

1The free enerqgy involved in forming such a cap can be vritten as:

=V, LI

s Vm Ls Gls + Asf o'sf - Asf Y (1.10)

Uf(r) = wf

where

3
-3l 3t g - 201 .. e el (] - of
Voo = X [ 3 ], Ao 2me“(1 - ¢) and Asf mre(l - q°)

The free energy of formation of the critical size nucleus can he
aw (r)]

= = 0. The critical radius
ér

calculated by solving [

r=y*
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obtained 1is:

ZGggv
w* - e
e - 22 (1.11)
and the work wf* is:
3, 2
(o} v .
16 s m
Y W e e = ':*
wf 3 it vy £(9) T*E(O) (1.12)

2-3cosH + cos?®
4

when 0 varies from O to T, Thus, although the critical radius is the

. The function £(0) varles from O to 1

where £(0) =

same as in the case of homogeneous nucleation, the thermodynamic barrier
for nucleation can be much smaller in the heteroceneous case. For
exam:le, for 0 u-% : Wf* = %f. For 6 = 0 complete wetting of the
substrate by the solid in the presence of the liguid occurs and wf* = 0
i.e. there is no thermodynamic barrier to nucleation. The interfacial

energy between s and £ will in general depend on the kind of interface

between them. osf can be approximately (1.11l) described as Usf =

osgi + UsfSt where osfq arises from the chemical interaction between s
and £ molecules across the interface. O st corresponds to the elas-—

sf

tic strains in s and £ and the dislocations at the interface necessary

to accommodate the mismatch 8i between them. The ‘'ideal disregistry®
L] -]
‘ a, = a
is defined as 6i = -—-;'v~§- where af° and a_
-
atomic spacings of free substrate (f) and free solid (s) respectively.

° are the equilibrium

Now the equilibrium number of embryos of radius r is given by
wf(I)]

Nr = N exp{- T (1.13)

where Nf is the total nurber of atoms of liquid in contact with sub-

strate particles. The number of nuclei produced per unit time (1.6)

is



11.

i W.* + AG
f kT £ D
Y h expl - {-_—TEF__J ] (1.14)

where Af is the total surface area of substrate particles. Finally,

the nucleation rate per unit volume of liquid is

W * + AG
£ f kT £ D
Vi =% & exP[ [——x&'"“} J (1.15)

where VNf is tht total number of atoms of liguid in contact with the
substrate particles per unit volume of liquid. Also this number is

given by

£ f
VN = Mn (1.15)

where nf is the number of atoms of liquid in contact witl. one substrate

particle.

1.2 The thermodynamic driving force of phasze transformations

As we have seen in the previous section the 'driving force' is an
important quantity in nucleation theory. It also occurz in the theories
of crystal crowth. Ve will now show how it may be calculated for both

single and multicomponent systems.

1.2a Single component svstems

let us consider a single component glass forxming liquid, On cool-
ina the enthalpy function will.in general follow curve a in Figure 1.5,
on reaching Tm, for kinetic reasons the stable liquid passes to the meta-
stable superc~ooled liquid state without crystallization. At T ~ Tg¢

a 'bend' in the Hl vs T curve is observed. This correspondés to the
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glass transformation temperature range where the swupercooled liquid
state of the system changes gradually (depending on the cooling rate)
to a ‘solid like' state (1.12). The corresponding crystalline mater~
ial (curve b, Figure l.5) will have lower enthalpy in the same tempera-
ture range.

At a temperature T < Tm the change in frec erexgy per mole is

agiven by:
AHf Tm Tm o
AG'= =~ == (Tm - ) - [ Acpar + 1 Acp = (1.17)
T T T

where AG = AH - TAS = G - Gl, AHf = H2 -~ E° >0 and Acp = Cps - sz <0

where cps, sz are the specific heats (cal mole~! °k-!) at constant

pressure for the solid and liquid respectively. If ACp = O we obtain
LH

4

Tm

AG = - (Tm - T) (L.18)

In general ACp is a function of temperature. Dowever if ACp = constant
frow Tm to the temperature of interest egquation (1.17) can be inte-

grated to give:

An
AG = = —= (Tm - T) - ACp (Tm -~ T) + ACp T m(zg) a9
Tm-T i and highexr in 1n I we
Now neglecting terms of the order LEE;EJ ghe s
obtain:
AH ..
AG = - “‘""T;(Tm - T) [l + -—CIA m-T Tm} . (1.20)

AHf Tm+T

Tor those cases where ACp 1s an unknown coustant Hoffman (1.13)

found (z=2e also (1.14))

An T
AG = = —— (Tn - T) — (1.21)
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It is interesting to compare the different values obtained from ecua-
tions (1.18) to (1.21) for a given corpound. Let us assume a material
where ACp = - 38 cal mole~! °k-!, AHf = 21000 cal mole~! and Tm =

1562 °% (1269°C). The results at T = 893°K (620°C), T = 993 °X

(720°C) and T = 1423°K (1150°C) are listed in Table 1.l.

TABLE 1.1 ACG RESULTS FROM EQUATIONS 1..18 T0 1.21

AG 5
lealmole™ 1) (1.19)  (a2c)  (L.z) |
T(°K) . !
893} -8994,2 =-2545.% -2066.6 -5142,0 %

993 ~7649.8 =-3121.0 -2834.6 -4863.2 ,
1423' ~1868.8 =1626.5 =~1622.8 <1702.5 z

It can be secen that at high temperatures the four different equations
give almost the same AG irrespective of whether ACp is coastant or not.
But at much lower temperatures the difference between the cases ACp = O
and ACp = - 38 cal mole‘l*is very significant. For example at 893°K
equation (1.20) gives =-2066.6 cal mole~! which is 77% lower than from
equation (1.18). Finally it is interesting to examine the validity

of the approximation involved in the derivation of equation (1.20).

The value from equation (1.20) is approximately 9% lower than that

from the more accurate equation (1.19) at 993°K.
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1.2b Binary Systems

0
let us consider the G~ vs. XA free enercy diagram of Figure 1.6

vwhere three phases can be observed i.e. A(s), liguid and B(s). At the

moment let us concentrate on the precipitation of pure solid A from

A
compositions xA between XAF and 1. GA? v GAOS are the molar free

energies of pure liquid and solid at the temperature of interest.
The molar free energy change in precipitating NA moles of nure A (GAOS)
and Nx' moles of liquid of composition XA’ (Gz(gh,)) from Nx moles of

solution of composition XA (GQ(XA)) (neglecting interfacial effects)

is
AG” 21 9 os 2
AG n N,&[ux' G (xA,) +N, G -NxG (xA)]

where Nx = NA + Nx‘ and NA << Nx" It can be shown (1.l1ll) that

. g 2
o 2 e 98 _ gy .. ac~ _ o8 _ . 2%
- AG [cA -G (xA)] + (0= %) ”"'"axA G, -G, (1.22)

Hence AG is the vertical distance from the intersection of the tangent
line at GQ(XA) with the pure 2 axis to GAOS. Equation (1.22) is of
fundamental importance in phase transformations in glasses (References
1.15 +0 1.20). For example a supercooled liquid of composition a
(Figure 1.6) cannot precipitate solid B initially since the value of

G.°%% - a’ is positive (a” 1s the intersectioa of the tancent at a with

B
the pure B axis). However solid A can precipitate and the remailning
liquid will change composition until I formation is possible thermo-

dynamically (tangent bb”).

Let us assume thnat for kinetic reasons nelther solid A nor solid

B can precipitate for liguid compositicns between XAQ and X 8

a ° Then
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the initial liquid will separate into two liquids of compositions 3;1
. 2 {a?gt
and X,~ . For compositions between the inflection point XAS E%ifr =0
B

and X

" the system is metastable towards infinitesimal compositional

2.4
fluctuations P1J§~ > 0]. Thus for a liquid of cauwposition c phase

dXAZ
separation can only take place if a fluctuation exceeding the composi-
tion ¢” occurs. In this case the kinetics of the process are ¢overned
by nucleation and growth, as already discussed. For corpositions be-
tween the inflection points the liquid is unstable towards infinitesimal
corpositional £luctuations [§;§§-< O) and the kinetics of phase separa-
tion for the initial stages are governed by an 'uphill' diffusion pro-
cess ('spinodal decomposition') where the interfaces between the initial
liquids are diffuse rather than sharp as in the nucleation case.
vhether phase separation occurs by a nucleation or spinodal mechanism,
the final stages are governed by a coarsening process which is driven
by a lowering of the interfacial energy between the phases.

Let us now assume that for liquid compositions betveen the spinodal
compositions (Xaél, XAS2 in Figure 1.6) solid A cannot precipitate for
kinetic reasons. There are two cases to consider. The first case
is typified by a liquid of composition ¢. For this composition solic
B cannot precipitate unless pliase separation (by a nucleation mechanism)
occurs first. The second case applies to compositions where the
driving force for B precipitation is positive, for example canmposition
d. Thermodyvnamically B could precipitate from the beginning. How-
ever B formation will involve a large change in composition requiring

long rance diffusion, whereas the liquid is in an unstable state and

will tend to quickly phase separate into two liquids, Mlthouch by this
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process the thermodynamic barrier to nucleation of B is increased at
the same time the kinetic barrier to nucleation may be considerably
decreased,

How the activity of A (referred to the pure liquid state) in the

liquid of composition XA is given by (1.4):

2 of L
GA = GA + RT 1ln aA (1.23)

wnere R is the gas constant. From equations (1.18), (1.,22) and (1.23)

we obtain:

AHf )
Ac = - —Ea'(Tm = T) - RT 1n aA (1.24)

The activity is given by aAR = xA Yﬁz, where YAQ is the activity co-
efficient for component A which is in general a function of temperature

and composition. Then

A, R
AG=-—§I—D—(m~T)-RT in XA-RTlnYZ (1.25)

.
%3

At the liquidus temperature (T;) of the system, AG = O and from equation
(1.24) it is found

A,

1
- ~EE-(Tm ~T) = RTy, 1n a, (1.26)

For an Ideal solution ng =1 (i.e. 2 2 is independent of terperature)

A
we find
AHf
AG = - T (Ty, = T) (1.27)
where the relationship between Tys and XP is given by
AHf
" RTET (Tm - TL) = 1n XA (1.28)



17.

In order to introduce the recular solution model it is convenient
to reformulate the problem in terms of the free energy of mixing AGm2

at the composition (distance P in Figure 1.6). This is carried

XA
out in Appendix AO. AG is now given by equation (AO8) and the rela-
tionship between xA and TL is expressed in equation (20l10). Hote
that a knowledge of AHmQ(A) is required to calculate the ligquidus curve.
Further discussion of this model is given in the Mppendix. Finally
for systems of more than two components the free energy change

os

Gi - Giz for any component 1 can be calculated from an equation

similar to equation (1.21) where again activity data is required.

1.3 Crystal Growth Rates

Once a stable nucleus has formed the growth of the crystal proceeds
by incorporating atomic species from the supercooled liq:id. Again the
free erercy difference between liquid and crystal drives the transforma-
tions. Also an activation enzrgy AG’D (in general different from that
for nucleation) for an atom or growth unit to cross the liquid-solid

interface has to be considered.

Normal Growth

In the following discussion, for simplicity the growth units will
be referred to as "“atoms" althouch a better term would be 'forrula units',
Iet us assure that the probabllity of atomic attachment is unity
at the interface. The transfer of atoms in either direction across
the interface will be equal to the number of atoms at the interface s
times the frequency of attempted jumps V times the fraction of atoms

which acquire enough thermal energy to Jjump. The fraction of atoms to
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jump across the interface (Figure 1.7) from the solid side is given by

AG‘D + VIiAG
exp[ [ ) ] where V is the atomic volume, The fraction of
k

T >
_ AG D
atoms for the reverse direction is given by exp[ “TETJ' The growth

rate will be proportional to the net transfer of atoms from the licuid

to the solid. That is

AeTy . v]Ac| )

>
ua sv exp(~- AG D/kT) - sV exp[_ =T
If s atoms are transferred growth of one layer occurs, i.e:

- - Ac” - exp - VIoc]
u=2Avexp(~-AG D /xT) [L - exp i ] (1.29)

It can be seen that u vanishes at T = Tm and that U has a maximum at
lower temperatures. Two limiting cases can be obtained from equation

(1.29)., For

Vvﬁc << KT (small supercooling)
AG”
. v]Ac| D
u = A v Vi exp [-. w7 (l . 30)

As we have shown in section 1.2a, equation (1.18) is a very good appro-

ximation for AT = Tm - T small. So equation (1.30) becomes

v Ar—z_f AG‘D
us v -‘-,-x;-,i-,!;AT exp[- *T ) (1.31)
i.e. u is proportional to AT
For X%%El.>> kT (large supercoolinc)
AG'b.
u=aAv exp[- —EErJ (1.32)

It should be noticed that AG'D = AH'D - TAS'D where AH’D, AS’D are the
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enthalpy and entropy of activation. Then

As ’D AH’D
Inu = 1ln (AV) + e (1.33)

In other words the slope of a 1n u vs %-plot gives the activation

enthalpy rather than AG D*

Surface nucleation model for crystal growth

By defining the diffusion coefficient for growth as

i¥e
D = Dy exP[" 'kT] (1.34)

where Dy = V A% and including the fraction of crystal sites £ on the
surface of the solid to which atoms can be attached (0 < £ < 1) the

growth rate becomes

u =%—f- 1 - exp[- M) (1.35)

VokT

Let us examine closely the significance of equation (1.35). Rouch in-
terfaces on an atomic scale provide many sites for growth, so that .
the factor f should approach unity and the growth rate s.ould be iso-
tropic. Ilowever for very smooth interfaces growth occurs with greater
difficulty and £ should be less than 1, Furthermore if a crystal has
both kind of surfaces in general the growth rate will be anisotropic,
the layers growing rapidly on the rouch surfaces and slowly on the
smooth surfaces. For materials (1.23) characterized by low entropies
of fusion ASg < 2R even the closely packed surfaces should be srooth on
an atomic scale and the growth rat2 should be hichly anisotropic show-
ing a definite faceted morphology. Two models have been put forward

to estimate tne factor £ (1.24). Eoth assune that growth occurs only
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at steps on a smooth surface.

For an atomically smooth surface (without intersecting disloca-
tions) crystal growth may occur by first forming a two dimensional
nucleus (1.25). let us consider the formation of a "pill-box"
nucleus of radius r and height 2,. The work to form such a nucleus

is given by

: = M2 a 26
W(x) = 1% a &=+ 21r a5 Y (1.36)

where Y 1s the interfacial free enercy per unit area at the edge of
the nucleus. By a similar procedurc to that used in section l.la the

thermodynamic barrier to nucleation and the critical radius are

3 * o= o 2 Vm
A T agy® 35

(AG < 0) (1.37)

*" S—
r Y A

The nucleation rate of monolayer islands is given by

n Wx o 2Mr*
I NA\) exp(- f’f) ";;—' (1.38)

where NA is the number of possible nucleation sites, 2nr*/a° ig the
number of edge sites where an atom can be attached and v is a fre-
quency for atomic transfer from the liquid to the nucleus. If AG is

given by equation (1.18) we obtain

2
Ta_ YVm TmL
A 2mr* (]

For small AT a single nucleation event will result in an island

spreading across the interface to form a new layer. Hence the growth
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rate depends on the frequency of nucleus formation i.,e. u = I ag and

1 o exp(~ B/TAT) (1.40)

w a, YZVm Tm
where B = ¥AH . It can be seen from equation (1.40) that
£
the growth rate according to this model will be unckservably low for

AT small.
For very large supercoolings the growth rate is controlled by the
rate of attachment of atoms rather than by the nucleation of new layers

and the growth mechanism will be similar to normal growth.

Screw dislocation model for crystal growth

The screw dislocation mechanism assumes step formation by screw
dislocations intersecting the interface. The dislocation provides a
perpetual ledge where atoms can be attached to the crystal. The
tichter the spiral ledge the higher will be the growth rate of the
vhole surface. The equation of the spiral is r = b0 where r is the
radius, b the separation of the turns of the spiral and 0 the angular
coordinate. Setting the radius of the central island of the spiral
equal to r* (x* = g) it is found that r = 20r*, From equations (1.37)
and (1.18) the spacing b is inversely Pproportional to AT. Hence
the total length of spiral 1s directly proportional to AT, The

factor £ is given by (1.25):

a AHf AT
frmywm (1.41)
Thug for small AT, equation (1.35) approaches
2 2
1 D . y_AHf AT } a_ Dv AHf] [_A_‘Ij 0.2
PEX W T kT T 2mh Vimy { Tm) KT .
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If the diffusion coefficient is given by the Stokes Einstein

equation

kT
3TANn

D= (1.43)

,where N is the viscosity and A the atomic diameter, an inverse depen~
dence of growth rate on viscosity should be cbserved. It is conven-

ient to define the reduced growth rate un as

U =7 LI (1.44)
1 vAG
aed

Thus the temperature dependence of £ can be obtained from the tempera-
ture dependence of Uh. For normal growth a horizontal line of UR
versus T should be obtained. For screw dislocation growth (AT small)
a straight line passing through the origin should be found. Finally
for surface nucleation growth a curve (positive curvature) passing

through the origin should be obtained for small AT.

1.4 Liter ature Review

Ma,0-Ca0-5102 System

The Nap,0-Ca0O-SiO, phase diagram determined by Morey and Bowen (1.26)
was revised by Shahid and Glasser (1.27). Shahid and Glasser found
two 'new' eutectics inside the la;C.25i02 (NS2) field as originally
delineated by Morey and Bowen. Shahid and Glasser also showed the
existence of two 'new' phase fields, namely N3Ss and NCSs, inside the

1013 NS, field. The revised equilibrium diagram from 50 wt.% 810; to
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100 wt.% S1i0; is shown in Figure 1.8, Secnit (1.28) found two com-
pounds to the left of the NS-CS join. These were NC,;S; (40 moles S103)
and N4C3Ss (41.6 mole% SiO2). Also the stability field of the NC;S3
phase was considerably enlarged from that given by Morey and Bowen.
Thus the liquidus surface of !NC;S3; extended nearly to the N4CjSs corpo-
sition. The binary NS~CS was caiefully examined by Molr and Glasser
(1.29), This section is shqwn in Figure 1.9. The NC2S3 phase (33.3
mole% Naz0.5102) shows an extensive solid solution range whereas the
N2CSy phase (66.6 mole% NS) éhows, comparatively, a much smaller

range of solid solution. This phase diagram can be used to obtain
information on the thermodynamic behaviour of the composition NC3Sj.
Mole fractions in the binary system CS-NS (from the NC2Ss composition
to NS) were transformed to mole fractions in the binary NC3S3-NS
system. A plot of 1n XR vs 1/'1‘L is given in Figure 1.10, where xR

is the mole fraction of NC2S3, for the range 1 {_XR <€ 0.525, i.e.

from 33.3 to 65 mole% NS in Figure 1.9,

This plot is linear in the composition range considered. T@e
slope and intercept with the ln XR axls were -13578.26 and 8.596.
Assuming ideal behaviour, from equation (1.28) we chtain a heat of
fusion of 27 kcal mole~! (from either the slope ar the intercept of
the 1ln Xﬁﬁa.%- plot). This value is about 5 kcal mole-? greater than
the known valﬁe for the heat of fusion of the NC3S3 compound (1.33);

liolr and Glasser (1.30) also studied the soda-lime-silica system
for 5, 1C and 15 wt.% Al,0;3 additions and found that the NCySs field
extended up to 67, 63 and 61 mole® Si0; respectively.

The 11C2S3 crystalline compound exhibits (1.29) a high to low poly-

morphic transformation at 485°C. The low form (1.31) is hexagonal
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FIGURE l.10 In Xp AS A FUNCTION OF %; FROM DATA ACCORDING TO REFERENCE (1,29)
L

DATA FROM THE JOIN CS-NS ACCORDING TO
REFERENCE (1.29) ‘

lnXa

~0.2 %L x }103 X(moles NS)  Xp In Xg

0.640 33.3 1 o
0.642 40. 0.90 ~0.1054
0.646 45, 0.825 -0.1924
0.654 50. 0.75 -0.2877

£ 0.662 55, 0.675 =-0.3930
0.670 60. 0.600 -0.5108
0.681 65. 0.525 -0.6444

Ieast squares .slope = -13578.26

.Least squares origen ordinate = 8.596

Ty, = (1289°C) = 1562°C _

X refers to mole fraction of NS in CS-NS system

Xp refers to mole fraction of %(chsﬂ in %(chsg)-NS
system

065 066 (1/T0>
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whereas the high form is rhombohedral (1.32). There is no data
available on the heat of this transformation, however it will be shown
later that it is much smaller than the heat of crystallization. The
heat of fusion was found to be 21.8 kcal mole~! from solution calor-
imetry (1.33). Taylor and Hill (1.34) studied the NC2Sj3 crystals ob-
tained as devitrification products from soda-lime glasses with a higher
percentage of silica. The crystals were approximately cubic, gave
refractive indices between 1.525 and 1.599 and were uniaxial positive
with some lamellar twinning.

Frischat and Oel (1.35) studied the NC;S3 composition in both the
glassy and crystalline states. For the glass they obtained a DTA Tg
of 575°C and a density of 2.75 g em™?, For the crystal the density
was 2.80 g an~?.  The polymorphic transformation was at approximately
470°C. They studied Nat and ca?” self @iffusion in the glass and
crystalline materials as well as the specific electrical conductivity
for both states. For example the activation energies for electrical
conductivity were 25.9 kcal mole~! (250 - 600°C) for thc class and
26.2 kcal mole~! (470 -~ 900°C) for the crvystal. The activation ener-
gies for self diffusion of *?Na were 27.5 kcal mole™' (200 - 600°C)
for the glass and 29,9 Ilcal mole=! (470 - 900°C) for the crystal.

The results for *5Ca self diffusion were 56.1 kcal mole~! (460 - 600°C)
for the glass and 34.5 kcal mole™' (390 - 920°C) for the crystalline
compound., Application of the llerst-Einstein equation gave correla-
tion factors f between 0.4 and 0.5 for the glass and the crystal

which indicated an interstitialcy mechanism for ion movement.

Hammel (1.36) studied the kinetics of thase separation for a
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glass of 13 Na20, 11 CaC and 76 5102 (moles). The nucleation induc-
tion for the process agreed well with the values calculated from
equation (1.6). The agreement between theofy and experiment for the
homogeneous nucleation rates was initially considered to be excellent.
However, (see Russell (1.37)) it was later noted that the theoretical
nucleation rates were calculated with a diffusion coefficicnt 10° times
smaller than the true value. Eurnett and Douglas (1.38) studied the
kinetics of liquid-liquid phase separation for ‘glass CO' (80 S10,,

10 CaO and 10 Na20!(mole%)) and ‘glass 75' (75 Si0z, 12.5 Ca0 and

12.5 Na20 (mole%)). For glass 75 the initial stages could be described
by a nucleation and growth mechanisn. The maxirum temperature at
which nucleztion could be detected was 660°C whereas the miscikbility
temperature was 687°C. The later stages could be described by a
coarsening process. For glass €O the initial separation process was
much faster and only the coarsening stage was detected. It is inter-
esting to note that on heating at temeratures between 6380°C and the
miscibility temperature (850°C) phase separation occurred as droplets
whereas for lower termeratures an interconnected nicrostructure was
detected. The highly interconnected microstructure brcke up to form
spherical particles for the longer heat treatments.

Strnad and Douglas (1.39) found that internal nucleation of NC3S3
and N2CSs crystals occurs for compositions near the NS~CE join. They
analysed the internal and surface crystal nucleation for glasses along
the join S-NC. It was shown that surface nucleation oc~urred at
smaller supercoolings than internal nucleation. Also they found non-

steady state internal nucleation for the glass with 57.5 mole% S10,.
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Finally they showed that the growth rates determined for internal cry-
stals and for surface crystals were the same. Mukheijee and Rogers
(1.40) studied the effect of CaF; on nucleation for two scries of
glasses in the CS field of the N-C-S system. One series also had
Al203 as a component. It was found that the glasases tended to
liquid-liquid phase separate before the crystallization. They found
no corrclation between the density of droplets and the density oi
crystals. The nucleation rates for the glasses containing Al,;03; had

a maximum at 662°C irrespectively of the F content. Also the curves
of nucleation rate vs temperature became increasingly broader for in-
creasing F content. The nucleation rates for ths glasses without
Al203 were much lower than for the Al20s3 containing glasses.

Kalinina and Filipovich (1.41) studied the nucleation of MN2CSgs crystéls
in a glass of 50 5103, 10.7 Ca0 and 38.92 Nas0 (mole%). The NzCS3
crystals were spherical. For this glass the dilatometric glass transi-
tion temperature was 460°C and the maximum steady state nucleation rate
of 10° mm~? min~! was found at 4€5°C at which temperature the nuclea-
tion induction time was zero. They also quoted the crystal qrowth
rate at 550°C as 0.13 um min-!, The higher value for tie temperature
of the maximum nucleation rate as compared with Tg was explained in
terms of the large increase of the activation energy for diffusion
(across the crystal-liquid interface) for tecmperatures approaching Tg.
Dietzel (1.42a) studied growth rates in soda-lime-silica ¢lasses for
different primary phase fields. For example, in the tridymite fleld
the lines of constant growth rate vs composition were almost parallel

to the liquidus temperature (TL) contours where it was observed that
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for TL increasing the growth rates also increased. Swift (1.42b)
studied the effect on growth rates of different additions of MgO and
Al,03. For example for no MgO addition the devitrite (NCiSg) maxirum
growth rate was 0.31 mm hr~! whereas for 23 MgO addition the maxinum
growth rate was decreased to approximately 0.11 mm hr-!. Sadeghi
(1.43) studied growth rates for compositions lying along the NC2S3-
NSz Join. The activation energles for growth, obtained in the low
temperature range helow the maximum rate, decreascd on rioving away
from the NC283 composition. These values were 104, 90, 81 and 70
kcal mole~! for glasses with compositions of NC2Ss3, N7Ci10819,

N2C285 and MN3C2S7 respeciively.

Other work relevant to the thesis

Maurer (1.44) studied the effect of gold capalyst particle size
on the heterogeneous nucleation of lithium metasilicate from a glass
of 81 si0O2, 10 Li20, 5 X20, 4 A1203, 0.02 Ce02, 0.15 Sb203 and 0.005
Au (wt.%). It was found that the Au particles had to reacih a diameter
of about 80 2 before the main crystalline phase could nucleate. it
was suggest;d that nucleation was inhibited by strain betwcen the
crystalline embryo and Fhe underlying gold substrate particles,

Maurer also studied (1.45) crystal nucleation in a glass of 56 SiO2,

20 Al203, 15 lMgO and 9 TiO2 (wt.%) using light scattering and X-ray
diffraction. It was found that the initial isotropic regions
(presumably formed by liquid phase separation) transformed to crystal-
line magnesium dititanate after heat treatrentsin the range 742 to 791°cC.

atzow and Toschev (1.45) analysed the catalysing effect of 2u,
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Ag, Rh, Pt and 1Ir in a NaPQj3 glass, They observed induction times in
the N, vs time plots. Also they found that the catalytic power in-
creased with increasing difference in thermal expansivitics between
glass and metal. It is interesting to note that when Pt was used as
a catalyst the main crystalline phase (NasP30s) tended to grow at the
tip of the rod shaped Pt particles. Rindone (1.47) showed that Pt
addition to a Li20.45iC2 glass increased the rate of Li0.25102 crystal-
lization. Ohlberg et al (1.48) observed that in a Si0z, TiOz2, Rl20;
and MgO containing glass ‘magnesiuméﬁtitanate'precipitated first
from a previously phase separated glass and then catalysed the cryst-
allization of silica O, the main crystalline phase. Neilson (1.49)
found no evidence of phase separation prior to crystallization of

ZrO; containing glasses in the S102-21203~Mqg0 system. He concluded
that the initial fages of crystallization, at high temperatures, may
involve the homogeneous nucleation and growth of uniform crystallites
of Zr0;.

Mctidllan ((1.50) see also (1.51)) studied crystal nucleation in
142,0-8102 glasses containing P05, It vas found that crystal nuclea-
tion was enhanced with ons‘addition whereas the growth rates were
decreased with P20s aadition. Matusita and Tashire (L.52) studied
the effect of added oxides orithe crystallization of Li,0.25i102 (1S:).
A constant heating rate was used up to a seriles of different tempera-
tures. The total number of particles, thus produced, was inversely
proportional to tha increased glass viscosity at 485°C for Al,0; and
TiO, additions of 3 moles. Ito et al (1.53) studied the crystalliza-

tion process in 1S;. In the context of the present work it is parti-
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cularly interesting to note that, when they plotted the length of the
‘long -axis of LSz crystals against time a considerable intercept with
the time axis was found for measurcments at lower teamperatures,
Filipovich and Kalimina (1.54) also found intercepts with the time axis
when plottinc the maxirum size of 1S, crystals against time. For
example at 600°C the intercept was approximately 25 min., whereas at
the same growth temperature the glass prcheated at 450°C for 10C hr
showed an intercept of 2 min. Matusita and Tashirxo (1.55) measured
nuclecation rates in Li20.2810; glass. By identifving the activation
energy for nucleation with that for viscosity, equation (1.4b) can be

written as

lém

At sz
I '=n exp[--—é— _}?‘f} (1.45)

DjQ
D] w

where A' can be taken as a smooth function of temperatur:.. From plots

of 1n({In) against K%TE » 0 was found to be 196 exg on=2, Although

they could not detect homogeneous nucleation for the Naz0.2510;(NS;z)

and K20.28102 (SK2) glasscs, they estimated ¢ for the latter glasses
through a comparison with the L3, results. They found that O(LS,)>
o(Ns2) > 0(KS2) and concluded, from nucleation theory, that the negligible
nucleation of NSz and KSp; was due to the much smaller driving force AG
for these glasses as compared with AC for LS;. James (1.10) studied
the kinetics offinternal crystal nucleation in two Li20-5i02 glasses, the
LSz and a glass containing 35.5 mole% LiO;. Pronounced non-steady
state behaviour was observed at lower temperatures. Also the nuclea-
tion induction time increased rapidly with decreasing temperature.

Rowlands (1.7) studied the crystallization process in Li 0-BaC~5103
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glasses along the Li;0.251i02-Ba0.2810; (1S2~BS2) join. A much larger
mnucleation rate was found for a glass of composition BS, than for a

1S, glass. The lower value of ¢ for BS2 was thc main reason for the
observed behaviour. Ramsden (1.56) showed that for Ez20.S10; glasses in
the range 25 to 35 mole% BaO, liquid-liquid immiscibility had a con-
siderable effect on Ba0.25102 crystal nmucleation. The composition
change, due to phase scparation, altered both the thermodynamic driv-
ing force and the kinetic barrier for nucleation.

Boulos and Kreicl (1.57) reviewed the effect of H20 on the
properties of glasses. The viscosity of glass was reduced with in-
creasing OH content, the effect being more pronounced in the trans-
formation range than at the softening point. Also Hy0 additions
have been found to enhance liquid phase scparation in sodium silicate
glasses, Other literature on the effect of water additions will be

fully discussed in a later chapter.



CHAPTER 2

EXPERIMEMTLAL TECEIIDUES
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A variety of experimental techniques have been used during
this work. Although a camplete explanation of the principles of
each technique employed would be outside the scope of this thesis,
it was considercd necessary to describe most of the techniques

in reasonable detail.

2.1 Preparation of glasses

Glass homogeneity is very important in the fabrication of
glass ceramics both industrially and on a laboratory scale. It
may be assumed that reasonable homogeneity has been achieved when -
a uniform density of crystals and a uniform crystal size distribu-~
tion are obhserved throughout the volume of the nucleated glasé.
Furthermores for the glasses studied in this work we havc observed
that crystal shape is dependent on changes in composition (sce
Chapter 3) and so changes in shape might indicate the prescnce of
irhomogeneity.

In this thesis a fairly wide area of the soda~lime=-silica
system has been covered. A large portion of the work was concen-
trated on glasses around the NC;53 composition. Compositions of
higher silica content (up.to 80 mole% S$102) were also studied.

The nominal compositions of the glasses are listed in Table 2.1.

The glasses were prepared with the following analytical grade
reagentss
NayCO3, CaCO3, NaF, CaFp, NapS.9H;0, P05, TiOp, MoO3, ZrOz, GryOs,
Ti0,, AgNO3, CeOp, Sb203, PtCly.

Glass Gl6 was prepared with Silquartz (S10;AR). The rest of



TABLE 2.1 NOMINAL COMPOSITIONS OF GLASSES MELTED

Glass Nominal Compositions
Code

Gl  NC253=(Waz0.2Ca0.35102)=N2C3s

G2 NC2S3
G3 97(NCz2S3) .3NaF
G4 94 (NC2S3) .6HaF
G5 82(NC2S3).1l8Nar
G6  45(NC2S3) .55NaF
G7 97(C253).95.5Naz20..
3NaF
G8 97(NC2S3) .3P205
G9 97(NC253) .3T102
Gl0 97(NC2S3).3Mo0O;
Gll 94 (NC2S3) .6MO0O3
Gl2 97(}C2S3).32r02
G13”° 94(NC:S3).62r0;
Gl4 NC2S3 + H20
Gl5  1.47Na,0.0.319Ca0.
5.34510,
Gl6 NC2S3, (5S102AR)
Gl7 NC;S3; Exact 1:2:3
ratio
Gl8 0.928N.2C.35 (+0.41

12.97 at% Na
3 rols NeF,;0.36 wtk NafF,0.16 wtt F,13.10 at% Na
,6 mols NaF,0.73 wt% NaF,0,33 wty F,13.29 ats Na
(18 mols NaF,2.53 wt% NaF,1.15 wt% I’,14.05 at% Na

+55 mol%s Mar,12,66 wt% NaF,5.73 wt% F,18.28
" 0.36 wts Mar,0.16 wts F,12.98
+3 mols P20s5,l.2 wts P20s, .12.83
;3 mols Ti02,0.69 wts TiC2, 212,90
3 mol% Mo0j3,1.2 wts MoOs, 12,83
.6 mol% Mo03,2.53 wts MoOj3, 012,66
¢3 mol% 2r02,1.06 wt% ZrOz, 12.85
6 mols Zr0z,2.2 wts 2r03, 12,71
‘ :0.0404 wtsd H20, v

! ’ ’

14 14 ’
+16.6G m% Na0,33.33 m% Ca0,50.00 mySi0;
17.49 m% " ,31,65 wt%s " ,50.86 wts "
15.65 m% Nay0,33.74 m% C~C,50.61 m% S1i02

wt% Naz0,0.28 wt% Cad-16.44 wts " 32,05 wt% “ ,51,.52 wts "

Gl9 1.072M,2C.3S (+0.41

17.65 m% Naz0,32.93 m% Ca0, 4%9.41 m% S1i0;

wt% Nas0,0.28 wts Ca0)18.52 wts * ,31.25 wts " , 50.23 wty "

G20 1N,.1.911C.3s5 (+0.41

16.92 % Naz0,32.33 m% C10,50.75 m% 5102

wts Na0,0.28 wt% CaO)17.74 wts “ ,30.67 wts " ,51.59 wty "

G21  1N.2.091C.3s (+0.41

16.42 m% MNajy0,34.33 m% €0, 49.25 m3% Si0z

wts N220,0.28 wts Ca0)17.24 wts " ,32.61 wts " , 50,14 wts ™

G22 1N,.2C.2.882s (4+0.41

17.00 m% Najy0,34,00 m% Ca0,49.0C0 m% Si02

wt% Naz20,0.28 wt% Ca0)17.85 wts " ,32.29 wtt " ,49.86 wts "

G23 1N.2C.3.122s (+0.41

16.33 m% NazC,32.67 s CaC,51.00 ms 810,

wt$ Na0,0.28 wt% Ca0)17.13 wts " ,31.00 wtds " ,51.66 wtys "

G24 NC2Ss + 0.2 wt% Pt

G25 NC2S3 + 0.46 wts Pt

G26 NC2S3 + 0.50 wt% Ag20 + 0.50 wtd Sb203 + 0.20 wt% CeO2

G27 MC2S3 + 1,12 wts Alz03 (+0.41 wt% Na0,0.28 wt% Ca0)

G28 NC283 + 2.00 wt% Ala03 ( " )

G29 NC283 4+ 2.0 wt$ NaF + 3.5 wtt Aly03 (+0.41 wt% Na20,0.28 wtt Ca0)
G30 NC2S3 + 4.0 wt% Al203 (+0.41 wts Na20,0.23 wt% Ca0)

€31 1.70K.2,90C.5.4S

G32 G31 + 2.17 wt% 2rO
G33 G31 + 2.8 wts NaF
G34 1.74N.2.46C.588

G35 G34 + 2,17 wty 2r0z
G36 G34 + 2.54 wt% NaF

17.00 m% Naz0,29.00 m$ Ca0,54.00 m% SiOz
17.79 wts v ,27.45 wtd " ,54.76 wts "

17.40 n% Na;0,24.60 m% Ca0,58.00 m% Si0y
18,14 wts " ,23.21 wts * ,58.64 wts "

ats
ats

ats
ats
ats
ats
ats
ats

T
iz
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Na
Na
Na
Na
Ha
Ma



TAELE 2.1

{continuad)

Glass Nominal Corpositions

Code

¢37 1.78N.2.02C.6.28 17.78 m% N220,20.22 m% Ca0,62.00 m% SiOp
18.48 wts " ,19.02 wt% " ,62.49 wts "

G38 G337 + 6.5 wt% ZrOy

G39 G37 + 12.9 wt% ZrC,

G40 G37 + 6.0 wt% TiO2

G4l G37 + 12.9 wts TiO;

G42 G37 + 9 wts NaF ~ . ,

G43 G37 + 9 wts CaF:

G44 G37 + 9 wts NazS

G45 G37 + 6 wts Cr203

G46 G37 + © wts Fe203

GA7 0.87N,.2.93C.6.2S 8.70 mt Naz0,29.30 m% Ca0,62.00 m% SiO;
9.13 wts * ,27.82 wts " ,63.06 wtx "

G48 GA7 + 6 wt% ZrO;

G49 47 + 12 wts 2xO3

C50 G47 + 6 wts TiOz

G51 G47 + 12 wt% TiOz

G52 G47 + 16.14 wt% TiO;

G53 G47 + 9 wt% NaF

G54 G47 + 9 wts CaFy

G55 G47 + 8.81 wts Nass

G56 G47 + 6 wts Cra03

GS57 G47 + 6 wts Fez03

GS8 0.93N.3.67C.5.45 9.30 m% Naz0,36.70 m% Ca0,54.00 m% Si0z
9.80 wts " ,35.01 wt% " ,55.19 wty "

GS9 C58 + 6 wt% ZrO:

G60 G58 + 12 vwts ZrO;

G61 G58 + 6 wts TiO;

G62 G58 + 12 wts Ti02

G63 G55 + 9 wt% Nar

G64 G58 + 9 wts Cal'p

C65 G58 + 9 wt% NasS

G66 G58 + 6 wt$ Cra20;3

G67 G58 + 6 wty Fe203

G68 0.93N.3.67C,5.45 + 0.3 wt% Agz0 + 0.3 wt% Sb203 + 0.1 wts CeOz

G69 1.78N.2.02C.6.25 + 0,29 " + 0.29 " + 0.14 "

G70 1.,78N.2.02C.6.2S + 1.2 " + 1,0 n + 0,40 "

c71 0.87M.2,93C.6.25 + 0.3 - + 0.3 " + 0.10 "

672 0.87N.2.93C.6.25 + 1.2 v + 1.0 " + 040 "

c73: 11.C.88 + 0,3 " + 0,3 " + 0.10 "

G74 N.C.8S + 0.5 " + 0.5 " +0.10 "

675 N,C.8S + 1.2 " + 1.0 " + 0,40

G76 N.C.85 + 0,3 wt% Pt
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the glasses were prepared with belgian sand (total Fe < 0.009 wt.%,
total 21,03 <0.05 wt.%)., This sand was first passed through a

60 B,S. mesh size; second, the sand was acid washed at 80°C with
HNO3 (25 vol.% in distilled Hy0) for a total time of three hours to
reduce the levels of impurities. For the glzsses G24, ©25 and G76
Pt was added as PtCly as follows: the required amount of AR PtCl,
was first dissolved in 10 ml of AR HCl. The solution was poured
uniformly onto the sa2nd, previously wcighed in a porcelain dish.
Finally, the mixture was dried at 100°C.

The batches were dry mixed either in a rotating machine or by
hand. The size of the batches ranged fram 300 g to 700 g. Also,
some of the batches were sintercd to avoid losses (e.g. the glass
with P705).

The glasses were melted in Pt 2% Rh crucibles with the exception
of the glasses with NajS. The latter glasses were melted in Al,0;
cruéibles. Electric furnaces were used throughout (SiC heating
elencents). All glasses were melted for approximately five hours
with two hours total stirring time. The stirrers were made of Pt
except when nmelting glasses with NajS where they were nade of re-
crystallized Al,03. The melting temperature for glasses necar the
NC;83 composition was 1380°C. Glasses with higher 810, pnd/or cao)
content neeéed higher melting temperatures. (For example for
glasses G73 - 76 the temperature used was 1500°C). To avoid
either surface crystallization or metallic precipitation the
glasses were given a fast quench. This was achieved by pressing
the molten glass either betwcen two steel plates joined by a long-

itudinal hinge (glasses around thce NCyS3 composition) or onto a
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grooved steel block. Usually the glass plates broke intc small
pieces due to residual thermal stresses. However these pleces
were large enouwgh for further experiments., The qucnching was
nceded to avold nuclel formation during cooling from the melt.
The glasses were homogeneous and bubble free, Some samples
of the glasses were also cast into a cylindrical shape. These

were annealed by a standard procedure,

2.2 1Mucleation and Growth Measurements

A good estimation of the numnber of crystal nuclei per unit
volume produced at a given temperature and time of nucleation can
be obtained (2.1) by giving the glass an additional growth treat-
ment, and then analyzing the numbers of crystals present on a
random cross~sectional planc through it. Crystal growth rates
can be dctemmined by analyzing the sizes of crystals on a random
plane through the glass after isothexmal growth treastient, as

will be explained below.

2.2.1 Heat treatments

Xanthal or Platinum wound horizontal tube furnaces, controlled
by either Eurotherm (type 072), Sirect or Ether controllers,were
used. With the Eurotherm and Sirect controllers the temperature
could be maintained constant to within #%°C. The Ether controller
was particularly useful to obtain finely controlled heating or
cooling rates. The sample temperature was measured by placing a
Pt/Pt:13Rh thermocouple over the sample. The specimens were

contained in either platinum or ceramic boats.
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For glasses around the NC;S83 composition a two stagce heat
treatment schedule was used. All the samples were heat treated
in the temperature range 550°C - 700°C for a given time., The
nucleated sarples wiich consisted of approximately 5Smm x 3 mm x
3 mm pieces, were subsequently heat treated at a higher tempera-
ture to grow the nucleated crystals to observable dimensions.
The growth temperature chosen was in the range 725°C - 740°C.
The growth treatment time was approximately three minutes. The
growth temperature was chosen with the requirement that tho
nucleation rate at this temperature was negligible. Also, the
duration . of the growth treatment was chosen to avoid overlapping

of the particles after growth,

2.2.2 Optical microscope technique

The glass samples were cemented to glass slides with either
pitch or Canada Balsam and ground with gsilicon carbide down to
1{000 grade size, Sanetimes 1000 grade alumina was used in the
final grinding stage. They were then polished either with ceri-
rouge or diamond paste (down to O.l ym grain size). After a good
washing with hot water the samples were etched in a 0.001 vol.% HF
0.0004 vol.% HCl distilled water solution for 120 s. buring this
operation the solution was continuously stirred. Next the
samples werc clecned in a ultrasonic machine using a dilute deter-
gent solution. Finally they were given a rinse in distilled
water and dried with a hair drier.

For glasses other than those ncar the NC,53 cdmposition solu-
tions ten times stronger were required for the same ctching time,

to achieve sufficient contrast between crystals and glass in the

optical microscope.
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The samples were exanined in a Leitz microscope at maQﬁifica_
tions up to 500 times, using the cyepiece or up to 160 times on
the photographic £ilm, Photomicrographs were taken on FP4 film
which was developed with a ultra fine grain developer. The
negatives were printed following a standard technique, The
crystal cross-section sizes were analysed from thie prints with a
graticule specially made by a photographic reduction process con=-

sisting of 35 circles covering the range- 0,30 mm to 6,15 mm.

2.2.3 Method of analysis of micrographs

Nucleation densities were determined by estimating the nurber
of particles per unit volume from the optical micrographs of the
polished and etched surfaces of tha sarples given either the two
stage nucleation and growth treatment or a single nucleation
treatment. The following expression was used.

| 2 1
Ny =Ny <> (2.1)

where : N, = number of particles per unit volume, Np = numbcr of

v
1

particle intersections per unit area, < S-> = mean value of the

reciprocals of the measured diameters for all circular intersections.

This relation was developed by De Hoff and Fhines (2.2) for spherical

particles, Also on certain occasions the simpler formula:

Ny = =5 (2.2)

valid for constant particle size was used where N; and Np are as
above and b” is the largest cross~scection diameter. This latter
approach was particularly useful for determining nucleation

densities in systems where the particle shape was polyhedral (for
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exarple cubic). In thes¢ cases b” was a characteristic distance
across the largest particle cross-section, For example for cubic
crystals b” was the side of the largest square cross-section.

Also, for samples vhere a distribution of particle sizes was ex-
pected 2 more laborious method devecloped by Saltykow (2.3) was used,
with this method it is possible to estimate the particle densitics
in each size group as well as the total nucleation density (see
Chaptexr 3).

Finally the optimum measuring conditions were established.

These were a large number of particle interscctions (typically 300)
as large a maximum intersection diameter as possible and a reasonably
large total area. This can bz szcn by considering the source

of errors in the simple cquation (2.2) using lp = %»and A = v where
Nis the total numbor of intersections, A the plate area and X,y

typical linear dimensions, it is found:

ANy AN Az AY b

H e e —

N, N x Y b“

For example for N = 300, AN = 2
£ =y =150 mm
Ax = 1 mm = Ay
b = 5mm
Ab® = 0,1 ma
ANV
—— = 0.6% + 0.6% + 2% = 3,2%,
Ny
So the main conclusion is that for a large number of particles

(N) and large total area (A) the particle intersection dlameter

must be measured very carefully in order to reduce the error in
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Ny. An estimation of AN, usirg equation (2.1) is given in

appendix Al.

2,2.4 Crystal growth measurements

Crystal growth measurenents were carried out by maasuring
the diameter of maximum size cross-sections of spherical particles.
In the case of cubic particles the measurements wors made of the
side of the largest square cross~-section. The glaszes were
previously nucleated for a short time (approximotely 20 miautes)
to obtain enough nuclei to be able to choose the largest cross

section in a large population of crystals.

2,3 Elesctron Mlcroscopy

2.3.1 Transmission electron microscovy (TEM)

Transmission electron microscopy was used to study the mor-
phology of the crystals internally nucleatzd in the glasses. Tt
was also used to measure crystal growth rates in samples heat
treated isothermally and to follow metallic precipitation (Pt or
Ag) in glasses. Although some work was carried ocut with the
replication technique only the results obtained using thin glass
folls will be described here.

Thin glass sections for TEM were prepared using the ion beam
thinning technique. First a thin parallel foil of c¢lass
(approximately 15 um thick) was prepared by grinding as follows.
The glass sample was cemcnted to a glass slide with Canada
Balsam. Six other pieces of glass (200 um thick) were also

cemented to the slide and surrounding the first sample, The
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sample and glass pieces were then ground flat with 600 grade SiC
and polished with cerirouge. Next the sample was turned over
and cemented to a new slide together with 100 um thick glass
pleces as before. Grindlug was carried out until the edges of
the 100 um glass pleces started to disappear. After this stage
the grinding was continued with 3 um diamond until the final

15 um thickness was obtained.

The foil was removed from the slide using methanol and
cemented to a copper grid, The grid was placed in a vacuum
chavber on a rotating plate in an Edwards IBMR2 lon bheam thinning
machine. After a vacuum pressurc of 10~% Torr was reached the
glass was bombarded with Ar ions until a small hole appeared in
the sample. The thin foils were exanined eithex in a Hitachi
BU~-11A instrument (at 75 kv and 100 kVv), Phillips 301 electron
microscope (at 75 kv and 100 kv) or in a high voltage (1000 kv)
electron microscope at the Swinden Laboratories of the British
Steel Corporation in Rothcarham (at 800 kv and 1000 kv) .

The magnifications used were checked with a replica of a
diffraction grating with 2160 lines per mm., For electron diffrac-
tion the camera length was cbtained from diffraction pattemns of

MoO3 crystals.,

2.3.2 Scanning electron microscopy (SEM)

The scanning electron microscope used was a Carbridge M4
(25 kv) instrument. This microscope was useful in obtaining
nucleation densities of glasses which were only given a single stage

nucleation treatment. It was also us2d for examining fracture
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surfaces, as well as the effects of etching on glasses.

The etched samples were prepared as described in the ontical
microscope section. The samples were then stuck to £lat cylin-
drical helders with silver pairt, and a thin layer of gold was
evaporated onto their surfaces to produce a conducting path for
the electrons. The magnifications were checked by placing a
droplet (on the specimen surface) of a fine liquid dispersion of
spheres of polystyrene latex of known size (0.527 um diameter with

standard deviation *0.0027 um).

2.4 Differential Thermal Annlysis (DTA) Measurcments

This technique provided information on the glass transforma-
tion temperature Tg ('DTA Tg'), heats of crystallization, heat
of melting and also heats involved in polymorrhic transformations,

A Standata 625 instrument was used with a high tamperature
platinum wound furnace. A heating/cooling rate of 10°C/minute
was used for most runs. The reference material was AR calcined
alumina. Glass for examination was crushcd in a percussion
mortar and ground in an agate mortar tc 300 B.S. mesh size, Thae
powder was compressed around the tip of the platinum crucible in
;he DTA apparatus. The samc amount of glass was always used
(300 mg). By measuring the area under the melting peaks for AR
NeF and AR NaCl the heats of fusion for the unknown compositions
were estimated. By a similar procedure the heats of crystal-
lization were also obtained. The heats of fusion of the

standord materials were taken from JANAF tables (2.4).
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2.5 ILiquidus Temperature (Ty) Measurcments

The Ty, value was measured by the quenching technique. This
method consisted in holding the glass, contained in a small
platinum crucible, at constant temperature for approximately one
hour and quenching it very rapidly (approximately at 700 - 1000°C
s~1) by dropping the crucible into water (or oil). Then the .
specimen was examined elther visually or in a low power micros-
cope for the presence (or absence) of crystals. The use of
more sensitive instruments cepable of detecting crystals such
as the X-ray diffractometer or the petrological microscope
(polarized light) was not found to be necessary in this work.

By simply looking for the presence of opalescence due to
crystallization it was possible to determine the liquidus tem-
perature very accurately. Tha increase or decreasc in Ty, for
different glasses was also checked in 2 hot stage microscope
illuminated with polarized light. Howaver the values of TL.
were not as accurate as detemined by the quenching experiment.

Althouwgh a horizontal tube furnace was occasionally used
most of the work was carried out in a specially mounted vertical
tube furnacc. Two lateral guides (see Figure 2.1) allowed the
furnace to be moved up and down verxry cuickly. A platinum wire
frame held the crucible and the thermocouples (touching ona side
of the crucible) in exactly the same position for every run.

A Eurotherm controller ensured a control of the temperature to
+0,2°C. The temperature was measured with a Canbridrge poten-

tiometer using an ice/water cold junction,
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ﬁ/ ' Kﬁ-- -Counter weights
: -Pt/Rp, frame
' _Pt crucible
_aferal quides

Control T/C

|

{

i I Controller|M)
Power

L _..{- - - --||-Pt wound furnace
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- FIGURE 2.1 Quenching furnace for liquidus temperature(T} )
measurements.
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FIGURE 2.2 Penefrufor assembly used inthe
penefration viscometer,

Sensor| |Distance meter| |Linear funcfion| _| X-Y
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FIGURE 2.3 Block diagram for displacement measurements
(penetration viscometer) .
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2.6 X-Ray Diffraction

A Philips diffractometer was used to determine the crystal-
line phases present after the heat t{reatments. Samples were
heated at the maximum nucleation temperctura for 60 minutes
followed by 15 minutes at 730°C to crystallize them. They were
then crushed and passed through a 300 B.S. mesh sieve.

X~ray Giffraction was also used to estimate the percentage
of crystals precipitatcd in certaln glasses. This was achleved
by either measuring the area under a particular X-ray peak or its
height and comparing with the corresponding peak obtained from a
known mechanical mixture of crystal and glass. The standard
NC,S3 crystalline material was prepar=d from very pure AR NayCOj3,

AR CaCOj3 and silquartz. Each component was weighed to an accuracy

of 1074 g. The components were ground and mixed in an agate mortar.
The mixture was placed in a platinum c¢rucible with 1lid and held

in the temperature range 900°C - 10C0°C for 7 hours. The whole
sintcred mass was removed from the crucible, crushed and ground to
300 B.S. mesh size and X-rayed to assess the formation of the NC,S;
compound. After repeating this process five timcs the area and
heights of the peaks reached maximum values. The final 300 B.S.
mesh size powder (always kept in a desicecator) was diluted with
glass and vigorously mixed in a small glass bottle. Ten dilu-
tions in the raage 10% to 100% crystals were prepared., The
diffraction angles covered were from 20 = 19° to 28° where two well

separated NCgS3 peaks, suitable for measurements, could be found.

SHEFFIELD
UNIVERSITY,
LIBRARY
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2.7 Chemical Analygis and Chemical Durability Test

2.7.1 Chemical analysis

A nurber of the glasses melted were analysed for Nay0, CaO
and F. For Naj0 determination either thc flame photaretry
technique or the Triple Acetate method was used, 1he latter
was preferrned for obtaining absolute Najy0O content. For Cao de-
termination either the flame photometry technique or the EDTA
titration method Was: used, the titration technique being
preferred. For the glass 1'C;S3 the level of Al;03 and total Fe
were determined by EDTA titration and the thioglycolic acid
method respectively. The fluoride contents in certain of the
glasses were estimated from a technique which involved measuring
the potential difference between two electrodces, one as reference
elcectrode and the other a F~ permeable electrode of lanthanum
fluoride crystal. Further details are given in Appendix A2.

The dectails of the measurements as well as the preparation

of the reagents are given in Appendix A2,

2.7.2 Chemical durability

Chemical durability was assessed by measuring the amounts of
S10, and Nay0 extractced from glass grains after attack by known
solutions for one hour at 98°C. The glasses and corresponding
glass cecramics (crystallized by a two stage heat trcatment schedule)
were crushed in a mortar and passed through a 35 B.S. mesh sieve
and retained in a 45 B.S. mesh sieve. The grains were washed
with AR Acetone and stored in desiccators., Accurately known

amounts of the grains were transferred to 50 ml volumetric flasks
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and 40 ml of either distilled watecr or 0.024 M HCL (;repared from
AR 36.5% HCl, i.e. arproximately 12 molar HCl) acid solution was
added to them, Next the tops of the flasks were covered with
polythene and the flasks transferred to a autoclave containing
water for one hour at approximately 98°C. After the flasks had
cooled to room temperature, thecy were £illed with the appropriate
attacking solution to the graduation mark. Thae cxtracts wera
then collected and the grains were washed with acetone and dried
for further use. The extracts were analysed for NajsO by flame
photometry and for Si0s by the colorximetric molybdate method.

The results for various glasses and corresponding glass ceramics
arc presented in Chapter 5. The S105/Nay0 doterminations are

described in Appendix A3,

2,8 Viscosity Mcasurements

It was considered nccessary to cbtain viscosity cata in order
to provide a better understanding of the crystal nucleation and
growth process in soda-lime-silica glasses. For glasses which
crystallize fairly easily it is very difficult to cbtain accurate
vigscosities in the range 102 - 108 Poises. However it is often
possible to obtain data at high temperatures, i.z. for viscosities
in the 10 - 10° P. range by the rotating cylinder method and at
low temperatures (l.e. 10° - 1013 P) by the penetration, parallel
plate or beam‘bending methods. In this section the theory and

operation of three viscometers are described.
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2.8.1 Penetration viscometer

The technique consists in measuring at a given terperature
the penetration into the glass by a rigid sphere, under the action

of a load.

2.8.1a Apparatus

Briefly the apparatus (2.5) consisted of:

(i) A tube furnace (Kanthal wound) which could be moved in a
vertical direction.

(i1) A silica column on which the sample was placed but
scparated from the column by a platinum (or mica) foil.

(iii) A penetrator made of silica tubing clamped to a saddle
on which the weights were placed. The ball was insertad into
the lower end of the penetrator as shovn in Figure 2.2.

After several trials it was decided to use a total lozd of
2256.5 g and a ball of diameter 0.3175 cm to obtain deforma-
tions corresponding to vicosities in the 10° -1013 p, range,
(iv) A measuring device: a capacitance sensor with accessories
as shown in Figure 2,3. The calibration was such that a pene-
tration of 0.1 cm corresponded to 10 cm in the y axis or the
recorder.

{v) An hydraulic system allowing the saddle to be relecased.

The furnace temperature was controlled to 20.2°C and the
measuring thermocouple (chromel/alumel) was placed touching the
steel plate very near to the sample. The annealed glass samples
were cylinders of approximately 1 cm diameter and 0.3 cm thickness.

They were ground flat and parallel with several grades of SiC and
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polisiied with cerirouge. The polishing was necessary in order

to inspect the samples for visible cracks, cords, etc.

2.8.1b ggeration

with the sample and furnace in position a stabllisztion
period between 15 and 30 minutes was required. Although 30
minutes stabilisation was usually employed, a time of only 15
minutes was allowed for samples tested at hign temperatures
vhere the danger of crystallization was greater. During the
holding time the y axis magnification was checked and the &
_axis pen speed set according to the total deformation expected.
Then the saddle was loaded and simultaneously both the recorder
and the stop watch started. The sample temperature was measured
at ragular intexrvals during the course of the experiment. At
the end of the experiment the time on the stop watch was
recorded, the saddle lifted and thc sample was taken out. It
was found useful to examine the specimens for crystals aftexr the
viscosity measurements, (See section 2.2.3). A typical deforma-

tion curve is shown in Figure 2.4.

2.8.1c¢ Theory

This is based upon the solution from elasticity theory in
which the rate of strain and the coefficient of viscosity hawve
been substitutcd for the strain and the rigidity modulus rcespec-
tively (2.6). Thus for a viscous body penetrated by a sphere
of infinite rigidity at constant temperature, the following

formula can be obtained:

& 3

dt l6an (2.3)
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Figure 3.22a, b, ¢ and d

Optical micrographs of C2 heated at 654°C for (a) 90, (b) 75
(c) 60 and (d) <5 min. Mag X504,
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i"
where (see Figure 2.5) éé-is the rate of penctration (cm s™1)

P is the total load in dynes, a = V¢y—y2 is the radius of the

’

circle of contact in cm, ¢ is the ball diameter and n is the
coef ficient of viscosity in Poise. For small deformations

y << ¢, so

a=¢ y (2.4)

By integrating equation (2.3) and rearranging we obtain:

3
_gggg -y 2 (2.5)

32né

Although this was the basic formula used, eguation (2.3) can be
exactly solved even for deformations not satisfying ecuation
(2.4). The viscosity coefficient can be calculated, by using

the following change of variables (sece Figure 2.5).

i--dn}- .y=0'e=“/2.(" =--q)- G ° :‘.‘m— =$
y =7 > sin6 ; v & iy & ey ;dy 5 cosfdb ; a = Viy y2 5 cos@
Hence equation (2.3) can be integrated to give:
P 3
-9—--*'—1-1: =3—¢/2[u - 28, - s1n20,] (2.6)
32 n¢” 32 -

or

9 Pt _3.3/21_ ....2_

A
ES (1 - &y (gy-y2)7] = £(y)
32 no® 16 ¢ ¢

(2.7)

It can be shown that equation (2.6) approaches equation (2.5)
vhen y << ¢ .(see:Appendix n51),

In Table (2.2) data from Figure (2.4) is presented together



TABLE 2.2 FROM DATA IN FICURE 2.4

v3/2/¢ (x 105)

t y £ly)/t (x 10)
(seconds) (em x 10%) from equation:. from equation
S 0 (243) (2.7) :
73 11.4 16.67 16.31
145.9 19.0 17.95 17.59
218.9 25,1 18.17 17.81
291.8 30.9 16.61 18.12
364.8 35.7 18.49 17.65
Mean value 17.98 x 10~® 17.53 x 1076
On-1 Standard -6 -6
deviation 0.78 x 10 0.70 x 10
logygn 10.738 10.798
A(logyon) 0.004 0.004
2
£x2 - (Zx)

In-1 = (n-1)

where n = number of values (5)
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with the viscosities calculated from eguations (2.5) and (2.7),
where 2 ?-; was taken as 1.104 x 10° (cm)a/2 Poise s”!, It can
be seeifthgt:(i) the differences between equation (2.5) and the
more exact equation (2.7) are greater for the larger deformations,
(11) the more accurate equation (2.7) gives less scatter than the
equation (2.5) as shown by the values of the standard deviations
given in the table. However, the loggn values are very close
for poth equations, The relative errors éﬁ- and -i—i—g-‘:-;—gﬂ-
obtained using equation (2.5) can be estimated as 0.044 and
0.0044 respectively (see Appendix ASe).

In Figure (2.6) the logjgn values vs temperature for the
NBS 710 soda-lime-silica standard glass measured in this work
arc presented as well as the values measured by Napolitano and
Hawkins (2.7). Although at low temperaturecs the penetration
viscamcter tends to give lower values compared with the data
from reference {(2.7), it is seen that in the viscosity range
1025 to 10!l Poises the agreement is excellent., Hence it was
decided to use the 2 2;; value quoted above for all the

32 ¢

measurements.

In general the calculations for either cquation (2.5) or
(2.7) were perfocrmed on a computer. A least squares fit of
the ysé or £(y)/t values was cbtained, from which the viscosity
coafficient was calculated.

A fit to the viscosity vs temperature data for each glass

was obtained by using the Fulcher equation:

B
T- To

logijon = A + (2.8)
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where A, B and T, are adjustable parameters and T(T,) is in °C.
The Fulcher constants were calculated in a computer through a
least squares fit of the followirg function obtaired from

equation (2. 8 by substituting

m

Ty=% ¢+ loggny =yy 3 B-ATy=C

£y mxyyy = Ary + Tgyy + C (2.9)

where Xy and yy are assumed to be independent varlables., In the
least squares method values of the constants A, To and C are

required such that the gquantity

N N
e=)e2 =] [£ - (Axg + Tgy; + 02
i=1 i=1

{8 a minimum where N is the number of experimental points.
By partially differentiating ¢ with respect to the constants A,
T, and C and equating to zz2ro the following system of linecar

equations is found:

N
A z xiz + T z xiyi + C z Xy = z xifi
i=1 i=g i=1
N
A 2 “¥L + To, 2 Yiz +c Z vi =1 vify (2.10)
i=1 i=) i=)

A z vy + To 2 yi +CN = z £q
i=1 i=1

This system can be solved by the Cramcy rule 1f the determinant

D given by
N N N N N N
p= § 22N ): 42 - Z yi)z) - Loy ] xgys - [y fyp
=1 f=l i=1 i=1 1=l “ia=l

N N N N

N
+# Yo Yogys Jyg - Lo ly®
i{=} i=1 i=1 i=1 i=}
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is different from zero. For exarple the constant A is given by:

LN N N i N N N
A=l afi 0Ly - (Typ? - T oy ] yify - Jyg ) g
i=) i=) i=) i=] i=) i=1 1=
N N N N N
+ Tt lyy Dysfs - 1 £k ve®) (2.11)
i=1  i=1 4= i=1 i=1

The computer program (in Fortran) to calculate A, B and"ro is
given in Appendix A4. This program was checked with the viscosity
data published in Reference (2.8), For example the Fulcher con-
stants obtained by us from the data presented by laboratory D
(rReference (2.8) p.37) for the soda-lime-silica glass were:

A= -3,604, B = 8616.95 and Tq = ~92.52 whereas the values quoted
by laboratory D (by a least squares fit) were: A = -3,586,

B = 8566 and T, = -89,

2.8.2 Rotating cylinder method

The method, as used in this work, consisted of (1) sH%ring
the viscous liquid between two concentric cylinders and (ii)
measuring the torque required (on the inner cylirder) to maintain

a constant relative velocity.

2.8.2a Apparatus

The apparatus is shown sdhematically in Figqure 2.7. The three
suspension wires allow the torques produced by different viscous
drags to be measured. The inner and outer cylinders (made of
platinum) are cemented concentrically to sillimanite tubes, The

top tube has a mirror and a threaded metallic rod where the
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calibration plate cylihders (sea section 2.8.2¢c) can be attached.
The measuring thermocouwple is inserted into the top tube and
passed through to the bottom tip of the imner cylinder. The
working characteristics (top and bottom clearances) are shown in
Figure 2.8. The platinum wound furnace (three independent
windings) can be moved up and down. The bottom sillimanite tube
is clamped to a chuck joined to a gear box; this in turn is

connected to an electric motor which can rotate in either direc-

tion.

2.8.2b Operation

After the desired temperature was cbtained a stabilization
period of approximately 30 minutes was allowed. The tempera-
ture was measured and the thermocouple dlsconnected. The motor
was started and the light spot position on the scale recorded.
It was possible to record for the same settings, the deflection
to the left as well as the deflection to the right (with the
motor reversed) and the equilibrium zero (see section 2.8.2c).
Reasonable large deflections (approximately 15 am on the scale)
were produced by choosing both the correct number of suspension
wires and rotating crucible speed. Then the temperoture was
recorded again and the average between the two readings: (before
and after) was taken as the temperature of the measurement.

A typical chart of readings is shown in Appendix ASa. The
average between left and right deflection was taken as the

deflectlion to be used in calculating the torque.
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2.8.2c Theory

It can be shown (2.9,2,10) that the viscosity coefficient at

constant temperature is given by:
ChL (2.12)

where (see Figure 2.8) T is the torque in (g crfs™2)

2n. 2
R
cCs= 4“§T2:§;2 = 2,394 cm?, R; and R4 are the internal and extexrnal

radii; § the angqular velocity (1.564 rad ¢!y and
L =Lc+ %;Rz = 2,767 cn. The torque T can be expreseed as:

T = X8 (2.13)

where K is the torsional rigidity of the suspension wire(s) and
® is the angle of twist. The constant K can be determined for
each wire combination by the use of two flat cylinders of different

sizes and masses. Then

= ar2 LX1=15)
K = 4n 723}32277 (2.14)

where I = %-m r?, m the mass of cylinder in g and r the radius of
cylinder in cm, t is the period of oscillation of the rotating
pendulum consisting of the wire and weight attached. The values
for K4 (3 = number of wires) are given in Appendix A5b. By in-
serting the values previously stated and the Kj constants in the

Ko
formula n ‘E—df wa obtain .

for K = Xy n =99.13 (g em~}! 71 raa~!) x 6 (raq)
for K = Kp n = 622,50 x6

for K=K n =1829.43 x 0
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(6,~6__) + (6 =6)
where 8 is calculated from < 0 > = —2CR > OL L' i ere

x
04 =-E£-, &y 1s the deflection onthe scaleand U is the mirror

scale distance; eoR (eoL) is the zero deflection just before the
right (left) deflection was measured (see Appendix ASa). in
Appendix ASc the results of measurements on the NBS 710 standard
glass are quoted using equation (2.13). Also given are values
obtained from

‘ n= aRe (2.15)

using an averaged value of o in the range 1398 - 1490.5°C
obtained by inserting thc accepted viscosities of the NBS 710
glass in (2.15) and the experimental deflections measured with
the three wire arrangement. This averaged value of oy was found
to be < ap > = 143.14, It can be seen that over the whole
temperature range the agrcement with the NBS data is good showing
the uniform behaviour of the instrument at different temperatures
(column 6, Appendix AS5c). It can also be secen from the same
table that the best agreement between the values calculated from
the physical constants and the published data for the standard

glass is found in the working mode of three wires. For one

wire and two wires the results arc a little higher.

2.8.3 Beam bending technique

This method consists in measuring the mid-point deflection

of a glass beam supported at each end.

2.8.3a Apparatus

The apparatus ls shown schematically in Figure 2.9, Tha
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samplc glass beam rests in grooves in the top of a silica glass
tube. A silica glass hook is placed on the centre of the beam,
the hook being connected to a glass rod and transducer. The
load is applied to the other end of the transducer armature.

The furnace temperature is regulated by a Eurotherm controller to
an accuracy of 0.2°C. The measuring thermocouple can be moved
vertically as well as horizontally (this was convenient for
checking the transverse temperature profile of the furnace).

The transducer holder has a mechanical device which can align
the transducer parallel to the apparatus axis. The deflections
are measured with a LVDT (Linear variable differential trans-
former) unit and an oscillator/demodulator device (D5/200 and
D11 RDP Electronics respectively); a typical sensitivity is

2 mV per V per 0.001". The output signal is fed to a standard

recorder.

2.8.3b Theory and operation

It can be shown (2.11l) that the glass viscosity at constant

temperature is given by

3
_ gL 0AL |
NS 2Ty [+ T%] (2.16)

where n is given in Poise, g is the acceleration due to gravity
(cm 8~2), I, the cross sectional mo™ ment of inertia (em*), v
the mid-point deflection rate of the beam (cm min~}), M the load
in g, p the glass density in g cur3, A the cross sectional area
of the glass beam (en?) and L is the Qupport span (cm). I.is

3
glven by 5%5 (sce Figure 2.9). The sample was placed in the
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grooves on the silica tube (furnace already at testing tempera-
ture). The hook was placed in the middle of the beam the
furnace closed, the transducer attached and the load placed over
a laboratory jack. After a given time had elapsed (approximately
20 minutes) the weight (approximately 300 g) was relcased and the
deflection recordad vs time, Temberature readings were recorded
during the experiment.

To illustrate the capabilities of this system to measure
viscosities let us calculate the expected total mid-point beam
deformation at a giwven time for a square cross section becam of
glass G2 with the following characteristics: density p =

2,75 g em™3, a=h =0.2cm M =30g, L=25cmn., ‘fThen from eqn.

1.149 x 10!}
=
v

(2.16) n

go for n = 1012 p v = 0,1149 cm/minute; X = 11.49 mm
n=113p v=o0.01149 * ;7 & =1.15m

n = 1ol p v = 0,001149 * : z = 0,115 mm

where £ is the total mid-point beam deflaction in 10 minutes.,
Although measurcments can be made in the ranje 1012:5 p to
10l% p 1t should be remenbered that appreciable n vs time
behaviour is expected in the glass transformation range (2,12).
For example for a glass rapidly cooled through the transforma-
tion range the viscosity at temperatures in the transformation
range is expected to increase gs the heat treatment time in-
creases (fictive temperature higber than temperature of

meagurement) .



2.9 Other Experimerntal Techniques

2.9.1 Water content determination by infra-red (IR) spectroscopy

The method consists in adding the amounts of water which con-
tribute to each wave length band in the IR absorption spectra

following the technique developed by Scholze (2,13).

2.9.1a Apparatus

A Grubb-Parson double beam spectrophotometer was used.
The wave length range covered was from 2 um to 5 um. After the
spectrum vas recorded the following corrections were made:
(1) Subtract the kackground curve vhich in theory should be zero
and may be considered as instrumental bhechaviour in the particular
range of wave lengths; (ii) Discount the approximately constant
level of absorption due to general scattering of the sample and
reflectivity from sarple surfaces. Then the curves were analysed
in a Digital Curve Resolver to obtain the main peaks wvhich matched
with the normal peak positions in glasses due to OH™ vibrational
groups, The peak heights of the assumed Gaussian peaks as well

as the peak positions were used in the water content calculations,

2.9.1b Theory and calculation

Following Scholze (2.13) water is incorporated into the structure
of glass and gives rise to absorption bands of different strengths,
gcholze “onfirmed that the 2,75 to 2.95 jm and 3.35 to 3.85 um bands
were due to OH  groups assoclated with the structure and found
that the 4.25 um band was not due to 0032' but water, He showed

that the positions of the bands do not depend on water content but



56.

in general depend on the glass structure itself, 2lso the gieater
the wave length of a particular OH band the stronger is the hydro-
gen bridge bond which joinﬁ to a neighbouring oxygen and the
smaller the interval between the two oxygens linked by the hydro-
gen bridge bond., Takle 2.3, taken from SCholze'(2.13), compares
the 0-0 distances and the bond encrgies for some OH bands that
occur in glasses. In general with increasing wave length of a
band, the bond energies are larger and hence the adbsorption in-
creases and the extinction coefficient increases. This fact plus
the assumption that the extinction coefficlents depend mainly on
the wave length and ¢o not vary with glass composition provide the
basis of the method of detemmining the quantity of water in glasses.

As mentioned above the experimental IR curve is corrected
for reflection losses and absorption in the sample and background
absorption from the air and is resolved into the main peaks. For
exanmple in Figure 2.10 the uncorrected absorption curve for the
Gl4 glass direct from the spectrophotometer is shown and in
Figure 2.1) the result are shown after applying the corrections.
In Table 2.4 the detailed data and corrections are given for the
Gl4 glass.

The transmitted intensities for these peaks ave read off and
using the extinction coefficients detemined by Scholze the water
concentration C can be calculated from the Larbert-Beer equ~ation:

1 Is
C=:3 log T (2.17)

where C is concentration in mole cm‘3, £ is the extinction

coefficient in cm? mole-!, d is the thickness of the glass in



TABLE 2.3 ABSORPTION BANDS DUE TO OH FROM REFERENCE (2.13)

[-]
Position of the O©O-O distance (L) Bond @ ergies

of~ bands (pum) (kcal/mole)
2.75 3.20 ‘ 0.0
2.85 2.95 2.2
3.55 2.65 6.8

4.25 2.55 10.0
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TABLE 2.4 DETAILED IR ABSORPTION AND CGRRECTION DATA FOR Gl4 IN
THE 2.6 TO 2.9 Um RANGE

Vave Alr 014}2" Correction tA .4
Liﬂg:h Mbgsorption Aksorption Absgi;tion Coréiztion loglo[ IEB:E;
2,600 8.5 21.0 12.50 1.50 0.0066
2.625 7.5 20.0 12.50 1.50 0.0066
2.650 7.2 20.0 12.80 1.80 0.0079
2,675 7.0 20.0 13.00 2,00 ¢.0088
2.700 7.0 20.5 13.59 2.50 0.0109
2,725 7.0 24.0 17.0 6.0 0.0268
2,750 7.0 30.0 23.0 12,0 0.0555
2,775 7.2 3g.0 30.8 19.8 0.0958
2,800 7.0 42.0 35.0 24,0 0.1192
2,825 7.0 43.5 36.5 25.5 0.1278
2.850 7.2 44.5 37.3 26.3 0.1325
2,875 7.5 45.5 38.0 27.0 0.1367

2,900 7.2 46.1 38.9 27.9 0.1461
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en and I,,I are the incident and transmitted intensities respec-
tively. To obtain C in wt.$ the following conversion formula
can be used.
. 1.8
C(wt.%) = C(mol/litre) x e (2.18)
where p 1s the glass density. The densities were determi:ned

using the Archimedes method

Wa
Ha ~Vw

p = ] (2.19)

where ¥, and W,, are the weights of the sample in air and water

respectively. The corrected density 1s given by:

Pe = plpy=0) + 0 (2.20)

where py and 0 are the densities of water and dry air at 27.5°C

and 757.5 mm Hg Barometric pressure, which are

Py = 0.9978 ¢ em=3

and 0 =1,157 x 1073 ¢ cm~3

For example, the corrected densities for glasses G2 and G1l4 rapidly
quenclied were: 2.728 g em~3 and 2.736 g o 3 reagpectively. The
water contents for the G2 and Gl4 (lasses are present=d in Table

2.5 as typical results.

2.9.2 Mechanical properties

Breaking strength tests on glass ceramlec beams with rect-
angular cross sections were carried out in a universal Instron

machine. The beams were fractured at room temperature under



?ELE 2.5 WATER CONTENT RESULTS FOR GLASSES G2 AND Gl4

1 1 2
Glass v cm) A(ym) 1logjg _i_o_ ;e:iiiegf € (cn® /mole) CoARTIAL —
(mole/litre) :mole/litre wt.$%
peaks
CGl4a 3 448 2.90 0.080 6.6 75 0.0232
2 857 3.50 0.196 74 150 0.0284
2 3¢6 4.19 0.140 14 310 0.0038 0.0614 0.040
G2 3 448 2.90 0.012 12 75 0.0043
2 857 3.50 0.025 74.5 © 150 : 0.0047
2 386 ¢.19 0.019 13.5 310 0.0017 0.0107 0.007
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normal atmosphere on a four point bending jig, as shown in
Figure 2.12, with 0.6 cm span between the inner rods and 2 cm
span between the outer rods. The samples were cut after the
nucleation and growth heat treatments with a diamond impreqnated
circular copper sav. They were then ground and polished with
siC (several grades) and ¢ ym diamond paste (wetted with a mix-
ture of oil and paraffin). The polishing cperation was necess-
ary in order to inspect the glass ceramic for visible cracks.
This operation was also timed (approximately 4 minutes) in order
to provide approximately the same surface condition for all of
the beams., After polishing the samples were stored in a des-
iccator with silica gel. The final size of the beams was appro-
ximately 1.9 mm x 2.1 mm x 30 mm,

The machine was calibrated up to a total load of 5 kg in-
cluding the weight of the bottom part of the jig and the weight
of the sample. The cross-head speed was 0.005 com per minute
and the chart speed was 1O c¢m per minute.

The glass beams always fractured between the inner rods where
the applied stresses were a maximum. Assuming that the fracture
stress is the méximum applied stress the former can be calculated

(2.14) from the following equation:

11 - -
o =¥ aFxg, (fazty)  h, L Fg(lr-ty) (2.21)
max I 2 2 5 2h° g &l

12 6

where (see TFigure 2.12) U = gﬁntﬁzgﬁl),is the bending momcnt

(M), y ¢= h/2) is the distance-from the neutral axis to the
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surface (m), I = E%%-is the second moment of the beam cross sec-
tion about the neutral layer (m“) and cf is in M m~2, A typical
deformation curve is shown in Figure 2.13. The Young's modulus
E can also be calculated (2.14) by noting that the beam between
the inner rods is in pure bending (no shear stresses); the

deflection of the beam (at the mid~point) can be approximated for

small deflections by

.

(2.22)

where § is the maximum Geflection (m), &; is the distance between
inner rods (m) and s is the radlus of curvature of the beam under

the action of load F (see Figure 2.12), s is given by

§ = == (2.23)

(2.24)

2.9.3 Thermal expansion measurements

The linear ccefficient of thermal expansion o was determined
for a number of the glasses and the corresponding glass ceramics.
Expansion measurements were also useful to compare other thermally
dependent properties. For example the thermal exncnsion trans=-
formation temperature Tg and softening point of the glasses ceuld
be determined. For the glass ceramics polymorphic phase trans-
fomations could also be detected, as will be described later.

e coefficient a is given by
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o = LAL (2.25)
L AT
where £ is the original length, A% is the increase in length and
AT is the temperature interval. The apparatus used (2.15) is
shown schematically in Figure 2.14, The method consisted in
comparing the elongation of the sample with the elongation of a
silica glass rod. The heating rate was 3.3°C per minute. The
deflections were read off the scale after each 10°C increase in
temperature. To the deflection observed was added the deflec~
tion of a silica glass rod (a approximately 5 x 10~/ °c~ly of
the same length as the sample tested. The glass samples were
prepared by cutting strips (approximately 8.4 cm in length) from
annezled glass discs. The calculation of the coefficient ¢
for different temperature ranges as well as typical &%fﬂ ve

temperature (°C) plots will be given in a later chapter.



CHAPTER 3

EXPERIMENTAL RESULTS

Na20.2Ca0.35102 glass
composition and glasces

close to this composition
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As discussed in Chapter 1, previous work (3.1) has shown that
the glasses around the stoichiometric compositions NC;S3 and N,CS3
exhibit internal crystal nucleation. In the present work detailed
study was made of the crystallization kinetics of glasses whose
compositions were very close to the NC2S3 composition. In this
chapter several soda-lime-silica glasses around the exact NCyS,

composition are experimentally analysed in detail,

3.1 class G2

This glass (and also Gl) was melted from a Latch with the stoichio-~
metric composition Na0.2Ca0.3510;. From chemical analysi§ the
final composition of G2 was 17.07 wt.% Naz0 (16,27 mole % N},
31.40 wt.% Ca0 (33,07 mole % C) and 51.53 wt.% Si02 (50.66 moles S).
(nppendix A2, Table A2.1). So it was close to ¥NC2S3 but there was
approximately a 0.2 wt.% loss in Ca0 and 0.4 wt.% loss in Naz0.
This small change in composition was not sicmificant for most of
the present work since similar lossec were expected for tue other
glasses (including those with additions of other components to NC;Si).
Hence stralght comparisons could be made. Also, the influence of
changes in the Naz0, Ca0O and SiOz components from the exact NC;S;
composition on both nucleation rates and viscosities was clearly
established from independent work to be descriked later.

During a preliminary study of the interral crystallization in
this glass the optimum etching technique was developed for observa-
tion of the crystals in the optical microscore, which involved

neither 'over' etching nor ‘under' etching. Although previous
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workers used 0.03 vol.% ENO3; for 5 seconds (3.1) or 1 vol.% EF,
0.2 voli% HCL for 5 seconds (3.2) for similar compositions, in this
work the best etching solution was found to be 0.001 vol.% ¥,
0.0005 vol.% HCl with an etching time of approximately 120 seconds.
It was found that the crystals were etched more rapidly than the
glass as can be seen in Figu?e 3.1 which shows scanning electron
micrographs of the etched glass. This kehaviour toward acids is
supported by the results of the chemical durability experiments to
be presented in a later chapter. Thus the NC2S3 glass ceramic
when tested for attack by hydrochloric acid gave higher extracts
of Naj;O than the NC233 glass, indicating that the glass was more
durable to acids. The larger etching effect on the crystals may
also explain the considerable difficulty exrerienced in preparin§
carbon replicas for electron microscopy from this glass. Carbon
was evaporated under vacuum onto fractured or ypolished surfaces

of the glasses. The final replicas (after "floating off" in
either warm water or a very dilute HF solution) contained many
holes corresponding to the location of crystals in the glass sur-
face. A probable explanation for these holes is that in the

very rough cavities produced by the etching of the crystals the
carbon layer 1s not easily detached by the "floating off" tech-
nique, so the replica is torn around the crystal-glass boundary
leaving a hole. Although this prolilem was partly overcome by
etching for shorter times the replicas were not of good quality

due to the lack in contrast (see Figure 3.lc).



Figure 3.la,b

Stereoscan micrographs of G2 heated at 620°C for 150 min.
Etched for: (a) 45 s in acid (sce text). Mag X7,4CC.
(b) 90 s in acid (seec text). Mag X14,100.

Figure 3.1lc (left)

Electron micrograph of a replica of G2 heated at 578°C for 20 hr
then etched in acid (see text) for 20 s. Mag X11,70C.

Figure 3.3a (right)

Optical micrograph of G2 nucleated at 621°C for €0 min and grown
st 730°C. Mag X504.

Figure 3.3b

Electron micrographs of G2 heated at 578°C for 20 hr
Mag X29,500; X26,800.
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3.1.1 HNucleation Rates (G2)

The nucleation data for glass G2 obtained using the equations
(2.1) and (2.2) are summarized in Table 3.1 and Figure 3.2, 1In
Figure 3.3a a typical optical micrograph is shown, and Figure 3.3b
ehows transmission electron micrograpls of NC,S3; crystals. The
crystal morphiology will be discussed later.

In Figure 3.2 are shown plots of loglo(ﬁ%) versus temperature,
where N, is the number of nucleated crystals per unit volume at
the given temperature (°C) after a time t of 40 minutes. N,,/t may
be regarded as the 'average' nucleation rate over this time inter-
val. These values are probably close to the 'steady state' nuclea-
tion rates except for the results at the lower temperatures where
incubation time effects can cause appreciably non linear N,, versus
t B.3). Thus at the lower temperatures the Ny/t value will
probably be an underestimate of the steady state nucleation rate.
This effect will be further discussed later in this chapter.

The Ny/t or 'nucleation rate' curve shows three main features:

3

(1) A paximum of 1.259 x 10" nuclei mm~? min~! is found

at approximately 617°C.

(11) A 'cut off' at avout 570°C and a high temperature
‘cut off' at about 710°C where the frequencies were
below 102 nuclei mm~3 min-?

(111) A range of approximately 140°C where the nucleation
process was clearly detected.
In order to check the valuec of lly obtained using equations

(2.1) and (2.2) the particle size distribution method was employed.



TISLE 3.1 NUCLEATICN RESULTS FOR GLASS €2

T(°C) Tire N b' Magmifi- A° ' Nt xM3, 2. 1 NyrorzL
t, nins nuwber (mm) cation plate %og‘°(A'xb'xt) log'°(§'A'xt <E>) logye( t )
- of area Due to Schwartz
particles (zm?)
inter-

sections

580 40 70(71) 3.4 143.8 17120 1.99 1.89 -

6OC " 346 2.3 2976 " 3.75 3.67 -

€20 v 104 5 744 " 4.10 4.03 -

640 " 44 (44) 6 744 " 3.66 3.68 -

66C “ 225 5.5 297.6 v 3.19 3.22 -

&80 * 369 4.1 148.8 " 2.64 2.62 2.67

700 w 147 11 148.8 * 1.80 1.73 -

710 # 142 12.5 143.8 " 1.74 1.66 -



FIGURE 3.2 LOG{Nv/t) AS A FUNCTION OF TEMPERATURE FOR GLASS GZ
X Calculated from equation (2.2) |

? - " . ) (1)
LOG‘éNv/f) |
t:40 min.
lel-mm"
3. +
Schwartz's
me thod
2. +
s
T(°C) —e
1.25 | |

570 590 610 630 650 670 690 710
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In this methbd due t?éaltykow and Schwartz (3.4d) the‘particle size
distribution is first estimated. A sample of the glass G2 given
a nucleation treatment at 680°C for 40 minutes followed by a growth
treatment at 730°C for 3 minutes was chosen. For this sample a
distribution of particle sizes was expected because of the appre-
ciable crystal growth rate at the nucleation teﬁperature
(approximately 0.7 un min~!).  The logye(Ny/t) value, using
equation (2.2) and assuming a diameter of 4.1 mm for the largest
cross section was 2.64. Following the Saltykow method the number
of size intervals k was chosen as 8. The width of each interval
7 was 0.528 mm such that k x A = 4.23 nm.  The print magnifica-
tion M was 148.8 and the print area p' measured was 17120 mm?.

The nurber of particles in each size intervsal are given in Table 3.2,
Also given are the calculated number of particles per unit volume
Nv(k) for each interval k except for the first four intervals vhere
their sum is quoted. The sum of the Ny(k) for all the intervals
gave the total Ny(Ny(T)). TIne value of loglo(-l\l!g—)-) with t = 40
pinutes is 2.67, which is in close agreement with the values cal-
culated from the two previous methods described (ecquations (2.1)

and (2.2)), i.e. 2.64 from equation (2.2) ard 2.62 from equation (2.1).



TABLE 3.2 PARTICLE SIZ: ANAL‘ISIS FOLL.OUING SCHVARTZ'S METHOD

k Range kA (mm) n:number of particles Na(k) - (148.8) *n
A & x 17120

1 0.00 « 0.53 o) 0.0
2 0.53 1.06 14 5094.97
3 1.06 1.59 20 7278.53
4 1.59  2.12 55 20015.95
5 2,12 2.64 46 ' 16740.62
6 2.64  3.17 79 23750.19
7 3.17 3.70 84 30569.82
8 3.70 4.23 84 305£9.82

N (1) + Ny(2) + Ny(3) + Ny(d) = 950.97

N, £5) Ny (6) HaL7) Np(8)
609.32
L Np(8) Np(7) Np(8)
Ny(6) = 0.3015 —7— = 0.1081 -—x— - 0.0346 —5— = 4305.87
Nal7) Np (8)
Ny(7) = 0.2773 —=— = 0.1016 ——— = 5371.12

N (8)
Ny(8) = 0.2582 —— = 7893.13

Na(1) Na(2) Np(3) Np(4)
© o Np(5) ¥ (6) Np(7) Na (8)

+ 0,1433 A + 0.1170 —:Z"_'+ 0.0938 5 - 4+ 0.0856 A

3 A

N
= I Ny (i) = 1213041 nuclel per mm”, where A ﬂ(-iTS-.’SC)—T and

i=1
Np(k) is the number of particle intersections in class k.
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3.1.2 Growth Rates (G2)

Growth rates were measured using the crfstals internally nucleated
after a single heat treatment at a given tenperature. A typical
linear plot of the maximum cross sectional diameter vs. tine at a
given temperature (678°C) is shown in Figure 3.4. The growth measure-
ments are summarized in Table 3.3 and Figure 3.5. Fiqgure 3.5 shows
the crystal growth rate (um min~!) vs. temperature (°C). There is
a considerable overlay of the growth rate curve with the high
temperature side of the nucleation rate curve (Figure 3.2), In fact
this composition crystallizes very rapidly for temperatures higher than
the nucleation rate maximum at 617°C. To demonstrate this point
an approximate calculation of the time required to crystallize the
cglass (to a certain level of crystallinity) at different tempera-

tures will be made using the Johnson-Mehl equation

X w1~ expl- -g- 1 ulth) (3.1)

where X is the volume fraction transformed, I 1is the mucleation rate,
U is the growth rate and t is the transformation time. For the
assumptions involved in this equation see for example reference (3.5).

8 min™ 1

From Figures 3.2 and 3.5 at 640°C, I = 5,01 x 10° nuclei mm~
and u = 10,5 x 10~% mm min~?. From ecaation (3.1) with X = 0.93

(98% crystallinity) t is found to be 159.3 min. It should be stressed
that equation (3.1) is only an approximation because the incubaticn
times in both nucleation and growth rates (which will be further

analysed later in this chapter) are not considered in its derivation.

However in the temperature range where the present calculations were



FIGURE 3.4 MAXIMUM DIAMETER AS A

FUNCTION OF TIME FOR GLASS G2
AT 678 °C |
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TABLE 3.3 GROYTH RATES vs. TEMPERATURE

T(°C) Growth rate u

(um min~?)
605.5 0.0065 Estimated error: -ﬁﬁ X 100 = 9%
619 0.0330
631 0.0506
654 0.2366
678 0.6357
692 1.1800
710 1.9100

TABLE 3.4 TIMES TO REACH 90% CRYSTALLINITY CALCULATED FROM EQUATICN (3.1)

T(°C) I (nuclei mu~? min~!) u (mm min~=!) x 10° t(min) .

618 1.995 x 10" 2.8 303.9
640 | 5.011 x 108 10.5 159.3
650 2.812 x 10° 19.5 115.6
660 1.413 x 10° 31.5 95.9
670 7.498 x 10? 47.1 83.1
630 3.548 g 10° 69.5 74.8
690 1,778 % 10? 110.0 G3

710 3.98% x 10 191.0 60.6



FIGURE 35 GROWTH RATE AS A FUNCTION
OF TEMPERATURE FOR GLASS G2
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performed these effects are considerably diminished. Table 3.4

gives further calculations from equation (3.1) at other tempera-

tures.

3.1.3 Viscosity Measurements

Viacostty:data (measured as described in section 2.38)-werec
obtained for the glass G2 in two different temperature ranges; the
low temperature range from 570°C to 650°C and the high temperature
range from 1260°C to 1370°C. The viscosity values as calculated
fronn the d¢formatidn curvés.(see section 2.8.1b) are summarized in
Table 3.5 and Fiocure 3.6. These curves were such that the total
Geformation satisfied equation (2.4) and so equation (2.5) was used
to calculate the viscosity coeificient,

Table 3.5 shows the measured viscosities in both temperature
ranges. Also shown are tpe Fulcher parameters (equation (2.8))
obtained with both the low and high temperature data (column 5) as
well as the same parameters for only the low temperature data,

The Fulcher equation for glass G2 for the whole temperature range is:

4893.3

T-274.4 (3.2)

logion = - 3.86 +

Figure 3.6 shows the complete viscosity curve a2s determined in
this work. The intermediate points were obtained using the Fulcher
equation fitted for the whole temperature range. The extrapolated
dotted line was constructed using the Fulcher equation from the
lower temperature range data only. On the same plot is also shown

the curve for the glass NrS 710. It can be observed that glass G2



TAELE 3.5 VISCOSITY DATA AND FULCEER FARAMETERS FPOR GLASS G2

11(°C) logion  Fulcher 570 < <€ 650 570 < T < 1370

Pecrameters

572 12.34 A 5.54 -3.86
591 11,59 B 721.11 4893.3
610 10.71 To 468.5 271.4
629 ¢.96
645 9.62

1264.5 0.99

128¢.3 0.93

1303.3 0.88
1318.0 0.€2
1338.0 0.79
1370.0 0.70



FIGURE 3.6 LOqu AS A FUNCTION OF TEMPERATURE FOR GLASS G2
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is very fluid at hich temperatures; for example at its liquidus
temperature (T, = 1276°C) logien = 1 and at T = 1370°C logien = 0.7.
The temperature at which n = 10!'? Poises is found to be T = 564.7°C
when the Fulcher equation for the whole range of temperature is used
and T = 565.2°C when the Fulcher equation for only the lower temnera-

ture range is used.

3.1.4 DTA and TL Results

Tie DTA traces for glass G2 for the heating cycle and for the
cooling cycle (both at 10°C per minute) are shown in Figure 3.7.
The following are observed: for the heating cycle an endothermic peak
and peaks due to crystallization anc melting, and for the cooling

cycle peaks due to crystallization and a reversible polymorphic

transformation.

3.4.la Transformation range of class

rrom the endothermic peak due to changes in specific heat and

usually associated with the annealed glass a temperature can be
defined to represent the 'DTA Tg' as shown in Figure 3.7. The 'DTA
Tg' was.579°C +3°C, the estimated error being based on the okserved
scatter for several runs at the same heating rate and with simiiar
sample and reference characteristics. It is interesting to compare
this value with the value obtained from isothermal viscosity measure-
ments where 103 Poise corresponds to 564.7°C.  Also jor glass G17
(slightly different in composition from G2) the 'DTA Tg' was 578°C

and the temperature at which n = 1c!? P was 565.7°C.  The latter



FIGURE 37 DTA TRACE FOR GLASS G2 (300mg)
- Reference Material -Al,0; (300 mg )Heating/Cooling Rate 10°C min -1
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value was calculated fromthe Fulcher equation for glass Gl17

4333.6. .

i z'—.”-{-_...._.._
og1on = =3.44 + 75517

where
the low termperature data for Cl7 and thé hiéh T data for G2 were used.
For the glass CGl7 also thermal expansion data (at approximately 3°C
p;rfmin heating rate) was obtailned. The thermal expansion 'Tg' was
563.5°C in close agreement with the value of 565.7°C mentioned above.
Other workers have also measured the DTA Tg for glasses similar in
composition to G2 and Gl7. For example Frischat (3.6 gquoted 575°C
and sadeghi (3.2) quoted 587°C.

Using the Fulcher ecfuation for the whole temperature range for

glass G2 (Equation (3.2)) the 'DTA Tg' temperature of 579°C corres-

ponds to a viscosity level of logjon = 12.20.

3.1.4b Heats of crystallization, fusion and polymorvhic trans-

gg;mations

To measure these quantities from a DTZ trace it 1s necessary to
obtain a relationship between the heat of reaction and, for example,
the area under the peak produced by the redtion. This is a verv
difficult problem. It involves the solution of differential

equations such as:

aT 32T . 331 b%7

O(i)cp(i) {gzi Ay ['5;7 + g2 oy (3.4)
vhere 1 indicates a given medium and p, p and A are the medium density,
specific heat and thermal conductivity respectively. The Heat
Equation (3.4) gives the distrihution of temperature as a function

of position and time in the given mediun. However, it has been



69.

shown both theoretically and empirically that the following approxi-

mated relationship applies:- :

b | |
KB =X [ AT(t)at = A (3.5) j
a

where B is the area under the peak, K is a proportionality factor and
AH the heat of reaction per unit mass. This equation can be used
provided it is possible to evaluate the factor K with known sub-
stances. A more elaborate version of equation (3.5) due to Kerr

(quoted by Blazek in reference (3.7)) is:

MaAH

g Asm

b

[ ATat = (3.6)

a

which can be obtained by solving equation (3.4) assuming cylindrical

symmetry. Here MjAH is the heat of reaction, My is the mass of

sample, g is a geometrical factor and Asm is the coefficient of

thermal conductivity of the sample. In cderiving equation (3.6)

the temperature gradients in the sample and the dependence of the

area on the specific heat are neglected. i
In this work expression (3.5) has been used to determine the |

heat of reaction. The calibration constant was ohtained using

both AR NaCl (melting point :v801°c, heat cf melting Alif = 6.69

Jcal mole-! = 114.46 cal g-!) and AR NaF (m. pt. 996°C, Aﬁf = 7.97

kcal mole-! = 189,81 cal g‘l). The values adopted are from JANAR

tahles (3.8). However 1t should be noted that:-

(i) the factor K is not ccnstant with temperature, but tends to

{ncrease with increasing temperature, A possible explanation is
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that the higher the temperature the greater the heat transference
by a radiation mechanism (3.7).
(11) In general in order to obtain good peaks (base line nearly
the same before and after the reaction) it is often necessary
to dilute the sample with an inert material (for example the
reference material Al,03). The sample particle size, density,
specific heat and packing determine the thermal conductivity and
this in turn should be nearly equal to the thermal conductivity
of the reference material in order to avoid big shifts in the
base line.
(111) It is not easy to find a diluent material that will not
interact with the sample to be measured or the standards.

In view of the complexities mentioned above it was decided
to prepare several dilutions of NaCl (MaF) with Al203 keeping
the same total mass (300 mng) and to use Alp,03 (300 mg) as the
reference material. The areas under the¢ peaks were measgured by
cutting and weighing a copy in tracing paper of the peak. No
problem was faund in dzfining these areas because the base line
did not shift. In Migure 3.8 the weights of the peaks vs. the
& of NaCl (NaF) is plotted. Although some scatter was found in
the case of NaCl, the calibration factor K appeared to be unigue:
K = 150.2 cal per g of paper and independent of % NaCl. Hence
it is reasonable to conclude that no interaction between NaCl and
21203 has occurred up to the melting point of NaCl., For NaF the
situation is not so clear, Rpparently there is a curvature (see

Figure 3.8) for concentrations of NaF hicher than 30%. Perhaps
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some interaction of NaF with Al:03 could explain this behaviour but
more research is needed to clarify this point. On the whole this
method 1s attractive since it is simple to calibrate the apparatus
and to obtain a good estimation of the heats of crystallization
and melting in glass systems, As mentioned above the calibration
factor obtained from NaF/Al20; dilutions increased with NaF con-
tent, so it was decided to use the calibration factor corres-
ponding to 100% NaF (K = 164.39 cal per g of paper). This factor
is greater than the one obtained from NaCl/Al,03 dilutions, showing
the probable trend of K increasing with temperature. The heats
of crystallization, fusion and the low tenperaﬁure reversible
transformation for glass G2 were calculated from both factors,
The results are listed in Table 3.6. The values cuoted are the
mean values obtained from three separate runs on the same glass.
In fact, high temperature calorimetric data for the NajzO0.
2Can. 35102 composition is also available. The value for AHf
quoted by Kroger (3.9) is 21.8 #C.1 kcal mole=! in good agreement
with the present technique. Also this value provides the oppor-
tunity of estimating the probable error involved in using the
DTA technique; it seems reasonable to qualify these measurements
with a relative error of 15%. So the heats of crystallization,
fusion and polymorphic transformation can be taken to be:
Anc = 12,7 0.7 kecal mole’l, AHf = 20.6 t1.1 kcal mole~! and
AH, = 0.98 $0.05 kcal mole~? respectively by using the present
DTA technique. All these values are the averages from NaCl and
liaF calibration in Tahle 3.6. It should be noted that the hecat

of crystallization refers to measurement at approximately 700°C,




TABLE 3.6 AH_ (620 to 730°C), AHg AND Ail, FOR GLASS G2

Standard AH, average heat  AHg heat of Ag, Poly-

of crystalliza- fusion morphic trans-
tion in the formation
range 620 to
730°C
kcal cal g" kcal cal g"l kcal cal g“1
mole~! mole-! mole~!

NaCl 12,14 34,24 19.71 55.61 0.94 2.65

MaF 13.28 37.48 21.57 60.86 1.03 2.90

TAELE 3.7 STRUCTURES OF LOW AND HIGH FORMS CF CRYSTALLINE NC;Sy

Structure Maki
(low form)

Maki Mileson
(hich form)

Present work
(low form) (low form)

a(a) 10.47 10.48 10.50
FPexagonal c(a) 13.17 12.19 13.19

2 6 6 6

a(a) 7.472 7.53 7.48 7.49
Rhombohedral a(°) .g8°58" 89°07! 88°59" 89°01*

Z 2




72,

the maximm of the exothermic crystallization peak. It is interest-
ing to calculate the viscosity levels at the becrinning, maximum
and end of the crystallization peak in Figure 3.7. From

equation (3.2) the following viscosities were obtained:

at 605°C logien = 10.94 (onset of crystallization),
at 700°C logyen = 7.64 (maximum of peak), and

at 733°C logyen = 6.81 (end of crystallization).

Finally, the liquidus temperature T, measured for glass G2,

L
was 1277 #2°C. No value was obtained for glass Gl7. However,
Glasser (3.10) quoted 1283 #1°C as the liquidus temperature. The
water content of glass €2 was 0.007 wt.% H,0. The effects of
water on the kinetics of crystal nucleation and growth as well

as on the general properties of the glasses will be fully analysed

in a later chapter.

3.1.5a X-ray diffraction results

The diffraction pattern for glass G2 (fully crystallized)
matched exactly the pattern for the low temperature form of the
standard Na;0.2Ca0.351C2 crystalline compound (see section 2.6)
in both peak positions and relative intensities. This compound
was previously analysed by Maki and Sugimura (3.11) and i1ileson
and Glasser (3.12). Maki and Sugimura also studied the high tem-
perature form at 500°C. In Table 3.7 the different results are
quoted. The low temperature form is hexagonal, howover the
strongest peaks can.also be fitted by assuming a rhombohedral

structure. In fact there is a great similarity between the
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structures of the low (hexagonal) and high (rhorbohedral) forms.
In this work the pattern derived for the low temperature form

could be indexed in terms of a hexagonal structure. The following

formula (3.13) was used

sin%0 = A(h? + k% + hx) + c1? (3.7)
2 )\2 °
vhere A = vl C = Tor ! the wavelength A = ACuKa; = 1,5404 A and

a, ¢ are the hexagonal constants of the unit cell, The A and C
values were 7.174 x 10~% and 3.408 x 10-? respestively. These
are very important quantities because they determine the (hk.%)
indices and when found allow the unit cell constants to be cal-
culated. The nurber of *ormula units' Z inside the unit cell can
also be calculated if the density of the compound is known.

Thus Z = _Z% 3107‘6{6 X -i'a-where IA is the total mass inside the unit
cell, M is the molecular weight (354.40 g), p is the density
(2.80 g em~?) and V = 0.886 a’c is the volume of the unit cell in
A%. The unit cell constants were a = 10.50 &, ¢ = 13.193 § and

7 = 5,99 = 6, In Table 3.8 are shown the calculated and experiment-

ally obtained sin’0 values together with the Ililler indices assigned.

3.1.5b Electron Diffraction Results

Naz0.2Ca0.35102 crystals precipitated from gluss G2 zre shown
in Figures 3.3b,9.Regions of different coatrast as well as some
kind of crystalline imperfections can be observed, To obtain
further information on the internal configurations it was decided

to carry out some more detailed work using selected area



TARIE 3.8 NC3Sy LOV FORM X-RAY DMATA

sin?0

sh+k+2%2=3n h k & ~q 20 sin® 20 1 Maki (3.11)
. x 10° (;‘) x 10? dExp. Exp. REL. h "k &
Exp. |
1 0-0 7.174 9.093 9.72°  7.15% 9.11  .9:30 1.5
* 1 o 1 10.58 7.487 11.81 10.50 7.519 11.76 2
1 0 2 20.806 5.340 16.59 20.80 5.342 16.58 14
* 1 1 o 21.522 5.250 16.87 21.40 5.260 16.81 16
1 1 1 24.93 4.880 18.17 24.90 4.8856 18.14 20
* 0 0 3 30.67 4.383 20.173 30.70 4.397 20.18  46.5
1 1 2 35.15 4.110 21.613 35.30 4.099 21.66 6.0
1 0 3 37.85 3.96 22.436 37.9 3.955 22.46  14.0
. g g 'g 42.33  3.74 23.745 43.6 3.690 24.10  95.0
1 2 o 50.22 3.44 25.50 50.4 3.432 25.94  23.0
* 1 1 3 5215 3.37 26,41 52.6 3.358 26.52  92.0
* 7 1 1 53.63 3.33 26.78 54.2 3.300 26.92 138.0
2 0 3 59.37 3.16 28.20 59.5 3.157 28.24 7.5
1 2 2 63.85
* 3.0 0 64.57 3.031 29.44 64.5 3.033 20.42 19.0 1 2 2
3 0 1 67.97 2.954 30.225 6€8.3 2.947 30.30 8.0
1 1 4 76.05 2.793 32.02 76.5 2.784 32,12 9.5
2 1 3 80.80 2.708 33.05 80.8 2.709 33.04  20.0
q
. g 2 : €3.22 2.670 33.53 83.7 2.662 33.64 176.0
* 2 2 ¢ 86.09 2.625 34.12 85.7 2.616 34.25 162.0
2 2 1 89.49 2.57 34.81 90.0 2.567 3492 14.5 >0 1 5 da=2.53 (I = 10)
. MAKI
31 0 .
310 9326 2.522 35.56 931 2.522 35.54  22.0
* 3 0 3 95.24 2.496 35.95 95.8 2.489 36.06  10.0
*
; f i 46.67 2.48 36.23 97.2 2.470 36.34  12.0
* 2 1 4 104.75 2.38 37.77 105.3 2.373 37.88 8.0
* 3 1 2 106.89 2.356 38.17 107.5 2.349 38.28  27.0



TABLE 3.8 (continued)

sin’®

sin0

ch+k+%£=3n h k 2 a 26 20 1 Maki £3.11)
x 100 (A x 10° “ero. Exp. ©°F° h x &
EXP‘
4 0 O 114.78 _ ... | s |
5 5 9 11390 2-273 39.61 11416 20275 39.58 9.5 2 b 5
4 0 1 118.19
3 0 4 119.00 2-232 40,38 118.8 2.235 40.32 15.0 4 O 1
0 0 6 122.70 :
S Y 3 133°93 2.188 - 41.23 123.8 2.189 41.20 13.5 O O 6
O 4 2 128.42 1 3 3 a=2.18 (I _ 4
16 2.137 42.25 129.6 2.140 42.20 22.0 O 4 2 MAKT
1 0 6 129.86
3 1 5 135.42
315 1392 ;086 43.33 13.6 2.084 43.38 110 1 25
3 2 1 139.71
321 13971 5053 44.05 140.6 2.054 44.04 115 3 21
1 1 6 144.21
L6 M2l .09 ases 1058 2,017 4490 9.0 1 16
1 3 4 147.80
12 M50 1990 45.54 148.8 1.997 45.38 15.0 1 3 4
4 1 1 154.06 1.962 46.22 154.9 1.957 46.36 12.5
4 1 2 164.29 1.900 47.82 165.3 1.895 47.98 7.0
4 0 4 169.31
‘ . . . . . 4 0 4
20 ¢ 1555 1.e61 48.90 170.5 1.865 48.78 101.0
* 1 0 7 174.17 1.846 49.33 175.0 1.841 42.46 14.0
* 1 4 3 181.33 1.809 50.41 182.9 1,801 50.64 21.0
- . . 0 5 1 a=1.797 (I. =9
* 3 2 ¢ 190.83 1.763 51.81 191.68 1.758 51.96 7.0 ( FEk: )
3 3 ¢ 193.70
° L) - .‘ - » 3 30
3030 19370 1741 52,51 194.90 1745 52.40 11.0 |
3 3 ¢ 193.70
. .74 . .57 1.737 64 15.0 3 3 0O
3030¢ 19379 1741 s2.51 196.57 1737 52.6 15.0
L 4 ¢ 205.1g 1.700 53.87 206.35 1.696 54.03 14.0



TALLE 3,8 (continued)

s +k+%=3n h k & sin% a 20 sin%@ 20 I Maki (3.11)
x 103 (R) x 10° dExp. Exp. REL h kx 2
Exp.

* 2 2 6 208.78 1.686 54.35 211.18 1.676 54.72 7.5

* § i ; 217.21 1.653 55.56 218.63 1.647 55.76 16.5
1 0 8 225.29 1.623 56.67

. L9 2 B2y 1523 0.0l 223.57 1.620 54.44 10.0
3 0 7 231.56 1.601 57.53 232.94 1.596 57.72 8.0
1 5 2 236.03
T > 2 2393 1581 58.23 237.38 1.581 58.32 7.0 1 5 2
1 1 8 239.63 1.573 58.62
4 0 6 237.47 1.581 58.33 23871 1.576 58.49 7.0

x 2 0 8 246.81 1.55 50.58 248.61 1.545 59.82 19.0

x 2 4 4 255.4 1.524 60.71 256.49 1.521 60.85 28.5
6 0 O 258.26

>
£ 0 9 22 1.510 61.35 250.85 1.511 61.30 18.5 6 O O
3 4 1 268.85 1.485 62.46

*
1 2 8 268.33 1.487 62.40 270-35 1.481 62.66 9.0
3 4 3 296.11 1.415 65.93 295.65 1.416 65.88 5.8

* 1 1 9 297.57 1.412 66.12 298.04 1.411 66.18 5.0
3 2 7 303.30
3 2 7 39339 1,395 67.01 305.09 1.394 6€7.06 18.0 3 2 7
5 2 3 310.46

*
> 2 2 300 1380 67.51 312.17 1.379 67.94 125 5 2 3

> lieans appearance in lMaki test Eut not in this work

Means non appearance in Maki data



Figures 3.9 (top left), 3.10a (top right), 3.10b (boitom left)
3.10c (bottom richt).

Electron micrographs of G2 heated at 578°C for 20 h (3.9) and 23 h
(3.10).

Mag X15,000; X32,100

Mag X31,500; X40,600

The 3.10c micrograph was taken at an electron accelerating voltage
of 1,000,000 V.
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diffraction (SAD). In some cases it was also possible to use dark
fiéid Qic;oé;oby: In general the glasses were given a long single
rucleation treatment at low temperatures, in order to produce a
iarge number of small crystals,

The d spacings were calculated frém R(zm) x A(A°) = L{my) x
A(A°) = C is the camera constant, L is the effective camera length,
A is the electron wavelength, R is the distance from the particular
spot to the central one and 4 is the interplanar distance corres-
ponding to that diffraction spot. The value of C was determined
by taking diffraction patterns of orthorhombic o McO3 crystals
using the same electron microscope settings. Very good diffrac-
tion patterns can be obtained for these crystals and very accurate
d-spacing data exist.

In order to check the crystalline phase precipitated from the
glasses G2 and Gl4, d-spacings were listed for all the diffraction
patterns. ' The results for both glasses are shown in Table 3.9.
There is very good agreement, within the experimental errors, be-
tween the d-spacings determined from the electron diffraction patt-
erns and those obtained from X-ray diffraction for the low form of
NC2S3.

A set of micrographs of crystals precipitated from glass G2 is
shown iﬁ Figure 3.10a, b, c. The crystal in Fig. 3.104 gave a
very strong diffraction pattern (Fig. 3.10e) which when indexed
gave the zone axis (direction of electron beam) as [uv.w] = [00.1].
The diameter of the selected area for diffraction, as determined

by the diameter of the diffraction aperture was 0.87 um. Also



TABLE 3.9 LOW FORM Nag O.2Ca0.3510, d-SPACINGS FROM ELECTRON
DIFFRACTION ‘

a(e.mM), A° d(x-Rays), A®, *, Relative Intensity (X-Rays)

62 c14

7.38 7.40 7.519 30
5.32 5.34 5.342 14
5.26 5.22 5.260 10
4,27 4.26 4.397 46,5
4,16 4.14 4.099 6
3.97 3.955 14
3.35 3.35 3.358 92
3.29 3.309 138
3.15  3.19 3.157 7.5
3.01 3.04 3.033 19
2.93 2.947 8
2.63 2.616 162
2,51 2.522 22
2.49 2.489 10
2.37 2.373 -]
2,27 2.26 2.275 9.5
2.21 2.235 15
2.13 2.140 22
2.08 2.084 11
2.01 2.017 o
1.98 1.997 15
1.93  1.96 1.957 12.5
1.86 1.865 lol
1.73  1.73 1,737 15
l1.67 1.676 7.5
1.64 1.647 16.5
1.61 1.596 2]
1,57 1.576 7
1.52 1.521 28,5
1.45 1.481 9
1.43 1.416 5.8
1.41 1.411 5.0
1.39 ' 1.391 18.0

* See Table 3.8



Figure 3.10d

Bright field electron micrograph of G2 heated at 578°C for
23 hr. MNag X15,260.

Figure 3.1l0e

Selected area diffraction pattern of crystal in Figure 3.10d.

Fiqure 3.10f

Dark field electron micrograph taken with the diffracting aperture
around the (42.0) reflection. Mag X49,000.
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this applies to all the patterns that follow. The low resolution
dark field micrograph of Fig. 3.10f was taken by placing the cbjec-
tive aperture around the (42.0) spot. No attempt was made to
obtain high resolution dark field micrographs by tilting the diffrac-
tion spots to the microscope axis, due to the beam damage giving
insufficient time. The bright regions of the crystal are those
diffracting particularly strongly with the (42.0) reflection.
Since only one diffraction pattern was detected it is suggested
(tentatively) that this crystal was single and not compcsed of
several crystals with different orientations.

For the crystal in Fig. 3.lla selected area diffraction patt-
erns were taken in positions 1, 2 and 3. These are shown in
Figures 3.1llb, ¢ and d respectively. The patterns are essentially
the same. The spots in Figure 3.11¢ are streaked in the direction
perpendicular to the band aa' in Figure 3.lla. This suggests the
presence of planar defects, possibly stacking faults, in that band.
No further observations on this crystal were made due to electron
beam damage.

For ;he crystal in Figure 3.12a diffraction patterns were taken
in regions 1, 2 and 3. In region 1l a single undistorted pattern
was obtained (Figure 3.12b). Region 2 gave a few weak spots (Figure
3.12¢) . The pattern obtained from Region 3 (Figure 3.123) is AQiff-~
erent from that for region 1 and also some streaking of the spots
can be observed. Twinning may be present in this crystal.

Finally, diffraction patterns were taken from regions 1, 2 and

3 of the crystal in Figure 3.l3a. The patterns were closely



Electron micrographs of G2 heated at 578°C for 23 hr
Figure 3.lla (top) ‘ag X24,800
Figure 3.12a (middle) Iag X24,800

Figure 3.13a (bottom) Mag ¥%24,800






Figures 3.1llb,c and d

Selected area diffraction patterns (SAD) of crystal
in Figure 3.1la.

Figure 3.12b,c and d
SAD of crystal in Figure 3.12a.

Figure 3.13b, ¢ and d
SAD of crystal in Figure 3.13a.
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similar sugoesting essentially the same crvstal orientation in all

the regions, However in regions 1 and 3 pronounced streaking of

the spots and the presence of double spots was observed. The

streaking occurred also perpendicular to the band bﬂ. In region 2

little or no streaking could be observed. This suggests again

the presence of stacking faults or twinning

Unfortunately, due to the beam damage, the chiances of getting
more than 3 or 4 different selected area diffracticn pétterns from
the same crystal were very limited. Bowever from this study some
tentative conclusions can be drawn:-

1) The crystalline phase detected in the early staces of
growth is the same as that obtained from ¥-ray diffrac-
tion of fully crystallized bodies (the low form of NC2S3)

(i1) The crystals are probably single crystals containing
imperfections. The most probable defects are stacking
faults and/or twins.

(411i) Mo branching of the crystals was observed, i.e. the
formation of branches with different orientations from
the parent crystal as found, for example, for lithium
disilicate (3.14).

(iv) The shape of the crystals is not a unique feature. Some
crystals show a polyhedral shape whereas cothers are
roughly spherical. Further information on this sub-
ject will be presented during the analysis of glass G1G.

Further work is needed to understand the features obsgerved.

Hot stage electron microscopy studies might assist in the interpre<

tation of tte crigin of the imperfections. It is pogsible that
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the low form-high form polymorphic transformation observed at 480°C

has a strong influence on the kind of defects detected.

3.2 Glass GI6

The batch for this glass was prepared with high purity Sio,
('SIIQUARTZ'). Glass Cl6 was melted in an attempt to assess the
effect of trace elements on crystal nucleation and growth rates.
The final composition is quoted in Appendix A2, (Tahle A2.1).
The }a20 content was 16.85 wt.% (16.06 mole%), the Ca0 content was
31.54 wt.% (33.21 moles) and the Si0O; content was 51.61 wt.%
(50.73 mole%). This was close to the composition of glass G2
previously studied. The steady state nucleation rates and
crystal growth rates were measured for this class. In addition it
was decided to check the nucleation rates obtained from the standard
double stage heat treatment by counting the number of crystals
produced after a single nucleation treatment directly in the
transmission electron microscope. Although the nucleation rates
for this glass were reasonably high, (for example compare the
values in Figure 3.16 with the results for the Li20.2Si0; glass
obtained by James (3.3)), at the magnifications needed to observe
the crystals in the electron microscope the number of crystals
in the field of view was very low. Therefcre to count a reason-
able number of crystals (say a hundred) it was necessary to obtain
a large number of electron micrographs using a number of foils of
the same glass. Thus the use of thin sections was impractical
due to the long time required to prepare a ion beam thinned foil

(on average 8 hours) and the large number of ElM n<gative .plates
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needed. Carbonr replication of the glass was not attempted be-
cause of the extra complications mentioned earlier in this
chapter.

However determination of the number of crystals per unit
volume NV in glasses given a single stage nucleation treatment
was possible using a stereoscan electron microscope. As in the
case of the optical microscopy determinations, random cross
sectional planes of the glass samples were analysed through

equations (2.1) and (2.2) in order to obtain .

3.2.1 Nucleation Rates

The number of crystals versus tine at a given temperature
calculated from equation (2.1) are presented in Figures 3.14, 3.15,
The steady state nucleation rates and 'approximated' nucleation
rates (Nv/t for 40 min) determined from optical microscopy as
well as those from the SEN analysis are presented in Figure 3.16
and Table 3.10.

It can be observed from Figure 3.14 that appreciable non-
steady state nucleation is present a2t lower temperatures. The low-
est temperature analysed vas 585°C where an intercept to of appro-
ximately 37.5 min (Table 3.10) was obtained. The slope of the
plot at longer times gives the steady state nucleation rate (3.3)
and the intercept (to) with the time axis gives an idea of the
degree of the non classical nucleation effect (see Chapter 1l).

The slopes of the rlots at a given temperature were analysed by
the least squares method. For the plot at 585°C the points used

were from (see Figure 3.14) 60 min upwards where the linearity is

»



FIGURE 314 CRYSTAL NUCLEATION DENSITIES Vs.
TIME AT T=585°C AND T=6065°C FOR GLASS G16
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FIGURE 315 CRYSTAL NUCLEATION DENSITIES Vs.
TIME AT 620,6315 AND 655°C FOR GLASS G16
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FIGURE 316 STEADY STATE NUCLEATION RATES AND APPROXIMATED
NUCLEATION RATES AFTER 40min FOR GLASS G16 AS A FUNCTION OF TEMPERATURE

T(°C) —=
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~J-1-

5



TABLE 3.10

NUCLEATION DENSITIES DATA FOR CLASS Gl6

Experimental  T(°C) Steady state Approximated Intercept
technique nucleation rate nucleation rate with time
in nuclei after 40 min axis (see
= min=? heat treatment text)
in nuclei (min)
mo~? min-!
Io logiols I = Ny/t logieX
585 19225.3 4,28 5000 3.70 37.48
Pouble stage 606.5 26243.9 4.42 15250 4,18 17.08
heat 620 16331.1 4.21 13625 4.13 7.02
treatment 631.5 7578.4 3.88 7000 3.05 4.24
655 723.8 2.86 1625 3.21 -50.8
single stage 620 12970.8  4.11
heat 631.5 6999.4 3.85

treatment 655 1068.9 3.03
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apparent. Increasing temperature gave shorter intercepts.
For example at T = 606.5°C to was 17 min, at T = 620°C 7 min and
at T = 631.5°C 4 min.

The steady state nucleation rate shows a maximum (logloIo = 4,43)
at approximately 605°C. Increasing the temperature by 50°C above
the maximum causes a drop in Iy of about one and a half orders of
magnitude. The SEM results are also plotted in Figures 3.15 and
3.15. The agreement of the steady state nucleation rates from
this method with the double state (DS) heat treatment method is
good. However it should be noted that the number of crystals ob-
served from the SEM analysis (single stage (SS) heat treatment) are
lower than those produced by the DS heat treatment method for T =
620°C and T = 631.5°C. At T = 655°C it is difficult to detect any
difference between the two methods, although least squares analysis
gave a slightly higher steady state nucleation rate for the SS
method (Table 3.10).

I'rom nucleation theory (see Chapter l) the size of the criti-
cal nucleus increases with increasing temperature. Bence critical
nuclei at the lower (nucleation) temperature are sinller than the
critical size at the upper (growth) temperature and should dissolve
when the temperature is raised to the growth teuperature (for Glé
the nucleation rangé vas 570-690°C and the growth rance 720-730°C).
In fact during the nucleation treatment the nuclei grow, often to
an appreciable size. For example, consider the growth data from
Figure 3.2l at 620, 631.5 and 655°C (the intercepts on the time
axis will be discussed shortly). Por these temperatures after

times of 25, 12 and O min respectively the growth rates reach
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constant values of 0.023, 0.065 and 0.240 um min=! respectively.
Hence for a nuclétion time of 100 min the corresponding sizes
expected for the nuclei first formed (at t=0) are 2.11 um (= (100-25)
x 0.028) at 620°C, 5.2 um at 631.5°C and 24 pm at 655°C. For a
nucleation time of 30 minutes the corresponding sizes would be
0.14 um (= (30-35) x 0.028), 0.69 um and 7.2 um at the three
temperatures. The size of the critical nuclei for the NC;S;
glass cannot be computed at this stage because the interfacial
free enerqgy 0 is not known (this will be estimated from the
theoretical analysis of the nucleation rates in a 2ater chapter).
However the ratio of the critical sizes at two different tempera-

tures can be estimated from the formla for a spherical nucleus

ZO'Vr,_,Tm
r(T) = - AH: (Tm‘T)

0 Vp, vith terperature are negligible. Fence

(see Chapter 1) by assuming that changes in

r(T') _ 1561-893 _
(M = 15£1-1003

1.197 vhere T, = 1501°Kk (1288°C), T' = 1003°Kk (730°C) and

T = 893°K (620°C). If, as an approximation we take a reasonable
value of 20 A (see Reference (3,3)) for the criticel radius at
say 620°C, this would give at 730°C a critical radius of approxi-
mately 24 A. So it can be seen that the great majority of the
crystals should have reached sizes larger than the critical size
at the growth temperature before the second:stage treatment.

& second assumption involved in the DS method is that the nuclea-
tion rate at the growth temperature is negligible (sece Feference
(3.3)). This condition was also satisfied for the glasses
studied in this work.

The number of crystals obtained with the stereoscan are never
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larger than the number of crystals obtained from the DS method.
In fact the stereoscan values are very low at low temperatures
compared with the DS values. The reason for this effect is the
very small sizes of the crystals as can be seen from the analysis
above giving the maximum sizes expected for a typical nucleation
time of 10O minutes. The smaller the crystals, the more Aiffi-
cult they are to detect in a random cross-secticnal plane throuch
the specimen. Since the stereoscan has a limited resolution a
large number of the small crystals will not ke observed. In
fact it can be observed (see Figure 3.15) that at higher tempera-
tures (where the growth rates are higher) both methods cave similar
results.

Finally it is interesting to compare the steady state nuclea-
tion rates with the approximated nucleation rates calculated from
Ny/t where t is the nucleation time. It can be seen in Figure 3.16
that the agreement between both is very good for temperatures higher
than approximately 610°C. Below 610°C the acreement is not ac
good, the difference being half an order of magnitude at 585°C

Further analysis of the ‘'incubation time' effect in this glass

will be presented in the discussion chapter.

3.2.2 Crowth rates

Growth rates vere obtained by measuring the maximum diameter
of the particle cross sections in the ortical microscope. The
glasses were heat treated at a aglven temperature for cdifferent

periods of time. The crystal sizes were also measured in thin
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glass foils with the electron microscope. The electron micros-
cope showed clearly the crystal morphology in the early stages
of growth. For non-spherical particles the size measured was
the largest calliper diameter that could be fqund.

In Figure 3.17 a series of optical micrographs of class Gl6
shovn for different times at 631.5°C. In Figure 3.18 the
corresponding electron micrographs are shovm.

The crystal sizes vs time for each tamperature are summari-
zed in Figures 3.19 and 3.20. It is apparent that these plots
are linear. There is also a positive intercept with the time
axie at 655°C, 631.5°C, 620°C and 606.5°C. The slopes of the
plots (growth rates) and the intercepts were calculated by least
squares analysis. The results are given in Table 3,11, The
crystal growth rates as a function of temperature are plotted in
Figqure 3.21. Although the intercepts tend to increase with

decreasing temperature the intercept at 6056.5°C (approximately

20 min) is smaller than the intercept at 620°C. In order to check
this behaviour the experiment was repeated for glass G2, Because
of the lack of time only optical microscopy was used. A series

of micrographs for G2 heated for different times at a given tempera-
ture are shown in Figure 3.22. The plots of size vs time are

shown in Figures 3.23 and 3.24. The plot for class G2 at T =
678°C was presented in Figure 3.4 earlier in this chapter. The
growth rates and intercepts (again using least squares analysis)

are given in Table 3.12. Althouch the growth rates for glasses

G2 and Gl16 are close (see Figures 3.5 and 3.21) the intercepts

are significantly different. For example glass G2 gives an inter
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cept of 42.3 min at T = 619°C (growth rate = 0.330 x 10~! im min-?)
whereas glass Gl6 at T = 620°C gives 24.6 min (growth rate = 0.2835
x 107! 1m min~!). Ax attempt to explain the origin of these in-
tercepts will be presented in a later chapter.

Finally let us consider the crystal morphology of Gl6. First
a change of crystal morphology occurred with temperature. For
exarmple, glass Gl6 when heated at 631.5°C for 75 min or when heat
treated at 655°C for 45 min (Figure 3.25), showed crystals with an
almost perfect spherical shape. However for the same glass heated
at lower temperatures, for example at T = 620°C for 75 min
(Figure 3.26), the crystals had a polyhedral shane.

Secondly a chance in morphology with time at constant tempera;
ture was observed at lower temperatures., For example, Gl6 heated
at T = 620°C for 75 min (Figure 3.26) showed crystals with a sharp
edged polyhedral shape vhereas after 90 min the crystals had a
more rounded polyhedral shaye (Pigure 3,27), It must also be
stressed that even the latter morpliology was different from the
soherical shape obtained at higher temperatures (Figure 3.28) for

similar heat treatment times.

3.2.3 Viscosity measurements

viscosity data for Gl6 obtained between 570°C and 650°C as
previously described, is shown in Figure 3.29. The Fulcher
equation, fitted to the low temperature data for Gl6 and to the
hich temperature rance data of the glass C2 (it was assumed that

the viscosities of 716 and G2 were close at high tenperatures) was

as follows:



Figqure 3.172,b

Optical micrographs of G16 heated at 631.5°C for (a) 122 min
and (b) 108 min. Mag X504.

Figure 3.18a (top right), b (bottom left) , ¢ (middle)and
d (bottom right)

Electron micrographs of Gl6 heated at 631.5°C for (a) 122,
(b) 108, (c) 92 and (&) 75 min. Mag X28383.






FIGURE 3.19 SIZEvsTIME AT T=6315,620 AND 6065 C FOR G16
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TABLE 3.11

'STEADY' GROUTH RATES AND INTERCEPTS DATA FOR GLASS Glé AFTER

IEAST SQUARES ANALYSIS

T(°C) Growth rate  Intercept

u x 10° (minutes)
(um min~?)
€06.5. 0.665 20.69
620 28.64 24,62
631.5 66.39 19.33
655 232,00 - 0.01
681 675.60 0.00

TAELE 3.12

'STEADY' GROUTH RATES AND INTLIRCEPTS DATA FOR GLASS G2 AFTER

LENST SQUARES ANALYSIS

-

7(°C) Crowth rate Intercent

¥ x 10 {minutes)
(um min=?)
619 0.330 46,29
631 0.506 9.43
654 2.366 11.56

673 6.357 -0.42




FIGURE 321 GROWTH RATE AS A FUNCTION OF ‘

TEMPERATURE FORGLASS G16
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FIGURE 3.23 SIZEvs.TIME AT T=631and 619°C
FOR GLASS G2
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FIGURE 324 SIZE vsTIME AT T=654"C FOR G2
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Pigure 3.25

Electron micrograph of Gl6 (see text). Mag X16,000

Figures 3.26, 3.27 (top right)
Electron micrographs of Gl16 (see text). Mag X15,900; 10,600

Figure 3.28

Electron micrograph of Gl6 heated at 631.5°C for 92 min
Mag X21,000






FIGURE 3.29 Logn AS A FUNCTION OF

TEMPERATURE FOR GLASSES G16 AND G17
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4224.9

- 3.367 + 10

log;on (3.8)

From equation (3.8) logion = 13 corresponds to 570°C. The
values obtaired for G2 and Gl7 were 564.7°C and 565.7°C respec-
tively. In Figure 3.25 the viscosity curve for Gl17 (from
equation (3.3)) is also plotted for comparison purposes. Gl6 is
slightly more viscous than Gl7 at low temperatures. However the
difference in the logion values is never larger than 0.3. More
information on the effect of glass composition on the viscosities
at lower temperatures, for glasses near to the stoichiometric
ila20.2Ca0.35102 composition, will be presented later in this
chapter. It should be mentioned that two values obtained at

approximately 650°C and 660°C for GlG were discarded due to the

presence of crystallization as confirmed by the optical microscope.

3.2.4 DTA and X-ray diffraction results

The 'DTA Tg' value obtained was 5C2.5°C. This is higher
than the 579°C obtained for G2 but the cifference in values is
small when the uncertainty of #3°C is considered (section 3.l.4q).

The DTA charts for Cl6 and G2 were very similar. The peak
corresponding to the hich form to low form transformation of the
Na0.2Ca0.35102 phase was clearly observed. Folloying the
procedure explained in section 3.1l.4b the heats of.crystalliza-
tion (AHgZ), fusion (AHg) and high to low transformation (AH,)
were determined. The values, which correspond to the averace

obtained from the NaCl and WaF calibrations, were as follows:
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ABg = 20.6 *1.0 kcal mole™!
AH, = 13.5 *0.7 kecal mole=!

and AH, = 0.91 20.05 kcal mole

Within the experimental errors these values are the same as

obtained for G2.
Finally X-ray diffraction confirmed that the crystalline

phase precipitating in Gl6 was the low temperature form of

3.3 Glasses around the stoichiometric Wa;0.2Ca0.351i0;

comggsition

1ittle information was available on the effect of glass com~
position on the kinetics of crystal nucleation for g¢glasses close
to the NC2S3; composition. It was decided to investigate this
point by studying six glasses close to the Gl17 glass (nominally
the MC2S83 conposition). The nominal compositions of these glasses
are given in Table 2.1. Although these glasses were not chemically
analysed it is probabls that the final compositions are very close
to the nominal ones. Thus on the basis of the losses of 0.4 wt.%
Na0 and 0.2 wt.% CaO found after chemical analysis of G2, it is
reasonable to assume that approximately the same losses apply to
these glasses. Additional amounts of Naz;COj3; and CaC0Oj3 were added
to the nominal batches to correct for the expected losses of Naj0
and CaoO. The six chosen glasses consisted of three bairs‘of
compositions. For each palr the oxide content of one component

was decreased (first composition) by 1l mole% and increased (second
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composition) by 1 mole% with respect to the nominal oxide content
for the exact NC283 composition. In other words the point on
the ternary diagram NC2S53 was Joined to either the 100% NWaz0,

Ca0 or £iC; corner, and on each line a pair of compositions,
rlaced symmetrically on either side of NC253 were selacted. The
compositions are shown schematically in Ficure 3,30 and listed
in Table 3.13.

Low temperature viscosity data was obtained for each of the
six glasses. It was assumed that the viscosities at high tem-
peratures were very close to G2. Although there are no high
temperature viscosity data in this region of the system it seems
reasonable to assume that the above approximation holds to within
a 0.2 change in logioen. Support for this assumption may be drawn
from a consideration of the hich terperature isokoms in the soda-
lime-silica system quoted in Morey's book (3.15). ©Ns will be
shown later in this chapter the final least squares fitting of the
Fulcher equation (2.3) using the measured low temperature viscosi-
ties and the approximated high temperature data for the six glasses
produced a very reasonable interpolation of the experimental points
at low temperatures.

In the following sections the viscosities of the rlasses Cl18
to G23 are compared in each case with the viscosity of Gl7 which

was closest to the exact NCy;Sy composition. €17 was melted under

the same conditions as G18-G23 with the same correction for expected

losses of KazC and CaO. The Fulcher constants A, B and Ty and the
tempcrature at which logjen = 13 for the glasses Gl8 to C23 arxe

listed in Table 3.14. The nucleation results for glasses Gl8 to 023



£ IGURE 330

S chematic positions,in the N-C-5 system,for.the glasses
in section33.



TABLE 3.13

Glass Nominal oxide compositions in mole%
Code Na0 - CaO Si02
Gl8 15.65 33.74 50.61
Gl9 17.65 32,93 49.41
G20 16,92 32.33  50.75
G21 14.62 34.33 49.25
G22 17.0 34.0 49,00
G23 16.33 32.7 51.00
“TABLE 3.14
Glass Fulcher Parameters Temperature (°C)
Code a B T0(°C) at which

logion = 13

Gl8 -2.667 3356.7 359 573.3
Gl19 -2,124 2800.6  371.5 556.7
G20 -2.338 3079.0 365.3 565.3
G21 ~2,796 3576.4  332.6 359,0
G22 -2.502 3220.8  352.7 560.5

G23 -3.067 3859.9  328.5 568.8
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were compared with G2 which was also close to the NC3;S; composition
and had already heen extensively studied. The DTA and growth rates

results are summarized in Table 3.15.

3.3.1 Glass Gl8

The compositicn of this glass was 15.65 moles Naz0, 33.74

rmoles Ca0 and 50.61 moles S10;.

3.3.1.1 Nucleation rates

2pproximated nucleation rates were obtained as described
previously for a nucleation time of 40 min by using the two stage
heat treatment method. The nucleation rates are shown in
Figure 3.3l and data for G2 are also shown for comparison. The
nucleation rates for this glass were less than for G2. The maxi-
mum occurred at about the same termerature as for G2 (617°C) and
the maximum nucleation rate was 3.72 x 10% mor® minc!,

A typical ortical micrograph used for the nucleation rate de-
terminations is shown in Figure 3.32. The crystals were cenerally
spherical. TFor the particular nucleation treatment used (675°C
for 40 min) there was no need of a second stage growth treatment.
Thus the growth rate at §75°C could be estimated. This was
0.56 um min-! which was slightly lower than the crowth rate for G2
at the same temperature (approximately 0.58 um nin~?), An electron
micrograph for G18 nucleated for 40 min at 603°C and crown at
730°C for approximately 3 min is shown in Figure 3.33. Again the

crystal shape appeared to be almost perfectly spherical.



TABLE 3.183

Glass AH. (cal/g) AHf (cal/q) 'DTA Tg' Growth rates
Code (°c) at 675°C in
un min=?!
Gl8 38.4 %1.9 50.5 2.5 590 0.56
Gl19 '35.8 1.8 59.3 %3.0 571 0.52
G20 37.0 11,8 49.4 *2.5 578 0.97
G21 35.8 £1.8 62.4 +3.1 578 0.46
G22 38.1 £1.9 61.5 $3.1 0.56
G23 33.0 1.7 45.4 %2.3 585 0.67
G2 35.9 1.9 58.2 £2.9 579 0.58



FIGURE 3.31 Log,(Nv/t) AS AFUNCTIONOF
TEMPERATURE FOR G19,G18and G2

® (19, oG2 ,0018




Figure 3.32 (ton left)
Optical micrograph of Gl8 (see textlh  May X1Ol.

Ficure 3.33 (top right)
Electron micrograph of CGl8 (see text). i'ag X7,300.

Figure 3.35 (bottom left)

Cptical micrograph of G19 heated at 675°C for 40 min.
Mag X504.

Figure 3.36 (bottom right)
“lectron micrograph of Gl9 (sece text). llag X48,200.
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3.3.1.2 Viscosity data

The measured viscosities are shown in Figure 3.34. The curve
resulting from fitting the data to the Fulcher equation is also
plotted. The Fulcher constants are listed in Table 3,14,

The viscosity curve for glass Gl7 is also shown for comparison.
The viscosity for Gl8 is higher than G17 particularly at low tem=-

peratures, at 570°C the difference in logj;on being about 0.5.

3.3-1.3 mp*

The DTA trace for Cl8 was very similar to that for G2.
It was also possible to observe on the cooling cycle (10°C min~!)
the peak corresponding to the reversible transformation mentioned
in gsections 3.1 and 3.3. The 'DTA Tg' for this glass was 590,
10°C higher than for C2. The melting peak waec at aﬁout the sare
temperature for both glasses, 1302°C for G18 and 13¢3°C for G2.
tJe shall see shortly that for some of the glasses around the NC283s
composition two melting peaks have been observed.

The heats of crystallization and fusion (see section 3.1.4b)
obtained from the peak areas were AH, = 38.4 #1.9 cal g~! and
AHg = 50.5 2.5 cal g‘l. The AH, was greater than the value for

G2 and the AHf was less than the value for G2.

3.3.2 Glass G1l9

The composition of GlS was 17.65 mole% Na20, 32.93 role% CaC

and 49.41 mole% S10;.
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3.3.2.1 Nucleation Rates

A typical optical micrograph used for the nucleation rate
determination is shown in Figure 3.35. The crystal shape was
approximately cubic with slightly rounded faces. then calculat-
ing N;, using equation (2.2) b' was taken as the side of the
maximum square cross section observed. More detalls of the
morphology can be seen in Figure 3.36 which shows an electron
micrograph for Gl9 heated at 603°C for 40 min and grown at 730°C
for 2 min. Again rounded faces can be clearly observed.

The approximated nucleation rates are shown in Figure 3.31.
On comparing this curve with that for G2 a large increase in the
nucleation rates is evident. The maxirum nucleation rate of
2.69 x 10° mm~? min-! is at 603°C. lence the maximum rate is
increased by approximately 1.3 orders of magnitude ciud the tem-
perature of the maximum is lowered by 14°C. Also the nuclea-
tion is increased more at the lower temperatures than at higher
temperatures. When the nucleation rates for thig glass are com-
pared with those for G18 the following observations can be nade:
i - A ghift of 14°C in the position of the maximum to lower

temperatures.

{1 - The maximum nucleation rate if 1.9 orders of magnitude
larger than that for G1S.

1t was possible to estimate the growth rate at 675°C from the
class given a single heat treatment for 40 min at this temperatuie.
The growth rate was obtained from the maximum diagonal distance

that could be found in the distribution of particle cross sections
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in a random plane. The growth rate was 0,52 HUm min~!, This

value is slightly smaller than the growth rate for G18.

3.3.2.2 Viscosity Data

The measured viscosities are shown in Figure 3.3. and also the
curve resulting from fitting the Fulcher equation (see Tahle 3.14)
to the data. The logjoen = 13 value occurred at 55G.7°C which is
approximately 9°C lower than the corresponding value for Gl7.

There is an overall decrease in viscosity when compared with Cl7.
Thus at 640°C the difference in log;en is 1.1. It is interesting

to note that the curves for Glg and Gl9 are almost parallel.

3.3.2.3 UrA

The DTA trace for Gl9 (sece Figure 3.51) was different from that
for G18 and G2. First, the crystallization peak (maximum at 723°C)
does not show the shoulder observed for G2. Second, at the melting
temperature two overlapping peaks appeared. The first (and smaller)
occurred at 1264°C and the second at 1294°C.  Third, the polymorphic
transformation was no longer ohserved.

The 'DTA Tq' for this glass was 571°C, 8°C lower than that for
G2.

The heats of crystallization and melting were Alg --35.8 t1.8
cal g=! and AHg = 53.3 £3,0 cal g-!., For this glass AHg was the
same as that for G2. with reference to the melting peak the area
considered was the whole area enclosed by the two overlapping pesks.

The Alif value was slightly larger than that for G2.



3.3.3 Glazs G20

The composition for this glass was 16.92 mole% Naz0, 32,33

mole% Ca0 and 50.75 mole% S10;.

3.3.3.1 Nucleation Rates

The nucleation rates for glass G20 were determined from glass
specimens nucleated for 40 minutes at various temperatures. The
results are shown in Figure 3.37 and campared with those for G2,
The rates were higher for G20 at lower temperatures vhercas at
higher temperaturas they were very similar for both glasses. A
maximum rate of 3.89 x 10* mm~® min~! was found at T = 606°cC,
This temperature is 11°C lower than that for G2,

A typical optical micrograph for this glass is shown in
Figure 3.38. The crystal morphology was nearly svherical. 2n
electron micrograph for G20 heated at 603°C for 40 min and grown
at 730°C for approximately one minute is shown in Ficure 3.39,
Crystalline defects similar to those found for G2 were ohserved.

The crystal growth rate at 675°C was 0.97 um min~!. This

value is larger than the value for glass G2 at 675°.

3.3.3.2 Viscosity Data

The low temperature viscosity results are showm in Figure
3.40. The Fulcher parameters for this glass are shown in
Table 3.14. The logion = 13 value occurred at 565.3°C. The
viscosity of G20 is lower than that for Gl7 over alimost the vwhole
range where measurements were carried out. However, at lower

temperatures the difference in viscosities between both glasses as

necligible.,



FIGURE 3.37 Log,(Nv/t) AS A FUNCTION OF
TEMPERATURE FOR G21,G20andG2.
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Figure 3.38 (top left)

Optical micrograph of G20 heated at 675°C for 40 min.
Mag X202,

FFigure 3.39 (top right)

Electron microgreph of G20 (see text)
Mag. X17,50C

Figure 3.41 (bottom left)

Optical micrograph of G21 heated at 675°C for “O min.
lMag X202.

Figure 3.42 (bottom richt)

Electron micrograph of G21 nucleated at 603°C for 40 min and
grown at 730°C for 3 min.
Yag %24,800.






FIGURE 3.40 Logen AS A FUNCTION OF TEMPERATURE FOR G21,620andG17
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3.3.3.3 DTA

The DTA chart for this glass was very similar to that for
G2. The 'DTA Tg' for this glass was 578°C, which was very close
to that for glass G2. The heats of crystallization and fusion
for glass G20 were AHC = 37,0 21,6 cal g”! and AHg = 49.4 2.5
cal g‘l. An increase in AH; and a decrease in the AYg were

observed for G20 relative to the values for G2,

3.3.4 Glass G21

The composition of this glass was 14.62 mole%® Na,O, 34.33

moles Ca0 and 49.25 mole% Si0z.

3.3.4.1 Nucleation Rates

A typical optical micrograph used for the nucleation measure-
ments is shown in Figure 3.41. Every particle cross section
observed corresponds to a random plane intersecting an almost
perfect cube. This morphology was confirmed by electron micros-
copy, as shown in Figure 3.42. VWhen using equation (2.2) to
calculate Nv,b' vas taken as the side of the maximum perticle
square cross section that could be found on the micrographs.

The nucleation rates are shown in Figure 3.37. They are
greater than those for G2, particularly at lower temperatures.
The maximum nucleation rate of 1.19 x 10° mm~? min~! was at 607°C,
10°C lower than for G2. vhen compared with G20 the rates for G21
were larger over the whole temperature range and the maximum

nucleation rate occurred at approximately the same temperature for

both glasses.
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The growth rate was estimated at 675°C, as described for
the prcvious glasses. The maximum diagonal distance observed
on the optical micrographs was used, glving a growth rate of
0.46 ym min '! This is lower than for G2 at 675°C and much

smaller than for G20 at the same temperature.

3.3.4.2 Viscosity Data

The viscosity results are shown in Figqure 3.40. The Fulcher
parameters for this glass are listed in Table 3.14. The logion
= 13 corresponds to 559°C which is 6°C lower than for GL7. The
viscosity of G2l is lower than G2 over the whole temperature range.
At high temperatures the viscosities for glasses G21 and G20 tend

to coincide.

3.3.4.3 DIA

As for Gl19 the DTA trace for G21 was different from G2 (see
Figure 3.51), The two melting peaks occurred at 1280°C (the small-
er peak) and at 1297°C (the larger of the two peaks). The poly-
morphic transformation peak was not detected.

The 'DTA Tg' for this glass was 578 $3°C., The heats of
crystallization and fusion were AHge = 35,8 1,8 cal ¢! and Alg =
G2.4 3.1 cal g“l respectively. AH, was the same as that for
G2. However the Alig value, which was determined from the total

area of the two peaks, was larger tkan for G2.
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3.3.5 Glass G22

The composition of this glass was 17.0 mole% Naz0, 34.0 moles Cao
and 49.0 mole% S102

3.3.5.1 Nucleation Rates

A typlcal optical micrograph for G22 heat treated at 675°C for 20
min is shown in Figure 3.43. The crystal shape appeared cubic. An elec-
tron micrograph of this glass heated at 603°C for 40 min and crown at
730°C for 2.5 min is shown in Figure 3.44. The N, values were determined
as described previously for G21.

The nucleation rates, vhich are shown in Figurc 3,15, are much greater
than those for glass G2. The maximuwa nucleation rate of 1.70 x 10° mn~?
min=! was at 605°C, 12°C lower than for G2.

The growth rate for G22 at €75°C, which was estimated in the same way
as for glass G21, was 0.56 um min-!, This was slightly lower than the

value for G2 (0.58 um min~!).

3.3.5.2 Viscosity Data

The results are shown in Figure 3.46. The Fulcher parameters fox
glass G22 are listed in Table 3.14. The logion = 13 value ococurred at
560.5°C, 5°C lower than the temperature for Cl7. The viscosity of G22

was lower than Gl17 over the vhole range of measurcments.

3,3.5.3 DIA

The DTA trace for this glass showed two melting pecaks, the first at
1273°C and the second at 1297°C.  The polymorphic trancsformation peak
found for G2 was not observed. The heats of crystallizetion ond fusion
were 38.1 11.9 cal g" and 61.5 #3.1 cal g"1 respectively, These values

are slightly larger than those for G2.



Figures 3.43 (top left), 3.44 (top right)

Optical mnd electron microcrarhs of G22 (sece text)
Mag ¥202; ¥8,760

Figure 3.47 (left)

Optical micrograph of G23 heated at 675°C for 40 min.
Mag X101

Figure 3.48 (right)

Electron micrograph of G23 nucleated at 603°C for 40 nin and
grown at 730°C for 2 min.
Mag X20,400






FIGURE 3.45 Log (Nv/t) AS A FUNCTION OF
TEMPERATURE FOR G23,622and G2
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FIGURE 3.46 Logn AS A FUNCTION OF TEMPERATURE FOR G23,G22 and G17

t | 0G23, ©G22--~G17.  Curves acc.Fulcher fitting
Log,nP
| 131
Mr
9 i .
560 580 600 620 640 T(°C)




95,

3.3.6 Glass G23

The composition for this c¢lass was 16.33 mole% Naz0, 32.7 mole%

ca0 and 51.00 mole% SiOz.

3.3.6.1 Nucleation Rates

The nucleation rates for G23 (Figqure 3.45) were less than those

for G2. The maximum nucleation rate of 6.46 x 10 mn~3 min=! was

at 612°C. '

A typical optical micrograph is shown in Figure 3.,47. fThe
particle cross sections are almost circular. An electron micro-
graph is shown in Figure 3.48.

The estimated growﬁh rate at 675°C was 0.67 um min~!, which

was larger than the corresponding values for both G2 and G22.

3.3.6.2 Viscosity Data

The viscosity results are shown in Figure 3.46, fhe
Fulcher parameters for this glass are shown in Table 3.14. The
logjoN = 13 value occurred at 568.8°C, 3°C higher than the temper-
ature for Gl7. The viscosity for G23 was slightly hinher than
the viscosity for glass G17. It is interesting to note that the

curves for GlL7 and G23 are parallel to the curve for G22.

3.3.6.3 DTA

The DTA trace was similar to that for G2. The melting peak
occurred at 1305°C and the polymorphic transformation peak was

observed. The 'DTA Tg' for G23 was 585. The heats of crystalli- .
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zation and fusion, AH. and AHg, were 33.0 1.7 cal g~! and 45.4
%£2.3 cal g‘l respectively. The AH, for G23 was slightly lower
than the value for G2. The AHg¢ for G23 was lewer than the value

for G2.

At this stage it is convenient to summarize the nucleation
rate curves for all the glasses as well as the viscosities curves.
The former are shown in Figure 3.49 and the latter are plotted in
Figure 3.50. The DTA melting curves for glasses G129, C21 and
G22 are compared in Figure 3.51. The DTA results for all the

glasses have already been given in Table 3.15.

3.3.7 X-ray results for olasses in section 3.3

It has been mentioned already that for glasses G22, G21 and
G19 two melting peaks were observed in the liquidus temperature
range and that the polymorphic transformation peak was no longer
observed in the DTA traces obtained at cooling rates of 10°C min~!,
In an attempt to understand the origin of the two melting peaks,
X-raysdiffraction was carried out for all the glasses in section
3.3. They were ail nuclzated for an hour at 620°C enc grown at
750°C for 30 minutes. The results, shown in Table 3.16, should
be compared with the results of Table 3.8 for the NC2Ss3 compound.
According to Maki and Sugimura, (3.11) for the high form phase the
following peaks (20) should disappear (up to a 20 angle of 37°):
18.14, 22.46, 25.94, 28,24, 32,12, 33.04 and 34.92. For glasses
G18, G20 and G23 the crystalline phase detected was the low fom

of the NC2S3 phase. For glasses G19 and G22 the data strongly
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FIGURE 3.50 SUMMARY OF THE Log,nvsT('C) PLOTS FOR GLASSES IN SECTION 3.3
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FIGURE 3.51 MELTING PEAKS(DTA) FOR GLASSES
G19,G21and G22 AND CRYSTALLIZATION PEAK FOR G19
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TACIE 3.16

~RAYS DATA FOR CLZSSES IN SECTION 3.3
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suggests the presence of the hich form of the NC,S; phase.
However for glass G2l it is not clear whether the high form

was present or not, since the 28.24, 32.12 and 34.92 peaks were
not present and the 18.14, 22.46, 25.94 and 33.04 peaks were

present (apart from a small shift).




CHAPTER 4

EXPERIMENTAL RESULTS. GLASSES WITH K20, NaF,

2r0Oz, P20s, TiO2, MoO3 and Pt ADDITIONS
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In this Chapter the effect ol additions of different oxides
and compounds to the base glass composition NC;S53, on the crystal

nucleation and growth rates will be considered in detail.

4,1 H,0 Additions

The melting technique (Chapter 2) was modified to enable a
glass of hicher water content to be produced. When the batch
had reacted completely (after one hour) the melt was bubbled with
steam for two to three hours. The steam was generated by elec-
trically heating a spherical flask containing distilled water.
The flask had two outlet tuhes, one a safety tube. The other
outlet tube was joined by a plastic tube to a sillimanite tube
with a platinum tube cenented to its end. The platinum tube was
inserted into the melt to a depth of 0.5 in. from the bottom of
the crucible. The thermostat was set at 95°C which allowed a
steady flow rate of steam into the molten glass (assessed by
counting the number of bhubbles per min rising to the melt surface)
without activating the safety valve of the second output tuhe,
The overall flow rate was approximately 1 litre per hour. The
locses (wt.%) in Na0 and Cao for glass Gl4 (nominal composition
similaxr to G2) were 1.63 and 1.3 respectively (Tahle A2.1, Ahppendix
2). The chemically analysed compositions (Appendix 2) for various
glagses considered in this section are given in Table 4.1. ue
to the losses found for Gl4 it was decided, for comparison, to
melt another glass (Gl5) under normal 'dry' conditions. Gl5 was

closer in composition to Gl4 than to G2 (Table 4.1). CGlasses 11,



TASLE 4.1

ANALYSIS

COMPOSITIONS OF GLASSES IN SECTION 4.1 APTLR CHEMICAL

Glass Composition (mole%) 8102
Code Nas0 Cao 1120 (by
difference)

G2 16.30 33.10 - 50.70
Gl4 14.70 31.70 - 53.60
Gl5 14.30 31.60 - 54.10
Ll - - 33.10 66.90
12 - - - -

L3 33.0 57.0

TABLE 4.2 WVATER CONTENTS I'ROM EQUATION (4.3) FOR VARICUS SODA-
LIME~SILICA AND LITHIA-SILICA GLAESES
.-1Class Thick- Tz,5 “. . Watexr oo o Vater -
Code 'néss.: “c:Cencantretion Concentration
(cm) C(wt.%) C(moles) I.fter Accurate
Method
Chapter 2
_____ C(wt.%) C(molet)
G2 .0.0365 0.85 0.80 0.0067 0.023 0.00703 0,023
GS 0.098 0.93 0.74 0.0094 0.030
13’ 0.093 0.91 0.77 0.0072
Gl4 0.048 0.81 0.47 0.0457 0.149 0.0404 0.132
Gl15 0©0.228 0.96 0.65 0.C069 0,022
Ll 0.117 0.91 0.675 0.0214 0.054
L2 0.034 0.0%6
L3 0.136 0.377
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and 12,13 were originally melted and analysed by Janes (4,1) and
Johnson (4. 2) respectively. 2dditional experimental work on
thelr glasses was carried out during the present study,

It was found possible to develop a more rapid method of deter-
mining water content that that descrilted in Chapter 2. For
glasses near the NC2S83 composition the water contents associated
with the 2.8 um, 3.5 um and 4.2 ym bands were approximately 20%,
47% and 33% respectively of the total water present in the glass
(section 2.9). Now, instead of using equation (2.17) valid for
the final corrected I vs vavelength A curve the following equation

was used

Tm Kk 10~ (’c'.Cd"'eocod) (4.1)

where T is the transmittance at wavelength A and €, C and d have the
same meaning as in ecquation (2.17). KA accounts Inr surface re-
flectance losses and eocod for the intrinsic abscrpticn.of. the

sam ple at the wavelength offinterest. It is reascnable to assume
that K, 107€0cCod is amproximately constant and is given by the
transmittance value at shorter wavelengths than the main water

absorption bands, for exarple at A = 2.5 um. So equation (4.1)

bhecomes
T = Ty, 5 1077 (4.2)
thus from equations (4.2) arnd (2.18)
1.8 T
Clwt.8) = 2= 10910[“.%“‘5‘] (4.3)

This equation can ke used at a convenient peak, for example at
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A = 3.5 ym (2nd band) for those glasses near to the NC2S3 composition.

100
So multiplying equation (4.3) by ~Z7-and putting p.g 2.75 g em™? and

€ = 150 cm® mole™! we obtain

T
l L]
CWwt.¥) = g5 % 3 - 1°91°["§‘-‘i] .4

Tﬁe results for a number of glasses analysed in this Chapter are
given in Table 4.2. 1In the case of glasses near the lithium disili-
cate (Li,0.25102) composition the water contents associated with the
2.9, 3.6 and 4.2 bands (see ( 4.2 )) were approximately 70.5%,

18.9% and 10.6% respectively. For these glasses it is more conven-
ient to‘choose the band at 2.9 um (lst band) for the calculations.

For example for glass Ll (Figure 4.1) equation (4.3) multiplied

100
bY 35.5

and € = 60 cm? mole~!). The following should be noted:~

gave 0.0214 wt.% H,0 (thickness = 0.117 cm, p = 2.2078 g cm~?

(1) The results for G2 and Gl4 using the present method agree
well with the longer method described in Chapter 2
(Table 2.95).
(11) The bands at 3.5 um and 2.9 um (Figure 4,1) were selected
for measurements for the soda-lime glasses and the lithia
glasses respectively because for these bands little or
negligible interference occurred from the other 'water®
bands (for example see Figure 2.11)).
It can be observed, from Table 4.2, that G2 andGl5 have approximately
the same level of water whereas Gl4 (steam hubbled) has approximately
six times more water than G2. Also, for the lithia glasses, the

ratio of water contentsg between L3 (steam bubbled) and Ll (normal



fABSORPTIONA —Glass G5,d=0098 cm
— w G ,d=0093
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FIGURE 4.1 ABSORPTION AS A FUNCTION OF WAVELENGTH FOR GLASSES GS,G13lAND-L1:
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melting) is approximately seven. Glass L2, bubbled with wet
gir, had approximately 1% times more water‘than 2 It is inter-
esting to note that under normal melting conditions the water
uptake for the lithia glasses is about 3 times larger than for

the soda-lime glasses.

4.1.1 MNucleation Results

The nucleation 'rates' (Nv/t) for glasses 32, Cl4 and Gl5 are
shovn in Figure 4.2. The nucleation results for Cl4 are given
in Table 4.3. The nucleation time for G14 was the stardard
40 min whereas for Gl5, wvhich had much lower nucleation densities,
a nucleation time of 80 min was chosen. The position of the
maximum rate is similar for G2 and G15. However for Gl4 the
maximum rate of 9.77 x 1¢° mn~? min~! is at 574°C which is 43°C |
lower than for CG2. The maxirmum rate for Gl4 is grcater than that
for G2 by 0.2 of an order of magnitude. For Gl5 the maximum
rate 1s less than that for G2 by 2.7 orders of magnitude.

The nucleation data for glasses 11, L2 and L3 are plotted
in Figure 4.2, 0ptica1 mi crographs for Gl4 and Gl15 are showm in
Figures 4.3 and 4.4. Electron micrographs for Gl4 (¥iy. 4.5)
ghow a different crystal morphology from glass G2. Tha crystals

in Gl4 are more polynedral in shape.

4.1.2 Growth rates

Growth rates were determined by measuring the maximum size

of the internal crystals (previously nucleated) as a function of



log,Nv/1) _ FIGURE 4.2 Nucleation densities
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TABLE 4.3 NUCLEATION DATA FOR GLASS G14 ACCORDING TO EQUATION
(2.2) WHERE t : NUCLEATION TIME IN MIN, N :
MUMBER OF PARTICLE INTERSECTIONS, b' : MAXIMUM
CROSS SECTION DIZMETER, M : FINAL MAGNIFICATION
AND A : PLATE APEX (mm?)

T(°C) t N b' M A e Hxm?
OoG10 [I\xb 'X‘E]
544 40 581 3.27 305.4 18950.4 3.82
554 40 209 3.13 763.4 " 4,60
566 40 395 2.84 763.4 " 4,87
574 40 459 2.66 763.4 " 4,99
594 40 296 4.65 816 21957.2 4,59
613 40 490 2.09 326.4 " 3.96
633 40 267 5.28 326.4 » 3.27
653 40 219 9.50 326.4 e 2.92

TABLE 4.4 LIQUIDUS TCMPERATURES AND DTA RESULTS FOX GLASSES G2,
Gl4, G15, L1 AND L3

Glass Liguidus Heat of fusion DTA Tg (°C)
Code Temperature (DT2)

(°c) AHe (cal gl

TL
G2 1276 53,2 £2 579
Gl4 1273 60.0 *3 571
Gl1l5 1268

Ll 1036 451

L3 1034 441




Figure 4.3 (top left)

Optical micrograph for Gl4 nucleated at 575°C for 40 min and
grown for a short time at 725°C Mag X500.

Fioure 4.4 (top right)

Optical micrograph for Gl5 nucleated at 638°C for 80 min and
grown for 4 min at 750°C. Mag X50.

Figure 4.5a,b,c
Electron micrographs of Gl4 hcated at 579°C for

(a) 14 hr (middle left) Mag X17,300
(b) 14 hr (middle right) Mag X17,000
(¢) 10 hr (bottom) Mag X18,000
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time. Figure 4.6 shows plots of the size vs time at a series of
temperatures for Gl4. In Figure 4.7 the growth rates as a func-
tion of temperature are shown for glasses G2, Cl4, 11 and L3.

It is clear that #ddition of water causes a warked increase in the
growth rates for both the soda-lime glasses and the lithia glasses.
The growth rates in the latter glasses were determined by measur-
ing the thickness of the surface crystalline layer vs time. The

size vs time plots were linear,

4.1.3 Viscosity measuremants

The results are given in Figqure 4.8. For both sets of
glasses the viscosity at lower temperatures decreased considerably
with increase in water content. It should be.noted that a good
fit was obtained to the low temperature data for Ll and L3 with
the FFulcher equation when the high temperature data for Li0.2510;
obtaired by Shartsis et al (4. 3) was vsed for both glasses,

For the soda-lime glass Gl14 the Fulcher equation was fitted to

the low temperature data for Gl4 and the high temperature dsta

for G2. The fit, however, does not appear as good at lovw tempera-
tures as that obtained by tracing a smooth curve throuch the
experimental points. Thais is almost certainly due to the comno-
siticnal difference between G2 and G141 (see Table 4.1). On the
other hand Ll and L3 are much closer in composition and at hLigh
temperatures the viscosities of 1l and L3 are probably very close.

It is interesting to note that Scholze and Markar (4.4)

found that the viscosity at 1300°C for a glass of 75 mole% Si0;,
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FIGURE 4.7 Growth rates as a function of temperature for glasses G2G14 1andL3.
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FIGURE 4.8 Log,n as a function of temperature for glassesG2,G14,G15,L1andL3.

(©) (o) (o) ©)

12 = Fulcher parametersA B T

(see text)G14-40352395241"

B3-176,376541752 X

T suchoslogn#3, T
L1, 4494{°C)
L3, 429
G14, 5487
G2, 5646

610 650 T(°0)

530 570

%)



103 L

15 mole% Nap0 and 10 mole% Caf and containing 0.11 wt.$% water wag
only a factor of 2 less than the same comnposition with a water
content of 0.004 wt.%. Eowever, at 560°C the corresponding
reduction in viscosity was almost two orders of macgnitude,

This 1s consistent with our results. In the ryesent study the
maximum reduction in viscosity (for a sirilar viscosity ran-e)
was about one order of magnitude. However, 1in the work of
Scholze and Merker the increase in water content was 3Q times

compared with only € times in our work.

4.1.4 Other results

The crystalline plase precipitated fron Gl4 and Gl5 was the
low temperature form of NC283. This was confirmed by electron
diffraction for the early stages of growthi in Gl4 (see Table 3.9).
For the lithia glasses the primary crystalline phase was lithium
disilicate.

The liquidus temperature and the 'DTA Taq' for glasses G2,

Gl4, G15, L1 and L3 are listed in Tabls 4.4. The lieats of fusion
for Gl14 and G2 are also given. Clearly the DL T¢ show a decreasa
for the glasses with higher water contents, which is consistent
with the viscosity behaviour. Only a slight decrease in T, with

L

vater content, was observed.

4.2 MaF Additions

Five glasses werc melted and the corpositiong srxre listed in

Table 4.5 (see also Table 2.1). G3 to G6 belong‘to the series



TABLE 4.5 GLASSES CONTAINING F~

Glass Nominal glass composition

Code
G3 07 (3IC283) 3Nar
G4 94 (NC253)&NaF
G5 £2(NC253)18NaF
G6 45 (NC283) 55NaF
G7 97 (C2S3)95.5113NaF

TABLE 4.6 GROWTH RATES FOR G3, G4 IND G5

Glass T(%C) u(um min-!)

G3 590 0.025
610 0.082
650 0.273
668 0.725
691 1.744

G4 590 0.046
610 G.100
630 0.277
650 . ©C.3%0
668 0.790 °
621 2.375
705 3.2¢00

G5 590 0.318
6lo 0.933
634 1.479
G50 2.417
668 4.827
€92 12.0

TABLE 4.7 DTIA RESULTS

Glass '‘DTA Tqg' b, (cal g‘l) AHg (cal g‘l)

Code (°c)

B2 579 35.9 1.8 58.2 2.9
G3 579 38.0 59.6

C4 570 35.9 5€.4

c5 552 32.5 54.3

6 458
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(1-X) MNCzS3.XNar. G7 was intended to have the same NMas0 content
as the composition NC;S3 on the assumption that the Na+ from the
NaF would combine with atmospheric oxygen to give Naz0. For all
glasses chemical analysis (see Appendix A2) revealed a2 considersble
loss of fluoride during melting. For example, for G5 (nominal
F content 1.15 vwt.% ,sec Table 2.1) the F content was C.77 wt.%
corresponding to a 33% loss. For higher nominal fluoride contents
the losses increased. Thus for G6 (nominal F content 5.73 wt.%)
the loss-was 433.

Since, as we have already scen, water content can strongly
influence the kinetics of crystallization, it was decided to
check the water content of one of the fluoride glasgses. The
water content for G5, measured using equation (4.4), was 0.0054
wt.% (see Table 4.2 and Figqure 4.,1) which is slightly hicher than
for G2. This may mean that the water uptake of fluoride glasses
is higher than for non fluoride glasses, under normal melting

conditions.

4.2.1 tucleation rates

The nucleation results are given in Figure 4.9, For G3
(3 molet NaF) the ‘'maximum nucleation rate' (¥,/t) was 2.3 x 10"
- ® min-! at 600°C significantly greater than the value for the
base glass G2. For G4 (6 mole% Nar) a further increase in the
maximum was observed (3.4 x 10" mm? min-! at 590°C) . For G5

(18 mole$ MaF) the maximum was 40 x 10* rm~? min=! e+ 520°c.

For increasing Nal content the nucleation curves show a cystematic



FIGURE 4.9 Log {Nv/t) as a function of temperature for glassesG2,G3G4 ,G5G6andG7.
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shift to lower temperatures and an increase in the maximum NV/t.
For C6, which contained a much larger amount of NaF than the
other glasses, the shift in the maximum was as much as 140°C
relative to G2, although the maximum N/t had now decreased to
0.75 x 10° mm~? min~?!. G7, which was not in the same series

as G3 to G6 (see above), also showed more nucleation at lower
temperatures than G2 (but not at higher temperatures). The
position of the maximur for G7 was similar to G2.

The crystals precipitated from these fluoride glasses were
nearly spherical in shape. Optical micrographs for C7 and GS
are showvn in Figures 4.10 and 4.11, FElectron micrographs for
G4 are shown in Ficure 4.12.

For €6 (55 mol% NaF) the particles grew as spherulites up
to a certain size and then appeared to change morphology (Ficure
4.13)., ‘The origin of this effect is unknown but might be due
to the formation of a new crystal phase (see X-ray results in

section 4.2.4).

4.2.2 Growth Rates

leasurements were made for G3, €4 and G5. The maximum
diameter of cross sections was measured for a series of times at
the same terperature on rreviously nucleated glasses. The maxi=-
mum diameter was found to grow linearly with time. A tyrical set
of size vs time plots at different temperatures are shown in
Ficure 4.14 for G3, G4 and G5. The growth rates obtained by

least squares analysis of the size versus time rlcts are given



Figure 4.10 (top left)

Optical micrograph of G7 heated at 710°C for 40 min
Mag X200.

Figure 4.11 (top right)

Optical micrograph for G5 nucleated at 620°C for 40 min
and grown at 725°C.
Mag X500

Ficure 4.12a,k

"

Electron micrographs of G4 nucleated at 620°C for 40 min
and grown at 725°C.
(a) Mag X7,300; (b) %29,200.






Figure 4.13a,b,c
(a) Optical micrograph (OM) of G6 nucleated at
486°C for 40 min and grown at 710°C.
Mag X100

(b,c) OY of G6 heated at 610°C for 14 min. Mag X200.






FIGURE 414 Size vs.time(t:min),at the given
temperatures,for glass(previously nucleated) G3

o .

7 T=610°C T=590°C
u=0.082pm mir! . u=0025 pmmin.

L6 _

-5

m
T=691°C
u=1.76bpm min.
T=668"C
u=0725 pmmin.

T=650°C
u=0.273 um min,

15 | 30 LS | t




'™ EIGURE 4.14 Continued:Gb

T=590°C
u=0.046 pm min’

%0 89 1?0

T=630°C

A5 u=0.277pm min
T=610°C

u=0100 y mmir’




‘pm FIGURE 414 Continued:G&

T=668"C
10 u=0.790 pm min.

1;0 2:0 ot
T=691°C
u=2.375 .
pmmin.
2‘4 ot




FIGURE 414
Continued:G5

50 b

|
pm
30 T=610°C
u=0.983pm min,
10 15
‘pm
o T=634°C
u=1479 pm min




T=692°C

u=12pm min.

FIGURE 414
Continued:G5




106.

in Table 4.6. In Figure 4.15 the growth rates as a function of
temperature are plotted for G3, G4, G5 and G2 (0% HaF). The
growth rates showed a systematic increase with increasing NaF

content.

4.2.3 DTR, viscosity and liquidus terperature results

The DTA results are given in Table 4.7. & marked drop in
the 'DTA Tg' was observed for increasing Nal' content suggesting a
lowerihg of viscosity. The heats of crystallization and fusion
renained constant within experimental error althouch ticre was
an apparent decrease in the values from G3 to G5. The DTA
traces for G3, G4 and G5 were very similar to G2, The reversible
polymorphic transformation peak of the NC2S3 phase was also
observed. However, the DTA trace for G6 (Figure 4.16) vas
different. The crystallization peak at 589°C exhibited a shoulder
at hicher temperaturss and the apparent fusion peak at 842°C
occurred at a much lower temperature. This behaviouar may be due
to the precipitation of more than one crystalline phase in this
glass.

The viscosity results for G5 are shown in Figure 4.17. The
curve for G5 corresponds to the Fulcher equation fitted to the
low temperature range data for C5 and the hich temperature range
data for G2. The logjoen = 13 value occurred at 537.3°C, 27°C
lower than for C2. B difference of 27°C was also found in the
‘DTN Tg' values. The viscosity of G5 was lower than G2, the

curves for the two glasses being almost parallel.
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FIGURE 416 DTA TRACE FOR GLASS Gé.
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FIGURE 417 Logyn as a function of temperature for glasses GS) and GZ).
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The liquidus temperature for G5 was 1266°C, 11°C lower than

for G2.

4.2.4 X-ray Results

For the crystallized glasses G3, G4 and G5 the peak positions
correspond to the low NC2S; form. The only differences were in
the relative heichts of the peaks. For G656 the patterns were
more complicated. Samples of G6 were heated at 595°C for times
rancing from 15 to 240 min. The results are given in Table 4.8,
The peak heights increased after the 15 min treatment. . After 45
min little oqho changes in the pattern could be detected. For
the 30 min treatment the majority of the peaks correspond to the
'high' NC3S3 except for the peak at 2.63 i vhere for NC2S3 two
peaks should be observed. The peaks at 20 = 38.85, 56.1 and
70.45 correspond to the following WaF 4 spacings: 2.32 (very
strong reflection), 1.64 and 1.34 A respectively. Also the pceks
at 29 = 28.35 and 47.10 correspond to the CaFz d spacings 3.153
and 1.931 R (very strong reflection) respectively. Dxanination of
the data for 15 nin suggests that the first phase precinitated was
high NC253.

The unusual appearance o the crystals for G5 (Figure 4.13) can
be tentatively explained as follows. The first phase to he pre-
cipitated is NC;S;. Subsecuently a layer forms on the existing
NC2S3; crystals, which is probably rich in crystalline WaF and CaFj.

C6 was also heated for 20 min at 560, €00 and 747°C. The

X-ray results were very similar to those given in Table 4,3, The



TABLE 4.8

X~-RAYS DATA FOR G7 HZATED AT 595°C FOR DIFFERENT TIMES

26 d(i) Relative Intensity for different heat
treatment times t{min)

t 15 30 45 60 240
11.80 7.46 14.7 . 12.9 . 15.1 12.4
16.75 5.30 12.4 11.3 13.5 13.1
20.30 4.37 12.6 24 24,1 22,4 21.1
23.85 3.73 15,9 74.0 76.1 77.1 67.5
26.65 3.34 12,0 56.4 53.0 52.3
26.80 3.32 80.0 77.1 77.0 63.8
28.35 3.15 24.1 26.1 26.5 24.8
29.40 3.03 17.5 20.6 17.1 18.4
33,95 2.63 30.8:3>>100 >*>lc0 >2100 >>>100
35.70 2.51 17.9 1n.4 10.0 11.8 1lo.8
38.20 2.35 18,1 18.9 17.2 19.5
38.85 2.32 35,8 40.3 40.3 37.0
39.60 2.27 10.0 l10.8 10.2 1lo0.3
40.25 2.24 11.0 l1o.8 10 10.6
41.20 2,19 10.5 l10.3 9.5
42.0 2.15 15.6 15,7 15.3 16.5
43.3 2.09 10.0 9.2 9.4 8.5
45,0 2.0l 9.2
47.10 1.93 21.8C 21.0 13,3 20.9
48.75 1.87 16.5 82.9 €3.4 87.2 72,1
49,8 1.83 1o.3
50.65 1.30 15.4 14.0 16.3 16.5
52,85 1.73 lo.0 10.2
56.10 1.64 22.2 21.9 21.7 20.0
59.95 1.54 15.3 14.3 14,3
60.85 1.52 24.1 23.9 24.1 23.0
67.15 1.39 10.0 11.3
67.80 1.38 10.3 9.5 lo.o 9.6
70.45 1.34 lo.6 9.8 11.2
71.5 1.32 10.0 9.5 lo.5 9.9
71.95 1.31 10.0 9.2 10.0
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percentage crystallinity was greatervfor the higher temperatures
probably due to the higher growth rates.

For the heat treatment at 747°C tvo peaks were observed near
to 2.63 Z instead of the singlc peak found for treatment at 595°C.
Two strong peaks at 2.62 and 2.66 3.are expected for 'hich' 1NCyS,

(see section 3.3.7).

4.3 2Zr0, Additiocns

Two glasses were melted (see Table 2.1), Gl2 (3 mole% 2r0z,
97 molet NC2S3) and G137 (6 mole% ZrOz, 94 mole% NCpS3). The
water content of G13“, estimated from the infra~red trace shown
in Figure 4.1, (value obtained from equation (4.4)) was
0.0072 wt.%, which is almost the same as the value for G2 (see

Table 4.2).

4.3.1 Nucleation Results

The nucleation kinetics of Gl2 and Gl3” were determined by
the double stage heat treatment nethod previously discussed,
Typical optical micrographs for C12 snd Gl3” are shown in Figures
4.18 and 4.19 respectively. The crystallization centres ir these
glasses appeared to be close to cubic in shape, in contrast to G2
where they were spherical. The cubic shape was confirmed by
trancinission electron micromcopy. Figqure 4.20 shows NC3S3 particles
in glass G13” at an earlier stage of develorment than those shown
on the optical micrographs. EBach particle appears to be corposed

of a sincle crvstal.



Figure 4.18 (top left)

Optical micrograph of G12 heated at 720°C for 40 min
Mag X100.

Figure 4.19 (top right)

Optical micrograph of G13” nucleated at 600°C for 40 min
and grown at 720°C. Mag X200.

Figure 4.20

Electron micrographs of G13~ and G12

G13” heated at 5£6°C for 51 h G12 heated at 580°C for 40 hr
and at 597°C for 41 hr Mag X20,440

Mag X14,000






109.

Since the particles were no longer spherical, to determine the
nucleation densities Ny the procedure used was to measure the side
of the longest square cross section observed. The results (cbtained
from equation (2.2)) for G2, Gl2 and G13” are shovn in Figure 4.21.
The addition of 3 mole% Zr0O; (Gl2) caused a small decrease in
nucleation. Addition of 6 mole% 2rO, (Gl3”) caused a much larger
decrease in Ny/t particularly at the higher temperatures but no
sionificant change at the lower temperatures. Also the position

of the maximum in the nucleation curve was not altersd signififantly,

8 1

for C13” the maximum rate being 4.68 x 103 mm~?% win~?!.

4.3.2 Growth Rates

The growth rates wvere obtained using the internal crystals
and measuring the distance hetween parallel sides of the largest
square sections observed. 2s before the size was found to be
linear with time at a given temperature. Slze vs time plots for
C13” are éhown in Figure 4.22, and the growth rates vs temperature
for G13° and G2 are shown in Figure 4.23. The growth rates for

Cl13” were less than those for G2.

4.3.3 Viscosity, DTA and other results

The viscosities of G13” and G2 are compared in Figure 4.24.
addition of 2rO; produced a considerable increase in viscosity
in the low temperature range. The dashed curve corresnmonds to
the Fulcher equation fitted to the low tcmperature Jdata for G133~

and the high temperature data for G2. ‘The log;on = 13 value
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FIGURE 4.24 Log,n asa function of temperature for glasses ?13)und %302)
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corresponds to 584.8°C, about 20°C higher than for G2. The
"Fulcher curve fitted to only the low temperature data for Cl3
is alco shown (continuous curve).

The 'DTA Tg' values for Gl2 and Gl3” were 586 and 592°C
respectively, the greater value for Gl13” being cbnsistent with
the increase in viscosity observed for Zr0,; addition. Tor the
heats of fusion the trend is not as clear. Tor Gl2 AHg was
52.3 2.6 cal g~! whereas for G13” it was 61.9 #3.1 cal ¢g-!,
These values are close to AHg for G2 (58.2 *2,9 cal g").

The liquidus temperature for 613’ was 1269°C, about 7°C
lower than for G2.

Crystallization of both Gl2 and G13” c¢ave the low form of
NC253. The only differences between the two glass:s were in

the relative intensities of the x-ray peaks.

4.4 P05, TiO2 and MoO3; Additions

The nominal glass compositions are listed in Table 2.1.

The nucleation densities were determired from equaticn (2.2) using
a fixed nucleation time of 40 min. The growth temperature ranged
from 720 to 740°C and the growth time from 4 to 10 min. TFor

each composition the growth temperature was fixed.,

The nucleation results for G9 (3 mole% TiO;) and €8 (3 molel
P20s) are compared with the base glass G2 in Fioure 4.25, It is
clear that the addition of Ti0; caused a significant decrease in
nucleation for tempcratures above the meximum in th2 nucleation

corve for G2 but no significant change at lower temperatures.



FIGURE 4.25 Log (Nv/t) vs.T(*C) FOR GLASSES

' G8(3mole%R05),G9(3mole%Ti0,)and G2.
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However, for addition of P205 the nucleation decreased significantly
over the whole range. The maximum N/t of 10" mm~? min~! for G9
occurred at about 610°C compared with 2.1 x 10° rm~® min~! for G8
at about 618°C.

It is also interesting to compare the morpholocies of the cry-
stals in G8 and G9 with G2. Cptical micrographs for G8 and G9 are
shown in Figures 4.26 and 4.27, In G9 (3 mole% TiO;) the spherul-
ites have a smooth spherical cross section but in G8 they are more
irregular in appearance.

The nucleation results for the glasses containing Mo0O3 (Gl0
and Gll) are shown in Figure 4,28. A decrease in the maximum
nucleation rate with increasing MoO; content was observed. The
temperature of the maximum for both glasses decreased to about
602 C. The maximum for GlO was 4.47 x 10° mm~® min~! and for Gl1
1.74 x 10° mm~? min—!. Also, MoO3 additions caused a considerable
decrease in the nucleation densities at higher temperatures but
at lower temperature the densities remained close to those for G2.

Optical micrographs for GlO and Cll are shown in Figure 4.29
and 4.30. For the 3 mole% MoOj; glass the srherulites had an
irregular spherical shape whereas for Gll the crystals had an
approximately cubic morphology.

No further worxk was carried out on these compositions except
for the X-ray ldentification of the phases precipitated. Each
glass was nucleated for 40 min at its maximum nucleation rate
followed by growth for 20 min at 730°C to obtain complete crystall-~
ization. 1In both cases the crystalline phase present was iden-

tified as the low form of NC2853.



Figure 4.26 (top left)

Optical ricrograph of G& nucleated at $00°C for <40 min
and grown at 725°C.  lag X200.

Figure 4.27 (top right)

Optical microgranrh of G9 nucleated at 620°C for 40 min
and grown at 725°C.  'Mag X500

Figure 4.29 (bottom left)

Optical micrograph of GlO nucleated at 600°C for 10 min
and grown at 730°C. l!dag X200.

Figure 4.30 (bottom right)

Optical micrograph of Gll nucleated at 581°C for 40 min
and grown at 730°C. Mag X100.






FIGURE 4.28 Log,(Nv/t) AS A FUNCTION OF T(C)

FOR GLASSES G10(3mole?”6Mo0s),G11(6mole%6Mo0s)and G2.
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4.5 Pt ADDITIONS

The effects of the addition of platinum on nucleation in the
NC,S3 composition were studied. Two glasses were melted with
0.2 wt.% Pt (G24) and 0.456 wt.% Pt (G25). LIlthcugh no chemical
analysis of these glasses was carried out theilr compositions were
expected to be close to G2 (see section 2.l1), since the batch quan-

tities for soda,lime and silica were the same for all these glasses,

4.5.1 Nucleation, Viscosity, DTA and X-rav results

1t.e nucleation vs time behaviour was investigated at 595, 621
and 641°C for G24 and G25 and compared with the base glass G2
(Figures 4.32; 4.33 and 4.34). The nucleation densities were
calculated from the more accurate equation (2.1) since a large
variation in particle size was expected, some particles having bzeen
nucleated heterogeneously and others hcomogeneously. Typical op-
tical micrographs for G24 and G25 are shown in Figure 4.31. The
steady nucleation rates (I,) and the intercepts with the time
axis (to), calculated by least squares, are given iu Tabla 4.9.
let us flrst consider Figure 4.32. Addition of C.2 wt.3 Pt to
G2 causes little change ia nucleation at 595°C, Addition of 0.46
wt.% Pt gives a large increase in nucleatioqﬁnitially but for
times longer than 50 min the nucleation is less than in the other
glasses. The steady state nucleatior rate I, in G25 is also
less than in G2. Similar behaviour is found at 621°C (Fig. 4.33).
For times less than 20 minAfor C24 and 40 min for Gz5 the nuclea-

tion density is higher than in G2. TFinally at €41°C (Fiqure 4.34)
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'FIGURE 4.33 Nv vs.time,atthegiven temperature,

for glasses 062,G24and G25.
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FIGURE 434 Nv vs.time,at the given temperature,

forglasses G2,G24and G25.
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Figures <.3la (top left). b(top right)

Optical microgra.hs for ¢glasses G2 and G25
a. G24 nucleated at 642°C for 80 nin and grovn for a short time at
730°C. !Mag X50C.

b. €25 nucleated at 632°C for 20 mir and crown for a shert time at
73¢°C. Mag X500

Figure 1.31c

Stereoscan microgranh of @25 heated at 682°C for <0 min and
etched. lag ¥3,400.

Fig'ure 4. 38 hs'b)

Electron micrographs at a 100 kV electren accelerating voltage,
of G25 heated at 596°C for 6 hr 21 mir. i:ag X15,300.






TABLE 4.9

STEADY STATE NUCLEATION AND INTERCEPTS FOR

AD G25

GLASSER G2, G24

Glass T(°C) I, (m~? min-!) ¢5 (min)
Code

G2 595 33608.5 28.7

G2 621 16060.7 -1.9

G2 641 5863.3 -8.8
G24 595 32576,.1 31.5
G24 621 14434.5 -5.0
G24 641 5147.6 -39.8
G25 595 14218.8 -2.8
G25 641 6995.0 ~32.2

NOTE: The steady state nucleation rate value (I,)

and the intercept (ty) were calculated by least

squares method.
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the nucleation densities in G24 and 25 are larger than in G2
independent of time. Rowever there is no significant differenca
in the I, values for the three glasses at this temperature. In
Figure 4.35 loglo(Nv/t), where t = 40 min, is plotted versus tem-
perature for G25. For t = 40 min the logio (Ny/t) values are
highexr than in G2, thie increase being the grecatest at either below
or above the maximm for G2.

The results for G2 are summarized in Fig. 4.36. They are
in close agreement with the results for Cl6 (see Figures 3.14 and
3.15) although the corpositions, both nominally NC2Ss were slightly
diffexent.

The viscosity results for €25 are compared with G2 in Figure
4,37. At the high temperatures the viscosities of 525 and G2 are
nearly identical. However at the lower temperaturcz 625 is slightly
more viscous than G2. The curve plotted for C25 corrasponds to
the Fulcher egquation fitted to the low temperature data for G25 and
the high temperature data for G2, Using the Fulcher extrapolation
10'* p occurs at 570.7°C for €25, 6°C higher than for G2.

The DTA trace for €25 was very sirilar to G2, 'The 'DTA Tg'
was 531°C (579°C for G2). The AHg value was 58.4 cal g=!, very
close to the value for G2 (58.2 cal g~!). The Al value was 39.7
cal g~! (35.8 cal g~! for G2). The low form of NC;Ss was identi-
fied by X-ray diffraction in crystallised samples of G25. No Pt

peaks were Jetected.

4.5.2 Electron microscopy ard Electron microprobe results

After examination of a larce number of folls of Pt contain-

ing glasses the early stages of growth of NC;S; crystals on bt



- FIGURE 4.35 Log,(Nv/t) AS A FUNCTION OF TEMPERATURE("C) FOR GLASSES
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FIGURE 436 Nucleation density for glass G2asa
function of time at the given temperatures.

NVx10-$
(mm”)

20

16

12

e i

60 80 time(min)




logxo 71 o

m1:P

FIGURE & 37 Loggn vs.T("C) FOR GLASSES G25 AND G2.

(e) (x)

12

1

10

Fulcher parameters for G25
A=-3.29 B =41282,To =317.3°C
log,,n=13->T=5707°C

560

580 600 620 T(°() —



114.

centres was detected. % series of electron micrographs taken at
100 kV are shown in Figure 4.3°, The magnifications are constant,
with the exception of the last two micrographs, allowing the sizes
of the particles to be compared directly. It is clear that
several individual NC2S3 crystals have nucleated heterogeneously
on the larger Pt particles, 4 layer of crystals is clearly ob-
served sufrounding the smaller Pt particles. Also 1t appears that
the crystals prefer to grow on more highly curved surfaces at the
earlier stages. Very little structure can be observed inside the
Pt particles. It was not possible to take electron (iffraction
pattemns of the Pt centres in the 100 kV electron microscope.

In order to confirm that the particles were Pt crystals a high
voltage electron microscope was used@ (900-1000 kV). The X-ray ¢
spacings for pure Pt obtained by Swanson and Tatge (4.10) are
given in Table 4.10, and campared with the values cbtained from
electron Giffraction. A pattern taken al 900 kV is shown in
Figure 4.3%9(a). A Pt particle showing a clear sector is shown
in Figure 4.39(b). At least eight crystals are seen growing from
the particle in Figure 4.4C. Selected area diffraction patterns
from two of the crystals are also shown. It i3 interesting to
note that the main row of spots in both patterns corresponds to
the (11.0) (d = 5.34 R) reflection of NC3S3. The direction of
these rows is tangential to the surface of the Pt particle. In
the same patterns weak spots of the (311) (& = 1.184 R) raflection
of Pt can be okserved. This may suggest that the crystals are
growing with a definite orientation with respect to the Pt par-

ticle. Another pattern from a Pt particle is shown in Fiqure 4.41.



Figure 4.38 (c,d,e,f,q) (continued)






Figure 4.38 (h,i,3) (continued)

FMigure 4.38 (k,1) (continued)
(k) Mag X22,000 ; (1) Mag X33,600






TABLE 4.10

X~RAY DATA FOR Pt FROM SWANSON AND TATGE (4.10) AND d SPACINGS
OLTAINED FROM ELECTRON DIFFRACTION (Camera Length CL = 16.222 ﬁ ma)

hkt  d(d) T d(%) From . Comments
this work
111 2.265 100 2,809 Ring pattern -
Unidentified
200 1.9615 53 1.961 Spot patterns
220 1.3873 31 1,387 "
311 1.1826 33 1.184 "

222 1.1325 12
400 0.,9808 6
331 0.900 22
420 0.8773 20

422 0.8008 29




Figures 4.39a,b

Electron diffraction pattern and micrograph of a Pt centre in
glass G25 as quenched taken at 200 kV accelerating voltoge.
llag ¥59,000.

Figures 4.40 a,b and c

Figure 4.40b ELlectron micrograph (500 kV) of G25 heated as
explained in Figure 4.38. Mag X17,2C0.

Ficure 4.40a Selected area diffraction pattern (SAD) of top
left crystal in Figure 4.40b.

Figure 4.40c. SAD of top richt crystal in Figure 4.40b.

Figure 2.41a,b

Same glass and conditions as in Pigures 4.3% and b.

Figure 4.42
EPIMA line scan through a Pt particle. (See text)
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Two clear rings and two single spot patterns are cbserved. The
1.184 and 1.387 R d spacings from this pgttern {see Table 4.10)
match very closely the (311) and (220) Pt & spacings., The 2.809 R
d spacing obtained from the ring patterr, however, rerains uniden-
tified. Another Pt particle exhibiting an unidentified micro-
_structure is shown in Figure 4.41.

Samples of G25 were prepared for EPMA examination. The dis-
tribution of Pt between precipitated particles and the surrounding
glass and Pt levels in crystals were of interest. Tha samples were
coated with a thin layer of Al to prevent charge accumulation from
the electron beam, and examination for Pt carried out at an elec-
tron accelerating potential of 20 kV using Pt Lo as the analysis
line. The metallic particles in G25 were identified as Pt after
a direct comparison had been made (using counts) of the intensity
of the Pt Ia nucleation line from the particles in the sample and
from a standard Pt wire of purity greater than 99.99%. A line scan
through one of the particles is shown in Fiqure 4.42. llo Pt was
detected in the surrounding glass at distances 1.5 to 2 ym from
the particles. At closer distances Pt was detected, but probably
originated by X~ray excitation from the particles themselves. Also
analysis of Pt particles indicated the presence of small a&nounts of

silicon and calcium. Sodium was not detected in the particles.

4.6 'ULTREASONIC WAVES' EFFECT ON NUCLEATION

some work was carried out on the effect of ultrasonic waves

on the nucleation characteristics of glass G17. The apparatus
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used is schematically shown ia Figure 4.43. A heat resistant steel
rod of the appropriate length (for maximum transmission of the sonic
waves) was connected to the head of an ultrasonic drilling machine.
The lower end of the rod was in direct contact (under pressure) with
the sample. The cylindrical sample was held in position by a met-
allic bush. The specimen rested on a steel rod into which a T/C
was inserted almost touching the sample, The temperature of the
furnace (nichrome wound) was monitored with a Eurotherm controller.
only four runs were made, two with ultrasonics (US) and two without
ultrasonics (wUS). In Table 4.1l the temperature-time schedules in
the four runs are compared. The nucleatior results, determined
using equation (2.2), are given in Table 4.12. It would appear at
first sight that the application of ultrasonic waves has slightly
increased the nucleation. However it is very unlikely that the
effect is significant due to uncertainties arisin¢ from édifficulty
in obtaining exactly the same heating schedules in the experiimental
runs.

There still exists the possibility that ultrasonic waves might
change the nucleation incubation time. Thus it would le very inter-
esting to use this technique at lower temperatures for mich longer
times (say at 570°C for 10 hours) since the effect of ultrasonics
micht be much larger than at the teamperatures and times used in the

present experiments.
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TABLE 4.11

DETAILED RUNS MADE

Run 1 (US) Run 2 (NUS) Run 3 (US) Run 4 (Nus)
T(°C) time T(°C) time  T(°C) time  T(°C) time
(min) © (min) (min) (min)
580 6 5838 4 605 7 620 8
601 12 602 10 624 10 630 16
612 20 610 13 630 19 630 36
614 27 619 35 635 25 630 41
614 40 620 40 632 32 Out 45
Out 45 out 45 632 40
' QHF 45
THBLE 4.12

NUCLEATION DATA FOR GLASS G17 (WITH AND WITHOUT ULTRASONIC WAVES)

Run Mag.  R(mm?) ‘N(No. b*(mm): log N, - log Ny/t
particles)
1 (614°c) US 800 2 x 20874.5 412 2.73 6.26 4.61
2 (619°C) NUS 800 " 380 3.55 6.12 4,46
3 (632°C) US 800 3 x 20974.5 282 2.56  5.95 4.30

4 (630°C) NUS 800 4 x 20974.5 321 2.46 5.90
4.25




CHAPTER 5

DISCUSSION AND ANALYSIS OF THE EXPERIMENTAL RESULTS,

PROPERTIES OF SOME GLASS CERAMICS IN THE

SODA-LIME-~SILICA SYSTEM
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5.1 Analysis of Experimental Results for Nucleation

5.1.1 Theoretical considerations

To a good spproximation equation (1.45) can be written as I =

AG
KT u* D
Ny 3 exp[— J%T} exp [- -R—,-,) whera AGp is the activation free energy
for Aiffusion per mole. If the diffusion coefficient for nucleation
AG

D = Do exp[— —Egﬂ and the viscosity are reldted through equation (1.43)

we okbtain
e"P[“ %} = -‘5; = ‘3‘;,‘}%;; (5.1)
Substituting back in the nuclecation equation
-I% “':;%;3' exp{- }j—;—} = Do exp{-- %}] (5.2)

where Dy = vA? = E% A% ana A, is given in terms of the pre-exponential

kT
factor A & Ny =~ by

hh
Ac = I (5.2)

From equations (5.2) and (1.2a) it follows that the plot ln(*h) vs E%;r-

should be linear, the slope and appropriate intercept enakling the inter-
facial enexrcy O and the pre-exponential factor to be calculated.

let us examine in more detzil the meaning of equation (5.1).
According to Oishi et al (5.1) for soda-lime c¢lasses the arparent acti-
Qation enercy for diffusion (AHD) of oxygen increases rapicdly in the
transformation range. From equation (5.1) the same trend should be
| obsgrved for AHn, the activation erergy for viscosity. For many systens
the viscosities as a function of temperature are better described by a

Fulcher equation than an Arrhenius equation with a constant activation
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AG:
erergy. Ty comparing n = Ny exp[——r&rl) {(vhere AGn = A;—:n - TASY] and
= ' a c FL A & A i
b [B(AGn/T) /8(1/'I)]P and also A ’ AHn and A.Sn &re now considered

as functions of temperature) with the Fulcher expression n = 10"

1oB/ T-To we obtain

BRT?
AHn = ln 190 w (5.42)
: BRT o No
AS = 1ln 10 ——— + R ln[-——-,—) (5.4h)
n (T‘To)z 10“
AGy = 1n 10 £oi- - RT 1n[ﬂ°-') (5.4¢)
~To 10®

It can be noticed that Aﬂn increases with T decreasing. For exanmple

with Ty = 300°C = 573°K, foxr T = 873, 853, £33 and 803°L the values

a8 T2

1 ‘10 BIR = (T“T )2 are 8'471 9028( 10.26 and 12.1° respectively.
n A\ (o]

Let us examine the variation of AGn with T, From ecquzation (5.4¢) we

obtain
aAg BRT,
N No
—— = - 1ln 10 w7 - R ln[———) (5.5)
aT (T-Tg) IOA

Clearly, for T approaching T, the derivative is neqgative shouing that
AGTI increases with decreasing temperature. However for the temperature
range of interest, say from 750 to 95(_)°K, the variation of AGn is not
obvious because now the ln[D-Q-} value could play an important role.

10"

Using typical values for the Fulcher constants (A = -4, B = 4 x 10° and
To = 300°C = 573°K) at T = 350°K the first term in equation (5.5) is -172.
A reasonable estimate of ng appears to be 1078 on the basis of thie analy-

sis of Litovitz ard Macedo (5.2) for B,03 glass. The second tern in
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equation (5.5) then becomes +2.1. Therefore unless ng is smaller than
approximately 10~4% the activation free energy for viscosity should increase
with T decreasing. Then from equation (5.1) the activation free energies
for diffusion and viscosity should follow a similar trend with falling
temperature. Furthermore, the diffusion coefficients calculated from
equation (5.1) agree with the measured values to within an order of magni-
tude (see (5.1)). Hence it appears that the approximations involved in

the derivation of equation (5.2) are reasonable,

5.1.2 Glasses G2 and Gl6

In order to analyse the experimental nucleation rates for G2 with
equation (5.2) AG is needed. Although it is reasornable to consider G2 as
a single component glass, the simple equation (1.18) for AG, which assumes
ACp = O, may not.be sufficiently accurate. Ve have already shown how to
calculate AC if a reasonablie average value for ACy, 13 known (see equation
1.19 and 1.20). There is considerable evidence that AC, is different.
from zero for G2. In section 3.1l.b it was shown that from DTA AHC
(35.9 cal g~}) is lower than AH. (58.2 cal g~l). The relationship

between AHC and AHf is
T
m
- A, = b= - Au - [ AC AT (5.6)

T
o]

whexe qu < O (as in equation (1.17)) and Tc is the crystallization tem-

perature. Using the above AHC ané AH_ values, putting T, = 1554°K and

f
To = 973°KX (see Figure 3.7), and assuming ACp is independent of temperature

cal g-! °x°1.
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pefore going further let us consider some results from the literature.
Following a similar method to that described above Rita et al (5.3)
okbtained ~ ACp = 21.4 cal mole~! °k™! for 2Pb0.810;. Using calorimetry
Takahashi and Yoshio (5.4) measured AH and qu for lithium, sodium and
potassium disilicate glasses and hence determined AC values. For example,
for the Kz0.25i02 glass the ACp was different from zero and the experi-
mental AC was described fairly closely by Hoffmann's equation (equation
(L.21)).

An independent measuxement of Acp for NCyS3 was attempted using
pifferential Scanning alorimetry (DSC). 2 Perkin Elmer DSC-~2 instrument
was employed at a heating rate of 40°C min=!. From the individual traces
obtained for the glass, glass ceramic and a standard sapphire sample, the
sanple specific heats (cal g7! °x~!) were computed from

D

1)
C - S8 x L x C

P wi Dsap. Psap.

wihere W, anéd D, are the weights (g) and the relative Cisplacements (mm)

i i
from the base line of specimen i. The suffix sap. refers to the sapphire.
The 9@ vs. T curves are shown in Fiqure 5.1. The following mry be
ckserved: (i) the almost constant specific heat for the glass ceramic;
(1i) the increasing specific heat for the glass from about 530°C, and
(i1i) the short 'plateau’ between the 'hump' and the onset of crystalliza-
tion in the glass. The 'hump' observed for the glass may be related to
the fictive temperature of the glass and to the heating rate. The ACU
aﬁ 667°C is -0.104 cal ¢~ K= ~36.9 cal mole~!4ihich is three times greater

than the previously calculated value from DTA of -0.G35 cal g“1 °x-1.

Unfortunately we have no information on the effect of heating rate on
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the position of the 'plateau'. It is possisle that for slower heating
rates, the earlier onset of crystallization may lower the 'plateau' (with
respect to the ?ps curve). Due to these uncertainties it was decided

to adopt the value obtained from DTA &8 the averace ACP. dowever the

psC results showed clearly how the specific heat of the glass approached
that of the crystalline NCzS3. The DSC also enabled the absolute specific
heat for the crystalline NC;S3 to be determined. For examp1§d§3ooc Cps
was 0.271 ecal g~! °k-l.

It is interesting to calculate the specific heat of the glass from

the Dulong and Petit law (5.5) where the maximum heat capacity at con-

stant volume (Cv) is given by

¢, = 3R(g aton™!) (5.7)

From the chemical composition of 1iC2S3 in mole fractions (0.166 for Naz0,
0.333 for Ca0O and 0.5 for S10p) we obtain Cv = 3R (g atom~l) x 0.0451 {g
atom/g glass) = 0.259 cal g-! °k~l. Haggerty et al. (5.€) used specific
heat measurements to demonstrate structural dififevences between glass
formers. For exarple for temperatures near the transformation range

the B203 glass gave a C_ value vhich was 60% of the theoretical 3R whereas
for S102 glass the Cv was very close to the 3R value, In thc present ecase
the C,, for the NCzS3 glass (at T = 537°C, Cy, = 0.266 cal g"1 °k~! where the
<p - Cy. value quoted below was used) is almost the theoretical 3R value
i{ndicating the three dimensional nctwork structure of this particular glass,

Now, Cy 18 related to G, by

A avz
Cp~Cy=—pg— (5.8)

oT L

vhere @ n-%{EHJV = 3 0 is the volume thermal expan’sion and ay is the
P
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linear thermal expansion. 8 = -%{ggj is the compressibility. Sub-
T

stituting T = 750°K, Vﬁ = 123,88 cmamole‘l, aL = 120 x 10~7 (°x)~! ana g =
2.25 x 10712 cm? dyne~!, the 8 value corresponding to a typical soda-
lime glass (5.7), Cp - C_ was estimated as 3.75 x 1073 cal g~1 °k~! which
gave CP as 0.266 cal g-! °k~!, This is in close agreement with the
measured value for both glass and glass ceramic at 530°C.

It is worth noting that from the DSC trace for the glass ceramic it
was possible to cbtain an independent measurement of the heat of the
polymorphic transformation of NC3S3. The value of Anr % 1,6 k cal mole~!

compares well with the 1 k cal role”! value found from the DTA traces.

The AGC values can be calculated from equation (1.19) with ACp =

I

«0.035 cal 9'1 og-l, The experimental ln[—%) values are plotted against

Xéff in Figure 5.2, where the I values are now expressed in cm=3 s-1,

For temperatures higher than ,610°C a good straight line can be drawn
through the experimental points. Assuming a spherical shaped nucleus ¢
and Ac were calculated from the slope and appropriate intercept of the
straight line, as explained previously. Using least squares analysis the

results were o = 173.6 erg cm~2

and logjph, = 68.5. The latter value
gave logjpA = 77.2, using equation (5.3) with T = 873°K and A = 7.4 x 108
cm. This value is much greater than the theoretical value loqlo[Nv$§) -
34.9.

For temperatures lower than 610°C the experimental points lay well

below the straight line. This effect may be explained in terms of non

steady state effects vhere the nucleation rates (for 40 min) tend to be

uncerestimated.
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From the DSC observations (Ficure 5.1) it appears that AcP is
approximately constant above 900°K but then decreases to approximately
zero at 850°K. In order to investigate this effect AG was calculated
using equation (1.19) where three temperature ranges were considered:
900 < T < 1562, AC, = -0.035 cal g-! k-1, for 850 < T < 900, R
- Qngé(T - 850) and for T < 850 qu = O, The results are showm in
Figure 5.2 by the dotted line. Although there is a tendency to shift
the experimental points with respect to the straight line, the overall
fit appears poorer. Ve conclude that thke variation in AcP we have
used is probably too abrupt and that a smoother variation in Acp would
be rore appropriate.

For glass Gl16 the steady state Io and ‘'approximated' nucleation
rates (using Nv for 40 min, see Figure 3.16) were used together with
the viscosity data (equation (3.8)) to test equation (5.2). The AG
values calculated for G2 were used due to the very similar thermal
properties for both glasses (see sections 3.1.4b and 3.2.4). The
ln[in) vs. Kéif plots are shown in Figure 5.3. All the steady state

I

values lay on a good straight line, which gave o as 193.1 erg¢ em™2

and
logioh as 98.5. The straight line indicates good zcreement with the
theory over the temperature range considered assuming a constant ¢ is
indepencdent of temperature hut allowing AGD to increase with decreasing
temperature in accordance with the viscosity. However, as for G2 the
pre-exponential factor is again too large when compared with the theoret-
jcal value, It should be noticed that the values for ¢ and log;gA for
Gl16 are somewhat higher than those acbtained for G2. This is probably

due to the small difference in composition between Gl6 and G2. (See
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Sections 3.1 and 3.2). Figure 5.3 also shows that the Epproximate’
nucleation rates (using the Nv for 40 min) only fall on the straight
line above 605°C. This emphasizes the importance of using the steady
state nucleation rates in these plots.

Using the above ¢ value the theoretical size of the critical nucleus
can be made from equation (1.2b). For ex;mple at T = 873°K, r* is 16.1
i. It is interesting to compare the present ¢ value with that given
by the equation obtained by Matusita and Tashiro (5.8) in analysing

alkali disilicate glasses:

o = 0.45

AHf pS 2/3
M

A M
A g
xA

where NA is the Ayogadro's nunber, ps is the solid density (2.80 g em—3
for crystalline NC2S3) and M is the molecular weight (354.42 g for
NC2S3) . The value 0 is 193 erg cn~2 which compares well with the
value for Gl6 but is higher than that for G2.

The nucleation intercepts (t,) in Table 3.10 for Gl6 will now be
analysed in terms of T = %é t, (see equation (1.8b)). James (5.9) has

shown that the incubation time T (see equation (1.7b)) can be expressed

as
_16_m% A%,
TER v exp | (5.9)
ul 2
-2 AG
N v

Also he related T to n using the Stokes-Einstein equation (1.43) as

follows
48 aASn
T (5.10)
n 2
N AGv



In Figure (5.4) four different plots are shown: 1n(rAGv2) vs'%
TAG
according to equation (5.9), lnt vs ln["‘n" ] vs % according to

equation (5.10), and 1lm vs~%. From the first plot the slope gave
an azpparent activation energy of 78.2 kcal mole™},  From the inter-
cept, by using equation (5.9) with o = 193 erxg cm‘z, A was 0.2 ﬁ
which is an order of magnitude lower than the theoretical 7.4 i value,
So far the agreement between experiment and equation (5.9) appears
reasonable. However from a:similar analysis the apparent activation
energy AHn for viscosity was 196 kcal mole~!, Nevertheless it is
interesting to calculate the absolute T value from equation (5.10).
For example at 585°C using the measured viscosity (logjon = 12.1) and
A = 7 x 1078 cm we obtained T = 2.3 x 10* s which is 17 times greater
than the measured Tt (1.37 x 108 5).  For theory and experiment to
agree the viscosity at 585°C should be logjgn = 1087 which is outside
the experimental error in the measurements. iowever it is known (see
gsection (5.1)) that the Stokes-Einstein equation may be in error by
about an order of magnitude at temperatures near the transformation
range. On this basis and in view of the uncertainties in the estima-
tion of the gquantities in equation (5.10) the agreement between theory

and experiment is reasonable.

5.1.3 Effect of composition. Glasses Gl8 to G23

Unfortunately for glasses Gl8 to G23 the AG(T) is not known.
However from the DTA results for AHC and AHf some knowledge of AG
can be acquired. For example (see Table 3.13) for ¢lasses G19, G21

and G22 having approximately 49 mole% Si0z (L.e. less than 50 mole%d)
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the values of AHC and AHf are approximately constant. For classes

G18 and G20 with more than 50 moles SiOp the AHf and AHC are also
nearly constant. However the values for G23 are smaller than those
for G18 and G20. These observations might suggest that the six
glasses can be separated into two groups, one on either side of the
}s-CS join of the ternary diagram. However other important information,
for example the extent of solid solution, for INC;S3 crystals, for these
compositions is not known. Consequently it was decided to use another
approach in interpreting the observed nucleation for these glasses.
This was based upon considerations of the viscosity changes, the
relative position of the nucleation curves and the expected Wi*

(according to the theory of nucleation) for each glass. From equation

(5.2) we obtain
*
Wi
kT °

I.n
i i
ln[ T } = lnAc-

So by assuming the same A, for every glass and relating to G2, for

which AG(W*Gy) is known, we obtain )
I_MNn In
G2 Gz2) _ 14 *  m ok
k’r[ ln[ T ] ln[ T ) ] + W Gs 3] N (5.11)

The plots Wy vs T for glasses G18 to G23 and for G2 are shovn in Figure 5.5.

For example 1f the U* are the same the observed changes in nucleation (I)

gshould correspond to the observed changes in viscosity (n). 1nlso it is
useful to plot the nucleation according to equation (1.4b) where o and AGD

have been taken as constants independent of temperature
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(Figure 5.6). From this figure the general effect, on nucleation, of
different values of 0 and AGD can be observed.

From now on we will consider G2 and Gl7 as having the same viscosity
(see section 3.1). Ilso we will use o.m. to signify ' order of magnitude’'.

Due to possible non-steady state effects we will aralyse the results
for temperatures higher than the maximum in nucleation.

Glass CGl19 (increased Na;0 content as compared to G2) had a much greater
nucleation than either G2 or Gl8 (decreased Na;0 content as compared to
G2). From Figures 3.31 and 3.34 it is observed that at high T the changes
in nucleation, for Gl9 compared to G2, approximately correspond to the
changes in n. For example at 630°C the changes in nucleation and vis=-

cosity are both 1 o.m. From Figure 5.5, at high T, W*G is slightly

19
higher than W*Gz. It is difficult to decide vhether the changes in W*

are due to changes in 0 or AG although the similar AHc and AHf values

for Gl9 and G2 suggest that the AG values may be close. llowever it is

Gl9 .

G2
clear that the lower nGl9 as compared to nG2 suggests that AGD

D
by about % o.m. for all T.

Ac

Comparing G18 to C2, IG18 was lower than IG2

Also VI*,q 1s creater than W*.,. As the n are nearly the same it may

12 G2

be assumed that AGHF Yo AGD . Then the lowerinc in nucleation is

probably only due to changes in W*., These chances could be due to a

lower AC for G18 when compared with G2, since the AH_ for Cl18 is lower

£
than G2. However it is impossible to draw conclusions about changes in

c.

For G21 (hicher Ca0 content than G2) the increased I at higu T(% o.m.)
corresponds approximately to the increase in n (4% o.m.). ks the AHg

value for G2l was nearly the same as for G2, it may be assumed that
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G21 G2
AG z A - Then it may be concluded that ¢ has not changed appre-

ciably (see Figures 5.5 and 5.6). Although the nucleation for G20
was very close to G2 at temperatures higher than 630°C the viscosity

of G20 was ¥ o.m. lower than for G2. Bs a result the w*r o is higher

2
than G2 (Figure 5.5). This may be due to a lower AG for G20 (the AHg
was lower than G2).

For G22 the increase in I (% o.m.) as compared to G2 approximately
corresponds to the decrease in n (0.60 o.m; see Figures 3.45 and 3.4%8).
Hence the W* values were similar. Furthermore the AH, and AHf valueé
for G22 were similar to G2, suggesting that the AC values are similar.
Then it may be concluded that 0 has not changed appreciably.

For G23 the n was close to that for G2. Also ”*G23 was much
greater than "*cz' This change could be due to a much lower AGC for
G23 since the AHg was lower than that for G2. Again no conclusions
can be made about 0.

In conclusion we note that for the above glasses the changes in
nucleation do not always correspond exactly with the c-anges in vig=-
cosity showing that other factors (0, ACy) are involved. However vise
cosity data are a useful aid in the interpretation of the observed nu-
cleation for these soda-lime glasses. The decrease in internal nu-
cleation of NC;Ss with increased SiO;, content for glasses lyinc on the
NC2S3 = S join (5.10) has been confirmed in this work. However the
situation for other joins (for example NC38s3 - C) is not obvious.

For example although for G20 (16.92 mole% Na20, 32,33 molet Ca0O and

50.75 mole% S102) the £i02 content is increased, the nucleation is also
increased. This finding is of a practical inturust becaune for G20

the higher $10; content could rean g better chemical durability,
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5.1.4 Effect of Water Addition on Nucleation

Let us briefly mvyiewthe main effects of water in glass. By in-
creasing the water content in vitreous silica the viscosity, density,
acoustic velocity and refractive index decrease whereas the thermal
expansion increases (5.11). Although the viscosity is also reduced in
binary and ternary silicates (5.12), the density and refractive index
are increased with water content increasing (5.13). These effects
may be explained by the rupture of silicorn oxygen bridges produced by
the introduction of water and also by the different association states
of the OH groups. For example in vitreous silica the OH groups occur
mainly as unassociated states (shown by the single absorption peak at
2.75 um in the infra-red spectrum). The free OH groups cause the Si0;
glass structure to become more open, i.e. decreasing the density and
refractive index. On the other hand in multicomponent glasses the
presence of hydrogen bonding causes a shrinkage of the glass network
resulting in an increase in density. Maklad and Kreidl (5.14) studied
a number of properties in sodium silicate glasses for different water
contents. For example the kinetics of phase separation was clearly
enhanced 'with: increasinc water content. They suggested that the
diffusivity and viscous flow were increased. Wagstaff et al (5.15)
gheowed that the crystal growth rate in vitreous silica increased in a
H,0 atmosphere. The water wac considered to enhance crystallization in

two ways: by acting as a source of oxycen and ky weakening the glass
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structure. Eagan and Bergeron (5.1€) found that increasing the water
content in a lead tetraborate glass by a factcr of three caused an
increase in the crystal growth rate, for a particular crystallographic
direction, by 20%. However, the increase in growth rate did not
correlate with the observed decrease (7%) in viscosity. They suggested
that the water content at the crystal-liquid interface would be creater
than in the bulk liquid giving a,localized, greater reduction in vis-
cosity. Mukherjee et al. (5.17) found that the crystallization rates
in lanthanum silicate glasses prepared from 'gels' were much higher
than in glasses prepared from the oxides. They considered that the

OH groups not removed during the dehydration of the gels had a great
influence on crystallization.

We have already shown the large effect of water content on the
crystal nucleation and growth rates and viscosity of soda-lime-silica
and lithia-silica glasses in section 4.1. An interpretation of the
effect on nucleation rates follows. Let us consider first the lithia
glasses Ll ancd L3 (bubbled with steam) for which the viscosity has been
measured (see Figure 4.3). The results from Figure 4,2 are plotted,
in terms of equation (5.2), in Figure 5.7, where the AG for Ll was taken
from reference (5.18). Due to the similar compositions for Ll and 13
and similar liquidus temperatures (see Tables 4.1 and 4.4), as an appro-
ximation, the AG values for L1 and L3 were taken the same. The following
can be observed:

(1) for L1 (almost the exact 1i20.25i02 or 'LSz' composition) the
theory fails in fitting the nucleation ratas (calculated from

the N, for 4 hours heat treatment) at temperatures lower than
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460°C. This is certainly due to non-steady state effects. For
example at 465°C the T value for Ll was 36.5 min (5.9). How-
ever, at higher temperatures a straight line can be drawn through
the points in Figure 5.7. The 0 and A, values determined by
least squares were 194.5 erg em~? and 120.6, respectively.

These results are slightly higher than those cobtained by

Rowlands (5.18) using the steady state I, values provided by
James (5.9) and the viscosity data obtained by lMatusita and
Tashiro (5.19). Rowlands obtained 0 = 185 erg cm~2 and 1ln Ac

= 113.

(11) For L3 a straight line could be fitted to all the experimental
points indicating that for temperatures as low as 440°C the
approximated nucleation rates (using N, data for 4 hours) were
probably very close to the steady state values. The 0 and
ln Ap values were 188.4 erg cm~? and 112.3 respectively.

It should be mentioned that in the abova calculation of 0 a
spherical shaped nucle”us has been assumed. However, it is known
(5.20) that in the early stages of growth of LS;, the internally nucleated
crystals are plate-shaped. From nucleation theory only a value propor-
tional to 0° is obtained. Rowlands (5.18) has shown that very differ-
ent values of O are obtained for different critical nucleus shapes,
aAlthough for L3 there is no information on the crystal morphology in
the early stages of growth, it appears reasonable, based on the similar
compositions of Ll and L3, to assume that the crystals precipitated in
1.3 are of similar shape to those precipitated in Ll. Then if the

crystal morphology (at the early stages of crowth) is unique, a direct
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comparison between the 0 values for Ll and L3 seems reasonable.

In Figure 5.8 the W* values (see equation (5.,11)) are plotted

i

against temperature. It can be ohserved that at higher temperatures

suggesting small differences in the ¢ values (for similar

1]

*
1 = "3

Ac). Also,the lower ¢ for L3,cbtained above, accounts for W*L3 being

1A

lower than W*Ll at the lower temperatures. It may be concluded that
for the lithia glasses the observed effect of water content on nuclea-
tion may be explained in terms of a reduction in viscosity (and AGD)

and a slight lowering of 0.

Tor the soda-lime glasses the situation is more complex due to the
observed differences in compositions (see Table 4.1). However, there
is no doubt that the increased nucleation of Gl4 (see Figure 4.2) is
due to the higher water content. Gl4 has almost 3 mole% more Si0O;
than the base glass G2. Then on the basis of the effect of composition
shown in the previous section it would be éxpected that for a glass of
similar composition to Gl4, but lower in water content, the nmucleation
would be much lower than G2, This is confirmed by the results for Gl15.
The lower nucleation for Gl5 is partly explained by the increase in vis-
cosity caused by higher SiO2 content (see Figure 4.8). Also the liquidus
temperature of Gl5 was lower than G2. This implies that AG (Gl5)< AG (G2)
which would also contribute to the lower nucleation in G15. Unfortunately
AG for Gl4 and GlS cannot be calculated. However, it is instructive to
consider the w*i values plotted in Figure 5.9. The curves for Gl5 and
G2 are separated considerably indicating that viscosity changes alone
are not enough to account for the lower nucleation of Gl5 compared to G2.

Comparing G15 with Gl4, W*Gls' at higher temperatures, is much closer
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to ¥, than to W*G2’ The AG values for Gl4 and Gl5 should be very

14
close, since they have nearly the same compositions and liquidus tem~
peratures. Hence *he lower W* for Gl4 compared with Gl5, is reason-
ably explained by Oc14 < Ocise 2@ similar conclusion was obtained above
when comparing the lithia-silica glasses L1 and L3. Thus the effect
of water content on nucleation of soda-lime glasses may be explained

in terms of a decrease in viscosity (and AGD) and a lowering of O.

The introduction of water into a multicomponent glass probably
produces hydrogen bridging bonds as well as a direct rupture of Si-0
bridges according to = Si-0-Si = + H20 + = Si-OH + HO-SL =. The
observed lowering of viscosity, with water content, may suggest that
the main result of water introduction is the rupture of $i-0 bonds.

If the Stokes-Einstein relationship between diffusivity and viscosity
is accepted the lowering of viscosity with increasing water content
implies an increase in the diffusion coefficient of the rate limiting
gpecies. As mentioned above (5.1) a close correlation has been found
petween the activation energies for self diffusion of oxygen and for
viscous flow in soda-lime glasses. This may suggest that the effect
of water is to increase the diffusion coefficient of oxygen in silicate
glasses. Measurenments of the self-diffusion coefficient of oxvgen in
water containing glasses may clarify this point.

To conclude this section let us consider the structure of the
NC2Ss glass and the possible ways that water could be incorporated into
jt. According to Stevels' formula (5.21) y = 6 - 259-, where y is the

number of non-bridging oxygens and p the mole % of Si0;. For NC2Sy

y is 2 inéicating a ‘broken' network structure and ‘'non-bridaoing
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oxygens'. However the specific heat C,, is close to the theoretical
value (3R) in the transformation range suggesting zn essentially three
dimensional network structure. Some of the possible atomic configura-

tions in the glass may be represented schematically as follows:

I |

-si-0-35i- : (5.12a)
l |
! Na+ |

_Na+ _

- s -0 >y 0-si- (5.12b)
l |
l l

- s1 - o-ca’* "0 - st - (5.12¢)
I |
|

- 81 ~-0" (5.124)

The probability of the occurrence of the configuration (5.12d4) alene
(without any modifier cation near) may be low due to the high modifier
content (50 mole?) in the glass,

It has long been known that water solubility ((5.22), (5.23)) in
silicate and borate systems is proportional to the square root of the
partial pressure of water in the atmesphere (szoh), This indicates

a reaction of water with high silica content glasses of the type:

-8 -0-~51-+HO (g) = 2(~ si1 - c1H) (5.13)
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However in binary alkali silicate molten glasses (5.22) the solubility
of water has a minimum at about 25 mole% alkali oxide, this value

depending on both the temperature of measurement and the type of alkali
present. This indicates the formation of hydrogen bonds according to

I | | I f
|

_Na* _
- S1-0-8L-+=-5 -0, 705 - +HO (g =

I I I I
| I I |

Nat
-S1-0-E-0-8Si~-+~-8{-0-H-0- 51~ (5.14)
+

Thus the reaction of water with the NC233 glass structure is probably
mainly represented by equations (5.13) and (5.14) plus, tentatively,

a reaction of the kind

-8l ~-0~-651 -+~ 581 - o-ca?t "0~ Si -+ HC (g) =

I I | I

I I l L:Caz'.' l
-8 -~-0-H-0~-S{~+-88~-0~HH=-0=-251 - (5.15)
I I I hCal+ '

5.1.5 Bffect of NaP content on nucleation

Let us first discuss how NaF may be incorporated into the glass
structure. It is probable that NaF dissolves as Nat and F~ ions,

these ions being accomnodated in the structure in different ways (5.24).

-]
The Na' cation (radius 0.98 1) probably acts ac a network nodl fier,
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disrupts the Si - O bonds and occupies 'holes' in the network. On the
other hand the F~ ion may replace aa 0%~ ion cue to their similar sizes,
Accordinc to reference (5.25) the radii for F~ and 0%~ are 1.33 and 1.32 R
respectively, assuming a coordination number of 6. According to refer-
ence (5.26) the values are 1.36 and 1.40 ; respectively.

For silicate glasses effects of NaF may be represented schematically

as

Sif ~0O-SiE£E+NaF+= S1i-0ONa+=8i -7

The F~ tends to replace oxygens and to "break up" the structure. This
also causes a lowering of viscosity. Ravinovich (5.25) has discussed the
incorporation of F~ into the network. He first considered a 81209 unit

in the glass

Oy o}
O3 .Siy O . Si2 O
02 o

At high temperature there is an instant during the strong vibrations of
the network atoms when O; is closer to Siz than to Sii, thus Si; is shielded
by 02, O3 and Oy which have been nolarized in such a way as to shield Si;,

Energetically the introduction of F~ as

Oy (o]
Oy .84y P ,,. O . 812 0O
02 (o]

is favoured because I can shield Si, better than 0; (furthermore, the
polarizations of Oz, O3 and Oy is reduced). This eccurs at high tempera-
ture favouring the F~ inclusion in the structure and weakening it. The

replacement of Oz, O3 and Oy for F~ is less probable because F~ has a
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lower polarizability than 0%~ (rolarizability 0¢:0%7= 2,76 x 10~2* cp?,
0g:F~ = 0,96 x 10~2* cn’), so that SiF, is not likely to form. At low

temperature (low vibrations) 0%~ tends to shield Si1 and Siz better than
F~, so that F~ leaves the silicate network and eventually conmbines with

a modifier cation forming metallic fluorides.

On cooling to form a glass the F~ ion may remain in the same struc-
tural state as when in equilibrium at high temperature. If, however,
the fluoride content is very high, even on very fast cooling the F~ ion
may leave the silicate groups and precipitate as metallic f£luorides.

In conclusion, the introduction of llaF into the NC2Ss class will tend
to weaken the network structure due to the way Nat and F~ are incor-
porated.

The ceneral effects of NaF content on nucleation have already been
discussed in Chapter 4 (sec Figure 4.9). In rigure 5.10 the W*; values
for G2 and G5 are plotted against T using the neasured viscosities for
these glasses as explained previously. Tentative values of W*; are
also given for G3 and G4 although the viscosities of these glasses were
not measured directly. Viscosities of G3 and G4 were estimated from
the data for G2 and G5 (Figure 4.17). The logien curves for G2 and G5
are almost parallel, and as a reasonable approximation tie log)on curves
for 3 and 6 mole% NaF (G3 and G4) were linearly interpolated between the

curves for C2 and G5 according to the following expression log;onc1 =

logl°n62 - 0.0823 C where C is the concentration of Nar' in wole%
(0 € C < 18). The predicted logien values for G3 and 4 are consistent
with the 'DTA Tg' values for these glasses (Table 4.7). The 'DTA Tq'

was found previously to correspond approximately to a fixed n level
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logign = 12.2 (see section 3.1.4). It is likely that AG for G5 (18
mole% NaF) is significantly different fiom the AG for G2. On the
other hand it may be assumed that the AG for G3, which norinally con-
tained 3 molet Mal', is close to that for G2, This assumption seems
reasonable f;om both the DTA results (Table 4.7) and the closeness in
the compositions of G3 and G2 (due to the high F~ losses mentioned in
section section 4.2, G3 contained less than 3 mole% NaF), O the

basis of these approximations 0 for G3 can be estimated from the plot

I xn
o] 1
ln[_gg_ir———l VS fouT e This is shown in Figure 5.11 together with the

similar plot for G2. The 0 value was 194 erg cm~? which is larger than
the value for G2. We may conclude that the effect of small additions
of NaF on the nucleation of NC;Ss is reflected in a lowering in viscosity
and an increase in 0. The increase in W* observed for larger additions
of NaF (compare G5 and G2 in Figure 5.10) may be partly explained by
an increase in 0 but a decrease in AG may also be involved.

From a practical point of view addition of the 'nucleating agent
NaF' is beneficial since it increases nucleation and lowcrs the tempera-
ture range where nucleation occurs. However we shall see later that
NaF additions tend to decrease the chemical durability towards acids.

The effect of replacing oxygan ilons by fluoride ions in the glass
is shown by the results for G7 in Figure 4.9. This composition con=-
tained NaF but the sodium content was the same as in G2. Do viscosity
measurements were made for this glass. Bowever, the increase in nucl-
eation and the shift in the position of the maximum nucleation to lower
temperature indicate that the effect of fluoride substitutions may be

very similar to that of a straight addition of MaF.
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Glass G6 (55 moie% ar) was melted to test the idea that if the
NaF content was made large enough, the precipitation of NaF (and pre~
sumably CaF,; in a soda-lime glass) might occur first amd verhaps
heterogeneously nucleate the main crystal phases. The temperature
of the maximum in nucleation for G6 (Figure 4.9) was considerably
lowered compared to G2 which is consistent with the lowering of vis-
cosity. However the nucleation rates were also reduced. From the
X-ray observations (see section 4.2.4) the NC2Ss phase precipitated
first, and well before the MaF (and CaF;) peaks could be detected.,
Furthermore the NaF (CaFz) peaks appeared at the same time as the
change in crystallization morphology occurred (Figure 4.13). Hence
there was no evidence for heterogeneous nucleation of NC2S3 on met-
allic fluorides in this glass. A compositional analysis (with, for
example, an electron microprobe) of the crystals at the initial stages
and after the formation of the secondary growth (¥igure 4.13) may

help in the understanding of the crystallization process in G6.

5.1.6 Effect of Zr0z, P20s, TiO, and MoO3 addiitiors to the HC,8y

nucleation

The viscosity for Gl2 (3 mole% ZrOz) was estimated by interpolating
petween the results for G2 and Gl3” in the same manner as used for the
NarF glasses. Assuming AG for 612 was identical to that for G2, ©
was found to be 178 erg cm™? from the plot in Figure 5.13. This value
is very close to that for G2. It should be noted that the shape of
the critical nucleus was taken as spherical, for comparison with G2.

From Figure 5.12 it is clear that the t'* values for G12, Gl3° and G2
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are close together. Also, at higher temperatures that the maximum
in nucleation, G13” has a lower nucleation rate than G2 by approxi-
mately 0.7 o.m. This corresponds fairly closely witl: the increase
in n of G13” relative to G2 (approximately 0.5 o.m.). It may be
concluded that 2r0;, rather than acting as a nucleating agent, is
depressing nucleation by increasing n (and AGp) and keeping ¢ appro-
ximately the same as for G2. However, as 2r0Q; addition also decreased
the growth rates, this oxide could be useful practically as an addi-
tive to 'stabilise' the NC2S3 glass or the glasses containing water
and fluoride. For all these glasses the production of large (5 cm
x 5 cm x 10 cm) clear pieces was difficult owing to the high crystal
growth rates anc nucleation rates observed.

The phosphorous ion P°+ (5.24) can be accommodated into the
silicate glass structure because it i1s normally tetrahedrically co-
ordinated. However due to the higher positive charge the formation
of one double bond per PO, unit is highly probable. According to
MchMillan (5.24) "the presence of this type of double-bonded oxygen
within the silicate network creates conditions favouring separation of
phosphate grouping from the silicate network". The effect of P205 on
crystal nucleation in the present system was shown in Figure 4,25,

The decrease in nucleation on adding P20s (glass G8) may be due to an
increase in viscosity, an increase in 0 or a decrease in 4G or a com~
bination of these possibilities, -~ Unfortunately viscosity measure-
ments were not carried out on GS.

2lthough only limited work has been carried out for glasses con-

taining P20s the information ohtained may have some practical interest.
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Very recently consideralble attention has been given to bio-glass cer-
amic materials. According to Hench (5.,27) 'bio glass' considered as
"a glass designed to elicit specific physiological responses" was
designed to provide "surface reactive calcium and phosphate groups
and an alkaline pH at an interface with bone, teeth and other hard
tissues"”. A very useful glass had the following composition: 24.5
mole% Naz0, 24.5 mole% CaO, 45 moles Si0O; and 6 mole% P05, which was
very convenient (after crystallization) for segmental bone replacements.
Another application was the coating of 316L surgical stainless steel
(the thermal expansion coefficient of the bio glass closely matched
the steel). Also it was found convenient to increase the viscous
flow properties of the base glass by adding fluoride. The present
work has shown that fluoride addition produces a considerable in-
crease in nucleation as well as a reduction in viscosity. Now, it
is possible that the effect of P20s5 in reducing nucleation of the
NCzSg‘phase might be utilised in making suitable bio-¢glass ceramics
with high strength and fine miciostructure in this area of the gsoda-
lime-silica system. That is, as nucleation is increased with fluoride
addition the glass should accept a larger quantity of P20s and still
exhibit appreciable internal nucleation. Presumably the higher the
P20s and CaO content (Ca0 content is already quite high for glassec
near the NC2Ss cormposition) the ketter will be the bonding properties of
these blo-glass ceramics.

Ti02 and MoOs are similar to P20s in thelr effects on nucleation
(Figures 4.25 and 4.28), Measurements of viscosity arns growth rates

may help in clarifying the role of TiO2, MoO; and P20s additions in
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the nucleation of the MNC2S3 phase. It should be noted that 3 mole$%
addition of either P20s or MoO; produced a larger reduction in nuclea-

tion than 3 mole% addition of either Zr0; or TiO2

5.1.7 Heterogeneous Mucleation

A number of investigations have contributed to the basic under-
standing of heterogeneous nucleation in glass forming systems. How~
ever let us first briefly consider the work of Rindone and Rhoads
(5.28). When Pt Cl,.2ICl was added tp silicate melts the colours
produced ranged from transparent grey to turbid grey. In phosphate
glasses a low concentration pf platinic chloride produced a grey
colour whereas a higher concentration gave a yellow colour, Rindone
and Rhoads concluded that in phosphate glasses Pt could exist in both
atomic and ionic states. In the silicate glasses, the grey colour
arose from precipitation of metallic Pt in a colloidal form.

Rindone (5.29) has shown that Pt additions to a Li,0.4Si02 glass
considerably increased the crystallization rate of Li,0.2£i0;. In a
later paper (5.30) Rindone found that the rate of crystallization was
the highest for a Pt addition of 0.0C5 wt.%; However, Hench (5.31)
in a similar investigation found that in order to reproduce Rindone's
results it was necessary to add 100 times‘more Pt, Gutzow 2nd
Toschev (5.32) have shown that, for additions of 0.5 wt.%, the effect-
iveness of the catalysts Ir, Pt, Rh, Au and Ag in the crystallization
of KaPO3; and NazB4O7 glasses could be better explained in terms of
the thermal expansion differences between the metals and the glasses

rather than in terms of lattice mismatching. Haurer (5.33) found

ST TeeerMm PRSI T
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that the precipitation of lithium metasilicate crystals on gold particles

in a lithium potassium alumino silicate glass occurred only after the
gold colloid size was of the order of 30 A. He suggested that when
the gold particles were less than 80 2 in size they were ineffective
as heterogeneous nucleation sites since the high curvature of the
particles would introduce strains in the lithium metasilicate crystal
nuclei.

In this work Pt was added as PtCl, as explained in Chapter 2.
The additions of 0.2 and 0.46 wt.% Pt for G24 and G25 respectively
were chosen to produce reasonably large Pt centres and hencz to mini-
mize possible size effects in the heterogeneous nucleation process.
The distribution of the maximum calliper diameter of the Pt particles
in glass G25 (see Figure 4.38) ranged from 0.30 to 3.30 ym with an
average diameter of 1.19 um. Very occasionally ‘large' (about 10
ym) Pt inclusions were observed on the optical cross sections. Such
inclusions have also been observed in neodymium glasses melted in Bt
crucibles (5.34). Ve were able to measure experimentally the aver-
age contact angle between the NC2S3 crystalline phase and the Pt
particles precipitated in G25 heat treated at 596°C for 6 to 21 min.
(Figure 4.38). The average contact angle, as defined in equation
(1.9) was 90° *10°. From equation (l.12) and the expression for
£(6) (see Chapter 1) the thermodynamic barrier for heterogeneous
nucleation was found to be 0.50 times that for homogeneous nucleation.

The effect of PtCly additions on nucleation in the base glass G2
was shown previously in Figures 4,32, 33, 34 and 35, It 13 clear
from Figure 4.35 that the number of NCS3 crystals present after 40

minutes was greater in G25 than in G2, particularly at higher tempera-
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tures. (> 630°C). This was due to the heterogeneous nucleation on Pt
particles present in G25 in addition to the normal homogeneous, nuclea-
tion which was also present, and would indicate a greatexr overall
nucleation rate in G25 than in G2, However at temperatures lower
than 620°C the situation was not as clear. For example, there was a
‘cross over' for the nucleation curves for G25 and G2 (Figures 4.32
and 4.33). If the compositions for G25 and G2 were exactly the same
and 1f Pt was effectively nucleating NC;S3 crystals: (as clearly shown
in the electron micrographs) the same increased nucleation observed
at higher temperatures for all times (e.g. in Figure 4.34), would have
been expected also at the lower temperatures for all times. The
'cross over' effect at lower temperatures strongly indicates that
there were compositional differences between G2 and G25 (only G2

wés chemically analysed). This explanation is further supported by
the viscosity measurements. The viscosity for G25 was slightly
greater than that for G2 at lower temperatures (< 600°C) whereas at
higher temperatures there was little difference in the viscosities
(Figure 4.37).

It is worth mentioning at this point that Firth et al. (5.35)
found that in melting lead crystal glasses, to which KCl was added,
considerable losses of alkali chlorides occurred. During melting
fumes of KCl and HCl were evolved and the iron content was reduced by
ferric chloride volatilization, It is possible that the chlorine
produced by the PtCly decomposition has erhanced Na and/or Ca volati-
lization giving a final glass slightly more viscous than the base

glass G2. Naturally, this suggestion must be carefully checked by

chemical analysis.
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The nucleation results above 630°C were analysed as follows.
From the average size 1.19 um of the approximately spherical Pt
particles, the nominal Pt content of G25, the density of metallic Pt
and G2, the volumetric density M of Pt centres was estimated as 6.7
x 108 em-3. From the results in Figures 4.32 to 4.34 the difference
between the number of crystals per unit wvolume for G25 arl G2 was
calculated for 20 and 40 min. for the three heat treatment tempera-
tures. The mean value was 1.9 x 10° cm~? which is of.the same order
(but less than) the number of Pt centres (M). This suggests that,
for times up to 40 min., only a fraction of the Pt particles were
acting as nucleation sites (i.e. they were not ‘'saturated').

Now from Figure 4.34 the intercept (t=0) for G25 was 2.25 x
10° mn~%. Using the Ny/t (£=40 min) values shown in Figure 4,35,
subtracting the Ny intercept (t=0) and dividing by 40 min., the steady
state I, values for G25 were obtained above 620°C. For G2 the inter-
cept was 0.5 x 10° mm~? at 621 and 641°C. Using the same procecure
the I, values for G2 vere also obtained and are plotted in Figure 5.14.
These results indicate that the steady state nucleation for G25 is
higher than for G2, We will now apply heterogeneous nucleation
theory. Tha steady state I, values for C2 were subtracted from those
for G25. Following a similar procedure to that for the homogeneous
case (section 5.1) an expression for va, the total heterogeneous

nuvleation rate per unit volume of liquid (see equation (1.15)) can be

obtained as follows:

s erns 5T £ - .l_g- oavmz
A Ae exP[ £(9) 3"kAG2T] (5.16)

f —
where Ac = M S;Xg
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v.f y
‘ - 1
Thus from a plot of 1n[«£Eﬂ] vs GrT it should be possible to obtain

3, 2
16 MoV
£(0) —‘E—i—m- .

in fable 5.1. The AG for G2 was used in the calculation and the mneasured

Such a plot ie ¢given in Figure 5.15 using the values

TABLE 5.1 Vi prra FOR G25 - 4G IS sucH as [AC] IS Iil cal mole™!
T TV Eg - Ixny L 11
(°c)  (°K) I IPt IG2 In I In I ln[ T ) IR x 10
630 903 1166.9 7.062 22,82 23.072 2.1604
640 913 1599.1 7.376 21.87 22.433 2.180
€50 923 18561.1 7.529 20.99 21.690 2.202
660 933 1662.0 7.416 20,15 20,732 2.226

viscosities for G25. Fror: the slope of the plot and the ¢ and V, for
G2 (section 5.2) £(€) was found to be 0.60. This is in remarkably good
agreement with the £(0) value calculated from the € measured on the
electron micrographs. However this result must be regarded as tenta-
tive. Thus, it would bhe interesting to obtain further nucleation data
for glasses G2 and €25, particularly at higher temperatures for a sexies
of times at each :emperature, in ordexr to confirm th2 ahove determina-
tion of heterogeneous nucleatlion rates. Also chemical analysis of 625
might help to uncderstand some of the cdservations at lower temperatures.
In the theory discussed previously nuclea:jion on a £lat substrate
was assumed. The Pt particles, however, had both flat and curved sur-
faces. Fletcher (5.36) has solved exactly the casac of l.eterogeneous

nucleation on a spherical surface of radius R. The therasodynamic

barrier Wf* was given by
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M * = lé._.__nos 2 f(m,x)
£ 34662 m 2

where £(m,x) is a complex function of m(= cosf) and x(= R/r*). Eere
r* is the critical radius for homogeneous nucleation. In our case

m = 0 and x ~ 10® and the factor ££E§§l is very little different from
the f(0) factor for a flat substrate, and the assumption of a flat sub~
strate is Justified.

The fact that the NC2Ss crystals grow preferentially on the more
curved surfaces of the Pt particles might be related to a crystallo-
graphic orientation relationship between the NCzS3 and the Pt during
growth., Thus the flat surfaces could belong to specific crystallo-
craphic planes and the 'lattice mismatch' with the NC2S3 might be greater
than on the curved surfaces. This point is difficult to check since
the positions of the 'formula units' insicde the unit cell of the iiC253
phase are not known., Other effects such as differences in thermal
expansion (mentioned above) are again difficult to estimate since there
is no information on the thermal expansion for different crystal direc-
tions of the NC2S3; phase, The problem may be even more complex since
small levels of silicon and calcium were detected.inside the Pt particles.
It is possible that different levels of these impurities may exist near
the curved surfaces than near the flat surfaces thereby altering the

chemical .interaction between the NC2S3 crystals and the platinum,

5.2.1 Crowth rates for G2 and Cl6

The steady state growth rates for €2 and Gl6 were sh:own in Flgures

3.5 and 3.21 respectively. 2 plot un s Vs T (°C) fér G2
1 - expl- 52
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is shown in Fiqure 5.16. This plot would be an horizontal straight
line {if the normal growth model applied (see section 1.3). The
ordinate changes to 1.2 orders of magnitude for temperatures between
610 and 710°C which is too large to be explained in ternms of system-
atic errors in either the growth rates or viscosity measurenents.
This observation may suggest that the active site fraction £ (see

equation (1.35)) is a function of temperature. An attempt was mace
A

G

1l - exp( RT)

to fit the function to the screw dislocation and surface

nucleation growth models. No satisfactory fit could be obtained over
the whole temperature range for either model. However a fit could
be obtained to the surface nucleation model (see equation (1.39))
for high temperatures only, provided the edge interfacial free enerqy
per unit area Y was about 300 erxg cm—? (taking ap as 10~7 an) which
appears a very reasonable value. Thus none of the three models are
completely satisfactory in describing the growth rates, although the
surface nucleation model is perhaps the best of the three, The
real growth mechanism is probably more corplex than any of the models,
It must be remembered that all these models depend on the valid-
ity of the Stokes-Einstein relationship. Meiling and Uhlmann (5.37)
and Ainslie et al. (5.38) have pointed out that the diffusion coeffic-~
ient for transport in the bulk liquid may exceed that calculated from
the Stokes~-Einstein relation Ix; a factor of 10 or l00.
The intercepts with the time axis of the linear plots of the
maximum crystal eize vs tine for G16 and GZ (Figures 3.19, 23 and 24)
are difficult to explain, However, 1t may be significant that these

*growth" intercepts for Gl6 are similar in macnituds to the intercent
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times on the nucleation (Il vs time) plots, which suggests that they
may be related to the nucleation intubation times. According to
Filipovich and Kalinina (5.39) the growth intercept with the time

axis can be taken as "the noment of nucleation of the first spherul-
2

ites". Gutzow et al., (5.40) estimated this time as T; = %—-+-g— T
o

where I, and T are calculated from the linear part of the N, vs time
curves as explained in Chapter 1.

Another possibility which must be considered is that the growth
intercept times arise from variations in the crystal growth rates
themselves with time, particularly for the early stages of growth.
According to Schaeffer and Glicksman (5.41) "when considering the
growth of a spherical crystal immecdiately following a nucleation
event in a highly supercooled liquid the effects of interface curva-
ture, kinetics and time dependent heat flow are all important".

They computed theoretical curves of growth rate versus the dimension-
less "time" parameter T, for various values of the parameters Ay

and &. To9 was defined es tloct/r*2 where & was the thermal diffusi-
vity (cm? s~!), r* the radius of the critical nucleus and t the time.
The dimensionless supercooling Ay was defined as CAT/P where C and B
were the specific heat of the supercooled liquid and the latent hecat
of fusion per unit volume respectively. £ was given by oyeTm/2aR
where 0 was the interfacial energy per unit area, Yo a ‘kinetic co-~

-1 °c=1!) and Tm the melting temperature (°C). In

efficient' (cm s
our case a supercooling of 500°C produced a Ay value of 3.4. Although
in glassy systems Yy is a strong function of T we estimated Yo as

about 3.4 x 10-% em s~! °c? using the growth data at 606.5 and

620°C for G16, Also § (using 0 = 150 erg cr?) was 5 x 10712,
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Schaeffer and Glicksman do not give growth rate vs time curves for

these values of AY and §. However from their curve for Ay ='1.5

2 1

for very small § Ty is about 10°. Taking o as 10"% em? s~! and r*
as 15 A t was estimated as 5.6 x 10~ s, Consequently, according to
the analysis of Schaeffer and Glicksman, after the critical size has
been reached the time intercept on the growth plots is negligible,

The effect of the increase in temperature at the crystal-liquid
interface due to the latent heat evolved during crystal growth was
analysed by Hopper and Uhlmann (5.42) for a sodium disilicate glass
where the crystal size vs time plots were linear. After a theoretical
analysis for a plane interface they concluded that for small samples
(4 mm) the interface heating (estimated as 0.25°C above the furnace
temperature) can be ignored.

Finally, let us consider the possible effects of time lacs in the
two dimensional (2D) nucleation model for crowth. Gutzow et al.
(5.43) studied the crystallization process in a NaPOs glass where
appreciable time intercepts in both the crystal size vs time plots and
in the I, vs time plots were found. They were able to calculate an

average incubation time from a combination of the incubation times for

both internal and surface nucleation which was proportional to

o 3n
3K,

2 S ——meame
AG," exp (- F7

where K; 1s a constant obtained from analysis of the growth rates accor-
ding to the 2D nucleation model. Gutzow et al. claim that their
experimental data are described by this relationship, but only tested

the theory for four intercept values. In a later paper Gutzow and
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Toschev (5.44) showed that an incubation time in surface nucleation
would only reduce the growth rate and that the growth rates would not
be dependent on time. Their analysis assumed that the propagation
of monolayers was very rapid so that every nucleus formed on a fresh
surface without steps (small crystal model). They concluded that
"non steady effects should be invariably expected at high under-
coolings and especially in the vicinity of the temperature of glass
transition Tg". However recently Calvert and Uhlmann (5.45) have
disagreed with these conclusions. First, they suggested that the
"large crystal model”, should have been applied. In this model the
crystal is assumed to be sufficiently large that the time between nu-
cleation events is much smaller than the time for the nucleating layer
to spread across the interface. Secondly using this model they
gshowed that the "transients can almost always be ignored in treatinc
crystal growth from the melt".

We conclude tentatively that the origin of the intercepts in the
size vs time plots is strongly related to the in:ubatio- time in the
three dimensional nucleation and is probably not related to the mech-
ism of crystal growth. It is clear, however, that further work is
needed to confirm this conclusion. Finally, it 1s interestinc¢ to note
that intercepts with the time axils in crystal size vs time plots hove
also been observed in metallic systens. Hull et al. (5.4G) studied
the rates of nucleation and growth of pearlite in austenitic commer-~
cial steels where appreciable intercepts for both nucleation and
linear growth with the time axis were found (although these intercepts

were much shorter than in glass systems). They also concluded that
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the intercepts in the crystal size plots micht be related to the trans-

ients in internal nucleation.

5.2.2 Crowth rates for glasses with H,0, NaF and Zr0, additions

Plots of logjol vs EQ%ET for G2 and Gl4 are shown in Figure 5.17,
The increase in growth rates for Gl4 (bubbled with steam) ranges from
0.4 of an order of magnitude (o.m.) at 680°C to 0.7 o.m. at 620°C.
On the other hand the viscosity of Gl4 at 620°C is a-out 0.4 o.m.
lower than that for G2. Hence the changes in growth rates closely
match the changes in viscosity, within experimental errors. This is
the expected behaviour if the diffusion coefficient for growth is
proportional to the reciprocal of the viscosity. In section 5.1 a
similar relationship between the diffusionjcoefficient for nucleation
and viscosity wasg assumed. These relationships, if correct, imply
that the diffusicn coefficients for growth and nucleation are the same,
which appears reasonable in singla component systems. It should be
noticed that these plots for G2 and Gl4 exhikited slight curvature,

The curvature for C2 carnot be explained by a variation in the factor

1 - exp(- l%%l ) since this factor only ranges from 0.984 at 610°C

to 0.963 at 700°C. It has already been explained that the results for
G2 are not described satisfactorily by any of the growth models, How-
ever the slopes of the plots, which should be proportional to the acti=-
vation enthalpies AH'p according to the normal crowth model, were very
close for G2 and Gl4 at low témperatures (giving apparent AH'D values

of 108 and 107 kcal mole~! for %2 and cl4 respectively), At temperatures
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kicher than 630°C the corresponding values were 72 and 60 kcal mole-!,
Hence, although the slopes vary with temperature there is no appreciable
difference between them in the same terperature range.

The logyol vs 1/T(°K) plots for the lithia silica glasses Ll and
1.3, which are shown in Figure 5.18, are parallel straight lines.
From the slopes AH'p was 74 kcal mole~! for both Ll and L3. The
growth rates for L3 were 0.3 o.m. greater than for L1, The difference
in growth rates corresponds closely with the difference in viscosities,
For example, at 520°C the viscosity of L3 was 0.4 o.m. less than for
Ll. Hence, it may be concluded that water additions to soda~lime-
silica glasses and lithia-silica glasses increase the crystal growth
rates by decreasing the kinetic barriers to growth (AG'p).

The logiot vs 1/T(°K) plots for the fluoride glasses G3, G4 and
G5 and for glass Gl3' (containing 6 mole% ZrO;) are shown in Figure
5.19. The growth rate for G5 was 1.2 o.m. higher than that for G2
at 640°C. This change closely matches the decrease in viscosity of
G5 relative to G2 (1.3 o.m. at 640°C as shown in Figure 4.17). It
is interesting to note that in contrast to G2 and Gl3' the plots for
the fluoride glasses exhibit no detectable curvature. There was also
a gradual change in the slopes of the linear plots for the fluoride
glasses. Thus AH'p was 69.4, 65.8 and 49.3 kcal mole~! for 3 (3
molet NaF addition), G4 (6 role% NaF) and G5 (18 mole% NaF) respec-
tively. Althouch AG is not known for these fluoride glasses it is

probable that at the higher undercoolings involved any changes in

1 - exp(-<l%%l) are negligible. We conclude that the effect of Nar

additions on growth, can be explained in terms of a reduction in the
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kinetic barrier to growth (i.e. AG'D) and also by a decrease in the
activation enthalpy AH'D. This resembles the effect of H;0 additions,
as discussed above.

For addition of 2Zr0z (Figure 5.19) the decrease in u relative to
G2 (0.2 o.m.) is slightly smaller than the measured inc:ease inn
relative to G2 (0.4 o.m. at 620°C). The activation enthalpy is
approximately the same as that for G2. Hence 2rO2 addition appears to

cause an increase in the kinetic barrier to growth (AG'D).

5.3 Properties of some glass ceramics in the N-C-S system

In this section some physical and chemical properties of the NCaS3
glass ceramics will be presented and briefly discussed. A limited in-
vestigation of the crystallization of compositions other than NC2Ss is
also reported.

Large pleces of glass could be cast in special moulds without
perceptible surface crystallization. For example, cylinders 2 cm in
diameter and 5 cm long could be easily cast even for the glasses con-
taining fluoride with quite high crystal growth rates. Annealed glass
cylinders could then be converted to glass ceramics of nearly 100%
crystallinity by a standard two stage heat treatment. As an example,
cylinders of the G27 glass (NC28s + 1.12 wt.% Al,03) and the corres-
ponding glass ceramic are shown in Figure 5.20. The glass ceramic was
obtained by heating the glass at 15°C min-! from room temperature to
the nucleation temperature (T = 610°C), maintained at Ty for 20.5 h,
then heated at 5°C min~! to the growth temperature (Tg = 736°C), hela

at Tg for 0.5 h and finally cooled to room temperature at 4°C min-?,



Figure 5.20a,b (left)

Glass ceramic (top) and glass G27 (bottom). See text

Figure 5.21 (right)

Semi-transparent glass ceramics. (See text).

Figure 5.22 (left)

Transmission electron micrograph (TEN) of thin foil of glass
ceramic # in Figure 5.21. ag X24,800.

Figure 5.23 (middle)
TEM of sample D in Figure 5.21. liag X20,500.

Figure 5.2< (right)
TEM of sample B in Table 5.2. Mag X 24,650.

Figures 5.25a,b (left and middle)

Stereoscan micrographs of fracture surfaces of glass 3 in Table 5.2.
ilag X1, 000. Left: non acid etched : Middle: acid etched.

Figure 5.27 (right)

TEM of ceramic used in thermal expansion mcasurements (heat treatment
as explained in Figure 5.26). Mag X18,85C.
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The densities of the glass and glass ceramic were 2.750 ond 2.804

! respectively.

g cm”
For nucleation temperatures lower than 600°C it was possible to
obtain fully crystalline semi-transparent bodies (Figure 5.21).
Specimen A was obtained by heating glass G2 for 60 hr at 580°C followed
by 3 hr at 660°C. A transmission electron micrograph from this speci-
men is shown in Figure 5.22. The crystal size was about 1 ym. The
remaining specimens in Figure 5.21, which correspond to Gl7 heated for
66 h at 580°C followed by 20 min at 730°C, showed greater transparency.
Specimens B and C were unpolished plates (2 mm in thickness) from
different regions of the original hgat treated sample. Specimen D
was a polished plate which had been further heat treated for 49.5 h at
730°C. This showed that extended heat treatment at high temperatures
produced negligible effect on the apparent transparency. 2n electron
micrograph of this specimen is shown in Figure 5.23. Quantitative
X-ray analysis showed that all of these specimens were nearly 100%
crystalline. Although the transparency was not investigated in detail,
its origin may be related to the close refractive indices for the glass
(1.584, see ref.(5,7) and crystal (1.596 < n < 1.599, see ref (5.47))

and the relatively small crystal sizes achieved.

5.3.1 Mechanical Properties

Breaking strength (0p,4) and Young's modulus (E) measurements vere
carried out on glass Gl7 after various heat treatments. The results
are summarised in Table 5.2 with the heat treatments used end a t test

analysis. (i1 refers to nucleation and G refers to growth), The Omax



TABLE 5.2 RESULTS FOR [HODULUS OF PUPTURE AND YOUNG'S MCDULUS

Glass Heat Treatment of (MN m~?) E(10* M m-?) t test
Code
Not
Significant
-]
B T=621°Cty=6h 30min 005400 1.8 10.2 top = 4105
T 720°c,tG-= 25 min Significant
° =
C TN 624 C,tN 5 h 50 min 83.2 +14.4 1.7 0.1 tCD = 3,177
-]
tN- 720 C,tN= 30 min Significant
t. = 2,418
D T = 664°C,tN== 4 h 23 nin BA
66.5 t L ] » L]
N 8.3 1.1 x0.2 Poubt ful

- 721°C,tG== 33 min

TABLE 5.3 THERMAL EXPANSION FOR GLASS AND GLASS CERAMIC Gl7.

Glass Heet Treatment Temperature Thcrmal
Range (°C) Exparsion
x 1077 °c!
G17 annecaled 200~-500 143.0
GL7 " 200-600 153.1

= §27° =
Gl17 TN 627 C,tN 2h

.y 9
T= 722°C,t = 30 min 200-400 122.0

Gl7 " 200~ 500 166.3

Cl7 " 500-800 113.4
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value for the untreated glass (A) is approximate since only four
samples were broken (for the glass ceramics on average 8 specimens
were used). The glass ceramics D, C, D were all nearly 1l00% cryst-
alline from X-ray analysis. For B and D the difference in Op,y was
significant, indicating that crystal size may influence the strength.
An electron micrograph of B is shown in Figure 5.24 where the size of
the crystals 1s approximately 5 um. Also D may be expected to have

a larger crystal size since the nucleation rate at 664°C is much lower
than at 621°C.

In conclusion, the mechanical strength of the composition Gl7 was
probably increased by the crystallization heat treatment. However,
the optimum crystallization heat treatment giving maximum strength may
involve nucleation treatments at lower temperatures and for longer
times than used in the present work. The actual breaking mechanism
may be related to the existence of cracks with a size corresponding to
the average crystal size (5.48), Two stereoscan pictures of a frac-
ture surface of B are shown in Figure 5.25. The verv rough surfaces
are probably due to crack diversion. However it is not known whether
the cracks may propagate preferentially through the crystal boundaries

or through the crystals themselves,

5.3.2 Thermal expansion

A number of thermal expansion measurements were made for glasses
close to the NC2S8s composition. The percentage linear expansion vs
T(°C) plots for glass Gl7 and the corresponding glass ceramic are

shown in Figure 5.26. The glass was annealed before the run. The



FIGURES .26 Percentage expansion vs.T(°C)
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dilatometric softening point occurred at 610°C and the glass trans-
formation temperature Tg at 565°C. The expansivities for two tem-
perature ranges are given in Table 5.3, The crystallinity content
of the glass ceramic, from X-ray analysis, was 95% and a typical
transmission electron micrograph of the glass ceramic is shown in
Figure 5.27. In the thermal expansion plot for the glass ceramic,
the polymorphic transformation of the NC2S3 phase can be clearly
observed in the temperature range 460~490°C. The overall change

in the percentage expansion amounts to about 0.15 for this transition
corresponding to a volume change of approximately 0.45%. As dis-
cussed in (5.2,.4) stresses generated in such a transition might
generate microcracks which could weaken the material. However the
relatively small volume change for the NC2S3 ¢glass ceramic may mean
no significant effect on its strength after it is cooled through the
transition temperature. The thermal expansion of the low form of
the NC2S3 phase is higher than the expansion of the high form (Table
5.3).

An interesting point is the refractoriness of the glass ceramic
as compared with the original glass. For example, with the axial
load requirad in the expansion measurements, the ceramic did not show
any softening up to the end of the run at e1o°c. This is an increase
of at least 200°C over the softening point of the ¢lass. The sinilar-
ity between the expansion coefficients of this glass ceramic and cer-
tain metals suggests its possible use in glass ceranic-metal seals,
For certain applications of such seals the electrical properties of

the glass ceramic are important. According to (5.49) the volume
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resistivities of the NC;S3 glass and glass ceramic, at 400°C, are 10%+5
and 107% Q en respectively. The value for the class ceramic is quite
close to the values quoted in (5.24) for glass ccramics considered as
good insulators. As far as we are aware no data on other electrical
properties, such as surface resistivity, are available for the

present glass ceramic.

5.3.3 Chemical durability

The gquantities of Na20 and SiO; extracted from a nurber of glasses
and corresponding glass ceramics attacked by either pure H,0 or a 0.024
M HC1l water solution at 98°C were determined as mentioned in Chapter 2.
The glass ceramics were prepared using the heat treatments given in
Table S.4.

The results are listed in Table 5.5, It is clear that for all
the glasses water extracts more $102 than the acid and that for all
the glass ceramics water dissolves less Si0; than the acid. This may
indicate that different corrosion mechanisms apply for the glasses and
glass ceramics. For all the glasses and glass ceramics the acid
dissolves more Na20 than the purc water, For Gl6 (close to the exact
NC2Ss composition) the extraction of Naz20 and Si0; is lower than that
for the corresponding glass ceramic using both reagents,

let us now examine the effect of varying the comrosition in meore
detail. In the following the results for the glasses cre compared
with the base glass Gl16; the results for the glass cerarics are compared
with the base glass ceramic Glé6C.

NaF addition decreases the glass durability when compared to Cl6.



TABLE 5.4 DETAILED HEAT TREATMENT OF GLASSES Gl6, G13°, G5
G27, G28, G292 AND G30

Glass ceramic Heat treatment
code
Gl6C T, = 628°c, ty = 47 min
= ° =
TG 740°¢C, tG 33 min
Gcl3’c "
G5¢C "
G27C T, = 610:C, ty = 20 h 30 min
G = 736 C, tG = 3] min
G28C "
G29C "
-]
G30C TN = 626 C, tN = 43 h
= L4 =
TG 740°C, tG 23 min



TABLE 5.5 CHEMICAL DURZBILITY RESULTS - C REFLRS TO CERAMIC
Extracted mass of Ma,0(S105) <

: b1
AND M; IS TH Tnitial mass 100.
FOR 'N' SEE THE TEXT
Rcagent
K20 Acid
Glass N M N M . M
o 4220 510, "Na20 s10,

Gl6 3.8 o0.11 8.3 0.33 1.0l 0.21
Gléc 3.8 0.11 "17.5 0©0.70 1.51 1,07
Gl3” 8.7 ©.25 19.3 0.77 1,48 0.30
G13°c 3.1 0.09 163 0.65 1.50 0.96
G5 5.9 0.17 17.3 0.69 1.37 0.27
G5C 9.4 0.27 .15.8 0.63 1.61 0.9
G27 9.7 0.28 25.3 1,01 1l.07 0.22
G27¢ 3.6 0.105 12 0.48 1.63 0.96
G28 8.7 0.25 23,3 0.93 0.99 0.17
G28¢C 15.8 0.63 1.72 0.88
G29 9.7 0.28 26.6 1.06 1.26 0.15
G29C 2.8 ©0.08 1C.8 0.43 1.56 0.69
G3lo 5.9 0.17 18,5 0.74 0.97 Q.12
¢30o¢c 1.7 0.05 9.3 0.37 1.15 0.69
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For the glass ceramic NaP’ addition increases the Najy0 extraction but
decreases slightly the $i0, removal. |

ZrO, addition also decreases the glass durability but increases
slightly the durability of the glass ceramic towards acids and water,

FPor the glass Al;03 addition increases the Nay0 and Si0); extraction
by water. For acid attack the effects are more complicated. Vhereas
for 1.12 wt.% Al203 addition (G27) the Na0 and SiO; extractions are
very similar to those for Gl6, for G28 (2 wt.% Al03) and G30 (4 wt.$
Al,03) the extraction of both oxides is reduced. For G29 (3.5 wt.%
Al;03, 2 wt.% NaF) the S10; removal is reduced but the Nas0 extraction
is increased.

For the glass ceramics AlpO3 addition decreases the extraction of
both NaC and $i0O; under water attack. Also the removal of silica by
acid is reduced. For Najz0 extraction by acid the situation is not as
clear. Vhereas for the greatest AljpO3 addition (4%) the removal of
Nag0 is clearly reduced, for the smaller additions (1.12 and 2 wt.%
2£1,03) the extraction is slightly increased.

According to El-Shamy and Ahmed (5.50) the extractions of NajO and
5102 for a commercial "soft soda glass" (72.3 siOy, 14 Nay0, 9.3 Cao,
1.9 Al203, 1.5 MgO, 0.6 K20, 0.2 BaO and 0.2 SO3 wt.$%), attacked by
deionised water at 100°C for one hour, were 0.0283 and 0.0399% respec-
tively. First, it should be noticed that water extracted more SiO;
than Naj0, which is consistent with our results. Secondly, it is
possible to compare the chemical durability of our glasces and glass
ceramics with the results of El-Shamy and Ahned. The ratio of the

percentage extraction of Na;O (Si0z) obtained in this work to that
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obtained in (5.50) for the soda~lime glass is listed in Tabie 5.5
under the letter 'N'., The N value for the Najy0 extraction from the
glasses ranges from 3.8 for Gl6 to 2.7 for G27 and G29 whereas for the
510, extraction it ranges from 8.3 for G16 to 26.6 for G29, For Naj0

extraction from the glass ceramics N ranges from 1.7 for G30C to 9.4

for G5C and for Si0; extraction N ranges from 9.3 for G30C to 17.5

for GléC. It is interesting to note that the extractions for one of
the glass ceramics (G30C) were comparable with those for the commercial
chemically durable glass. Also G29C (containing fluoride) behaved sim-
ilarly to G30C. Althouch no quantitative microstructural data were
obtained for these glass ceramics, the glass G29 was observed to have

higher internal nucleation than G30.

5.3.4 Crystallization results for other comnositions

The hase glass compositions G47 and G528 belong to the oCS phase
field of the ternary system (5.51) whereas G37 is on the boundary of
the NC253 and BCS fields. To these glasses various amounts of ZrOp,
Ti09, NaF, CaFy, NasS, Crp03 and Te03 were added. The DTA Tg and
DTA peak crystallization temperature ic for glasses G37 to G67 are
listed in Table 5.6. For the three base glass compositions the DTA Tg
was increased by Cr;03, TiO; and ZrOp; additions but decrzased by wWajs,
Fez03, CaFy and NaF additions. The largest increase was obtained for
the greatest ZrO; addition whereas the largest decrease was observed
for the NaF additions, Several nucleation treatments at temperatures
petween the DTA Tg and Tc, and growth treatments at temperatures higher

than Tc were given to a nunber of the glasses to investigate whether



TABLE 5.6 DTA RESULTS FOR GLASSES G37 TO G67.
THE BASE GLASS COMPGSITION IS AT THE TOP OF EACH GROUP.
THE MEANIVG OF THE SYMBOLE IN THE 2ND COLUMN ARE:
THE NUMBER PRECEDING THE LETTER CORRESPONDS TO THE wt%
ADDITION TO THE BASE CLASS.
THE OXIDE OR COMPOUND ADDED IS REPRESENTED BY:
% = ZrOz; T = TiOz; NF = NaF, CF = CaFz; NSU = MajS;
CR = Cr;03 BND FE = Fe203

Glass DTA Tg (°C) T, (°c)
Code
G37 (base glass) 547 768
G38 6.5%2 575 835
G39 12,92 633 878
G40 6T 561 797
G4l 12.971 577 793
GA2 9NF 464 725
GA43 ocr 506 730
G44 9NSU 522 715
GAS5 G6CR 561 806
G46 6FE 530 769
c47 (base glass) 622 820
G48 6% 662 904
G49 12z 682 958 and 1031
G50 6T 629 841
G51 12T 545 201
G52 16.1T 646 909
G53 9NF 519 ‘ 746 and 800
G54 9CF 565 764
G55 8.8NsU - -
G564 6CR 630 832
G57 6FE 605 810
G58 (base glass) 627 804
G59 62 661 850
G6O 122 685 903
Gel 6T 628 814
c62 127 ¢4l 832
G63 ONF 520 674
G64 9CF 562 750
G65S SNSU 600 797
G66 ECR 636 3820

67 6TE 599 758
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they exhibited any interral nucleation. Also gone classes were heat
treated from a temperature between the DTA Tg and Tc¢ at a constant heat-
ing rate to a temperature higher than Tc. Various crystalline features
observed in the heat treated glasses are shown in Figures 5,28 to 5.36G.
Only those glasses are mentioned specifically vhich exhibited internal
nucleation or some other interesting characteristic. The glasses not
mentioned did not show any internal nucleation for the heat treatments
employed. For glasses G43 (9 wt.% CaFy) and G44 (9 wt.% NajS) some
internal nucleation was observed as shown in Figures 5.28 and 5.29
respectively. For the G47 series the considerable internal nucleation
in G53 (9 wt.% NaF), was of particular interest (Figures 5.30, 5.31).
A complex growth morphology of the crystals can be observed. For the
G58 serles, the base glass (Figure 5.32) gave sowe internal nucleation
and again a complex growth morphology. The two crystals observed prob-
ably correspond to different orientations of the growt centfes with
respect to the cross section plane of the glass. For GE2 (12 wt.% Tioz a very
smooth crystalline surface layer was particularly noticeable (Figure
5.33). G67 (6 wt.% Fey03) showed surface crystallization and some
internal nucleation (Figure 5.34). G66 (6 wt.% Cr03) showed precipi-
tation of elongated centres resenbling metallic particles in their high
reflectance (Figure 5.35). Glass G64 (9 wt.% CaFy) showed coarse
internal nucleation (Figure 5.36). A number of ¥-ray diffractometer
patterns were obtained for the €58 series. The d spacings of the
strongest peaks matched quite closely those of the NC2S3 phase but not
those of the aCS phase. For thz glass containing NaF, the strongest

NaF and CaFg peaks were detected. In conclusion it appears that other



Figure 5.28 (laft)

Optical micrograph (C1) of G43 nucleated at Ty = 527°C for
10 h (ty) and grown at T=762 C for 10 win (te) . Mag X501

Figure 5.29 (richt)

t
]

OM of G44 heat treated as follows: T = 581°C, ty = 10 h.
Tg = 740°C, te = 5 min. ifag X1Cl

Ficure 5.30 (top left); 5.31 (bottom left)

oM of G53 heat treated: Ty = 588°C; ty = 14 h. Tg = 751°C; ts = 10 min
Mac X10l; Mag X5014. .

9]

Figure 5.32a,b (right)

OM of G58 heated: Ty = 666°C, t, = 12.5 h. T = 815°C, tg = 25 min.
Mag X504.

Figure 5.33 (left)
OM of G62 heated at 1.1°C min~' from 633°C to £75°C. 1lac X32.

Figure 5.34a,b (middle and right)
oM of G67 heated as described in Figure 5.33. Mag X32; X504.

Figure 5.35 (left)
OM of G66 heated as described in Figure 5.33. Mag X504 .

Figure 5.36 (right)

OM of G64 heated as follows: Ty = 583°C, t;, = 12 h 20 min
Te = 782°C, tg = 1C nin
Mag Y1lQl1.

il
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ternary compositions may be internally crystallized apart from those
close to the NC2S53 and N2CS3 compositions,

In the present work we have cacentrated attention on corposi-~
tions exhibiting internal nucleation and capable of forming glass
ceramics. However anoﬁher possible method exists for forming a
polycrystalline 'glass ceramic' material with a reasonahble fine grain
structure by sintering and crystallizing a glass powder. In this
method the starting glass need not necessarily exhiibit internal nu-
cleation. Briefly, the glass powder is mixed with seeds of the
main crystalline phase expected to precipitate from the glass compo-
sition (5.52). After forming, the preform is fired to achieve first
sintering of the glass particles and then crystallization from the
particle interfaces and/or the crystal seeds. It would be interest-
ing to apply this technique .to the soda-lime-silica system, particu+
larly for glass compositions which do not internally nucleate 1i.e.
for compositions other than those studied in the present work. A
necéssary requirement for the sclection of such compositions is that
they should form a glass but also have a reasonable high crystal growth
rate. Of course the attraction of producing glass ceramics from
soda-lime-silica glasses is their potential low cost.

Another possible application of glass ceramics in the soda-lime-
silica system of low Si0s content i3 as hydraulic cements, According
to Reference (5.53) a high compressive strength cement has been made
by curing at room terperature a mixture of glass powder (10 wt.% Naz0,
40 wt.% CaO and 50 wt.% S103) and water., The NC;Ej3 glass ceramic

might also be used for such an application. The improved mechanical
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properties of the glass ceramic over the glass could mean a further

improvement in the compressive strength of the cement.

5.3.5 Metallic precipitation

A number of photosensitive glasses containing Ag;0 were melted.
These were prepared to investigate whether a high density of very fine
metallic particles could be used to heterogeneously nucleate the
main crystalline phases. The compositions of the glasses (G26 and G68
to G75) are listed in Table 2.1. CeO; and Sby03 were added as photo-—
sensitizing and thermoreducing agents respectively (5.54). It is
thought that irradiation of the glass with ultra violet light (U.V.)
produces metallic atoms. Upon heating more atoms are produced due
to the action of the therroreducing agent. These atoms diZfuse onto
the pre-existing nuclei and form metallic centres.

After casting, G26 (containing 0.5 wt.% Agy0) was slightly yellow
indicating that probably the Agy0 solubility limit for this glass had
been exceeded, In contrast, G75 (containing 1.2 wt.% Ag,C) had no
perceptible coloraticn. 2 possible explanation may be found in the
compositions of the base glasses (Table 2.1). A glass of, say, €0
moles S102 and 2C mole% modifier oxides may accepnt more modifier
cations (2ot .than a glass of 50 molet Si0; and 50 mole$ modifier oxides
where the interstitial sites are more fully occupied.

For the irradiation experiments a U.V.~-HBO superpressure nexcury
lamp (WOTAN, 100W) was used at 5 cm from the specimen holder. An
electron micrograph of G26, irraiiated for 1 hxr and heat treated is

shown in Figure 5.37. A high density of very small (125 A diameter)



Figure 5.37

TEM of G2G heated at 590°C for 1 hr and at €47°C for 54 min.
(See text). Mag X29,600

Figure 5.38
(See text)

Figure 5.39
TEM of specimen No. 5 in Pigure 5.38. Mag X60,300

TEM of G74. (See text). Mac X101,500.

Figure 5.41
TEM of G75 heated at 800°C for 55 min. Mag X30,800
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particles can be clearly observed. The diameter of the NC;S3 crystal
is about 6 um. No grovwth of NC»Sj3 crystals on the metallic particles
was observed.

six specimens of C74 (containing O.5 wt.% Agy0) irradiated for 1 hr
and heat treated for 1 hr at 640 (No. 1), 671 (Vo. 2), 704 (No. 3),
732 (No. 4), 764 (No. 5) and 782°C (No. 6) are shown in Figure 5.38.
All the specimens were partially covered with metallic foils during the
irradiation treatment to retain uncxposed areas. Heat treatment produced
the darker zones visible in the Figure and these corresponded exactly
to the irradiated areas, Appreciable precipitation was also observed
in the non-irradiated areas. Pigure 5.39 is an electron micrograph of
the darker area in specimen 5, The metallic particles have an average
Aiameter of about 125 i. Blso present are droplets of liguid-ligquid
phase separation with a maximum diameter of 1200 A. It should be noted
that a glass of composition 10 Naz0, 10 CaO and 80 Si10; (mole %) was
extensively studied by Burnett and Douglas (5.55), They found that
considerable liquid-liquid phase separation occurred at temperatures
higher fhan about 600°C. The observed morpholocry was of the 'droplet'
type at temperatures higher than about 680°C but a highly interconnected
structuré was found at lower temperatures. The immiscibility temperature
was 895°C. Although the glass compositions are not exactly the same,
our results corpare well with the observations in reference (5.55).
No internal crystallization couléd be found in any of the six specimens
of G74. Only a thin crystalline surface layer was observed for speci-
mens 4, 5 and 6. An elect¥on mlcrograph of G74 irradiated for 46 min

and heat treated at 645°C for 14 hr is shown in Figure 5.40. The
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metallic particles have an averacge diameter of 126 R. The phase separa-
tion structure is now of the interconnected type which is consistent
with the findinas of reference (5.55);

A DIA run for G75 showed the DTA Tg endothermic peak at 580°C and
two exothermic peaks at 804 and 864°C. Considerable metallic precipi-
tation was obtained without the U.V. treatment (Figure 5.41). Some
internal crystallization was found in G75 heated at 686°C for one hour
and then at 884°C for 10 min. Two electron micrographs are shown in
Figure 5.42. It appears that the crystals grew from metallic particles.
However the number of crystals was much lower than the number of met-
allic particles. The maximum dimension of the crystals was about
0.4 ym whereas the maximum diameter of the metallic precipitates was
360 R. This glass had a relatively thick crystalline surface layer
which became heavily cracked when cooled to room temperature. 2n
s~ray powder pattern of the whole sample gave three peaks at d = 4.1,
2.4 and 1.4 3 which are close to the peak positions for the low form
of cristobalite (5.56). Another electron micrograph of this glass
is shown in Ficure 5.43, together with a selectel area diffraction
pattern of one of the crystals. Two d spacings were obtained at d =
1.95 and 1.65 5. The former value is very close to the 1.93 A reflec-
tion of the low form of cristcbalite (5.56). The 1.65 ; value could
not be identified since only d spacings greater than 1.37 i are reported
in (5.56). It should be noticed that no phase separation was present
in the glass (Figure 5.42).

To summarise, the photosensitive and thermal metallic preciﬁita—

tion processes worked well in the soda-lime-silica glasses investi-



Fioure 5.42a,b

TEM o% 75 (see text). tiag ¥35,500.

Fiqgure 5.43a,b

5.43a TEM of G75 (see text). Mag X22,000.
5.43b SLD of marked crystal in 5.43a.

Figure 5.44
1TEM of G76 (see text). Mag X20,300

Figure 5.45
TEM of G76 (see text). Mag XGO,900.
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gated. Also there was evidence for heterogeneous nucleation on the
metallic particles. However furtherx work is needed to assess whether
sufficient heterogeneous nucleation can be obtained to produce fine
grain glass ceramics in this system.

Finally, a platinum containing glass (0.3 wt.% Pt) of high Si0O;
content (G76) was heat treated at various temperatures to determine
whether internal crystallization could be obtained. An electron
micrograph of G76 heated at 722°C for 1.5 hr and then at 880°C for
20 min is shown in Figqure 5.44. & platinum particle and a fine scale
liquid phase separation are clearly visible but no cryctal growth can
be observed. An electron micrograph of G76 heated at 722°C for
1.5 hr and then at 930°C for 20 min is shown in Ficure 5.45. Again
no crystal growth on the platinum particles can be observed. Also

phase separation is no longer present.



CHAPTER 6

CONCLUSIONS AMND SUGCESTIONS

FOR FURTHER WORK
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6.1 Conclusions

I number of experimental techniques were used in the present basic
study of the homogeneous and heterogeneous crystal nucleation and
growth processes in soda-lime-silica glasses. Optical microscopy
and electron microscopy were particularly useful in the determination
of nucleation densities and growth rates as well as in the studies of
crystal morrhology and metallic precipitation. Other data requixed
to interpret the kinetics were heats of crystallization and fusion,
which were obtained from DTA and DSC, liquidus temperatures and vis-
cosities. The compositions of the glasses were determined by chemi-
cal analysis and the hydroxyl contents by infra-red spectroécopy.

The products of crystallization were identified by X-ray diffraction.
Various physico-chemical properties of the glasses and glass ceramics
were studied including mechanical strength, chemical durability and
thermal expansion. Scanning electron microscopy was alsoc used to
examine the microstructure of the materials produced.

The morphology of the internally nucleated NC2Ss crystals in the
early stages of growth was sgudied by transmission electron microscopy.
The crystal phase identified by selected area electron diffraction in
the small crystals was the same as that identified by X-ray powder
diffraction in fully crystallized specimens. Electron microscopy
revealed many imperfections in the crystals. These were probably
mainly stacking faults and/or twinms.

In the studies of the kinetics of nucleation the double stage heat
treatment method was used extensively, in conjunction with the optical

microscopy to determine nucleation densities (Ny). The validity of



le8.

this method was analysed using measurements from scanning electron
micrographs of specimens given only a single stage heat treatment,
These measurements supported the use of the double stage method.
For glass-Glé the Ny/t values, where t was a constant heat treatment
time (40 min), at a series of temperatures, were found to be a good
measure of the steady state nucleation rates I,s particularly at
temperatures higher than the maximum in nucleation. At such tempera-
tures 'steady state' conditions applied and the nucleation rate I was
constant with time, whereas at much lower temperatures below the maxi-~
mum non-steady state conditions increasingly applied with Gecrease in
temperature, and Nv/t values underestimated the steady state nuclea-
tion rates I, . The classical nucleation theory provided a good fit
to the experimental nucleation rates for temperatures higher than the
maximum in nucleation when the kinetic barrier AGD was allowed to in-
crease with decreasing temperature. The diffusion term involving AGD
was assumed to have the same temperature dependence as the viscosity.
The thermodynamic driving force, AG, which was needed in the analysis
was determined from measurements of the heat of fusion AHf and the
difference in specific heats of the crystal and liquid phases Acp,
using DTA and DSC. From the fit between theory and experiment the
crystal-liquid interfacial free energy was found to be 174 erg cm-?
for G2.

The specific heat results themselves were of some interest,
They indicated that the NC2Ss glass had essentially a three dimensional
network structure despite its high content of modifier cxide (50 mole®).

The effect of varying the glass composition on the nucleation
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kinetics of the NC2S; phase was systematically studied. For glasses
with a Si02 content lower than 50 mole% the nucleation was increased
with respect to the base glass (G2). This was particularly inter=-
esting since on simple theoretical grounds the base glass, which was
close to the NCa2S3 stoichiometry composition, might be expected to
show the highest nucleation rates. Thus the driving force AG should
be greatest for the exact NC;S3 composition. It was concluded that
décreasing the Si02 content caused a decrease in AGp which overrided
the effect on AG. This was supported by the obszrved dacrease in
viscosity. For S410, contents hicher than 50 mole% the nucleation
was decrcased for Gl8 (15.65 N, 33.74 C..and 50.61 S (mole%)) and G23
(16.33 N, 32.7 C and 51 S (mole%)) but increased for G20 (16.92 U,
32,33 C and 50.75 S (mole%)). Viscosity data was again very useful
as an ald in the interpetation of the results.

The effect of water additions on nucleation was clearly estab-
lished. Existing data for lithium disilicate glass had showed that
nucleation rates increased markedly with increase in the water content.
vViscosity data on the same glasses obtained in the present study showed
also that the viscosities decreased with water content. From analysis
of the nucleation results it was found that AGp was considerably reduced
with increase in water content whereas the interfacial energy ¢ was
only slightly lowered. For the soda-lime-silica glasses increase
in the water content also cave a large increase in nucleation rates
and a decrease in the viscosities. Although the interpretatién was more
aifficult than in the case of the lithia glasses due to changes in

the glass compositions, essentially the same conclusions were reached.
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Spall additions of NaF had very similer ef fects to the addition
of water on the MNC2S3 glass. The viscosity of the glass was decreased
while the maximum nucleation rate of NC2S3 crystals was increased and
the temperature of the maximum was shifted to lower temperatures.
1t was concluded that for small additions of NaF, AGD was decreased and
g was increased. For large additions of NaF the maximum in nuclea-
tion was shifted to much lower temperatures but overall the rnuclea-
tion rates were greatly reduced. The major (probably NC2S3) phase
still precipitated first and this was followed by precipitation of
metallic fluorides on the crystals of the major phase. There was no
evidence for the fluorides vrecipitating first and thaese then acting
as heterogeneous sites for crystal growth of the major phase.

Additions of P205, TiO2 and MoO3 to the NC2S3 composition
reduced the crystal nucleation. For ZrO; addition, aralysis indicated
that AGp was increased wherecas O was not significantly c£fected.

A detailed investigation of heterogeneous nucleation was carried
out on platinum containing glasszs. Due to pessible changes in
composition the theoretical analysis was confined to the results at
the higher temperatures. The £(0) value obtained from theoretical
analysis of the nucleation data was in good agreement with a value
derived from the measured contact angle between the platinum and the
crystal phase.

Concerning'the growth rate kinetics a good correlation was found
betwcen the changes in growth rates and tha changes in viscosity for
the glasses containing Hz0, Mar and 2rO;. Also the apparent activation en-

thalpies (AHB) did not change’ appreciably for the H20 and 2rO; - additions
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NC2S3 glass ceramic, with P20s5 and NaF additions, could be in the
field of biomaterials.

Finally, a limited investigation of other base glass composi-
tions was reported. The high density of internal crystals found
for NaF additions was of particular interest and also the evidence
for internal crystal nucleation in compositions in which silver

had been precipitated.
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6.2 Suggestions for Further Work

It would be very useful to have accurate data of the self-
diffusion coefficients of various spacies, for example, oxygen, in
the NC2S3; glass at temperatures in the transformation range and abowve.
Knowledge of the diffusion coefficient for the rate limiting specles
as a function of temperature could be used to critically analyse ﬁhe
nucleation rates in terms of the classical nucleation theory. This
would avoid the necessity of amploying the Stokes-Einstein relation-
ship between the diffusion coefficient and viscosity, which may be
in error as mentioned previously. Although diffusion data for
oxygen exists for silicate glasses as discussed in Chapter 5 there
is no information availzble for compositions such as NC253 which
show internal nucleation.

Thermodynamic data were obtalned in the present work in order
to calculate the driving force AG for the NC2S3 composition. It
would be worthwhile to obtain further data on this composition to
check the present DTA and DSC rusults, for example high temperature
calorimetry might be used to datermine the enthalpiles of the liquid
(glass) and crystalline phases as a function of temperature. It
would also be interesting from a fundamental point of view to deter-
mine AG accurately for the compositions close to NC3Ss uscd in the
present study, since the nucleation Xkinctics could be analysed in
greater detail, However accurate thermodynamic date would be much
more difficult to determine for these compositious. Thus the acti-~
vities of the Naz0, Ca0 and Si02 components in solution would ba
requircd as a function of temperature, which would be a difficult
experimental task.

It is clear that water content must be carefully considered in
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any future fundamental stucdies of nuclceation and growth in glasses.
Thus different melting conditions, for cxample, thc use of electric
or gas furnaccs, could producc small differences in water content and,
as a result, significant changes in nucleation and growth rates.

such factors deserve furthetr study since they could produce differ-
ences in the results for nominally the samc glass compositions preparced
in different laboratories. The effect of water is also of intecrest
in the preparation of glass ceramics., For certain compositions a
deliberate increase in water content could shorten the crystal nuclea-
tion and growth times or usefully lower the heat treatmenf tempera-
tures required while maintaining the same fine grain microstructure,
provided no deleterious effects on the properties of the rasultant
materials occurred and convenient methods of introducing the higher
water contents during the melting could be deviszd. Further work on
the effects of water content on the crystallization and proparties of
more complex compositions of greater technological intercst would

be of considerable interest. The results in this thercis are also
relevant to crystallization studies of glasses preparcd by the ‘gel!
process, which recently has attracted considercble interest (5.17).
Such glasses may have different (often higher) water contunts than
glasses prepared conventionally by fusion of oxides,

Further work on platinum precipitation and its wffect on hetero~
geneous nucleation would be of fundamental interest. As suggestecd
in Chapter 5 further nucleation results could be obtaincd for the NC3Sy
glass, particularly at higher terperatures. The effect of platinun

precipitation on the nucleation kinetics could also be studizd in
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other systems. There is evidence (5.30) that platinum induces
heterogeneous nucleation in lithia-silica glasses.

with regard to crystal growth results, clearly the origin of
the intercepts with the time axis on the crystal size versus time
plots is not well understood. Further work on the soda-lime-silica
systen and possibly other systems such as lithia-silica may help to
decide whether these intercepts are closely related to the incuba-
tion times for internal nucleation, as has becn suggested in
Chapter 5S.

Some possible uses of glass ceramics based on conpositions close
to NC2S3 have already been discussed above. 1In view of the poéential
application of P20s containing glass ceramics as biomaterials more
detalled studies of the effect of P20s on crystallization and glass
ceramic formation in the soda-lime-silica system would be useful,

The bonding properties of the glass ceramics to hard tissues would
be also of great importance.

The ‘'alterxnative' method of making glass ceramics by sintering
and crystallizing fine glass powder into a solid material mentioned
in Chapter 5 would also be an interesting field for‘study, since in
principle the method could be applicable to a wide range of corposi-
tions in the soda-lime-silica and other systems,

Finally, further detailed work is required on the properties of
the NC2S8s glass ceramics, particularly those with o fine grain micre-
gtructure produced by longer nucleation trecatments at lower tempera-
tures, before the possible practical applications of these materials

can be assessed.
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APPENDIX AO

' FREE ENERGY OF MIXING AHD REGULAR SOLUTIC!IS

Consider Section 1.2b and Figure 1.6. From equation (1.23) we

obtain:
prcn (2) = GA2 - GA°'Q = RT 1n aAz o
N 6,2 - 6,"% = kT 1n aBz (80.1)
where Acmﬁ(A), Acmz(B)-are the partial molar free energies differences

of component A and B respectively (1.4). Now the free energy of mixing

at composition XA is defined as

2 2

ACm” = xA AGml(A) + xB ACm™ (B) = AHmz - TAsz (n0.2)

where Anmz, Asz are the enthalpy and entropy of mixing respectively.
Using equations (RO.1l) and (A0O.2) it is found

2 2 L
AGm” = xA RT 1n a, + xB RT 1n a, (A0.3)

L
Now using aAz = XA YA ¢ equation (20.3) gilves:

Asz =X, RT 1n YAQ + xB RT 1ln Ynz - 7f- R(XA in xA + xB In XB)]
(20.4)
If the entropy of mixing is the ideal entropy of mixing
psn® = = R(x, In X_+ X_ 1n X ) (20.5)
A n B o

we identify AHmz as

[} [} A - " A s L
AHm~ = AHm (A) + AHm (B) xA BT ln Yy ot XB RT 1ln Yg



Bere Ang(i) = Hiz - Hi° where Hi° represents the standard state of

component 1,

Then AHmm(i) = PT 1n Yiz {(20.6)

The regular solution model in Hildebrand's sense [(l.21), see also

(1.22)] supposes that AHmZ(i) are independent of temperature. This

means that = RT 1ln Y“z can be calculated from equation (1.25) at T =7

L
AH
-RT ln‘Yg'--—-f'-(Tm-T)+RT 1n X E-R'rlnyg‘ (n0.7)
L A Tm A # 2 A )
low using (A0.7) and equation (1.25) we obtain:
TL - T
AG'-—T—r (- AHf+RTm 1n XA] (10.8)

It is also possible to define the activity of component 2 in solution

as GAZ - GA°s = RT 1ln ag i.e. the activity 1is referred to tha pure

solid RA. Thus from equation (2C.8)

T -1 AR
L £ 2
In a_ = = [— w4 1o X, ) (RO.9)
m
From equations (MAO.6), (AO.7)
1 % b,
in XA = - EE—'(AHm (p) + AHf) + e (A0.10)
L m
Now for the case
9
AHm'= Q Xy X5 | (20.11a)
that is Aﬁmz(i) = (1 - xi)2 Q (20.11b)

where (sce (1.4)) is negativz when the interaction hetween unlike



atoms is attractive and Q > O if the interaction is repulsive. From

equation (A0.6) we find

in yAz = (1 - xA)2 '{ﬁz’f (20.12)

where now the constant in eguation (A0.7) can be explicitly evaluatad if
) is known, This Regular model predicts inmiscibility for Q > 0
(Auml > 0) and the consolute terperature is given by Tc = %ﬁ‘

must be said that the steble and’or metastable phase diagrams are

It

rarely symmetrical as may be deduced from equation (AO.lla). However,
Hildebrand's regular solution concept is still valid if AHmz is written
as a polynomial in xA and XB' It is also possible to symmetrize the
gap by choosing the right end components. All these possibilities

are extensively discussed in (1.19).



Al ESTIMATION OF THE EXPERIMENTAL ERROFS IN N,

From equation (2.1)

M
% Njdy
= 2i=
Ny = =% (2.1)

where d; 1s the particle cross section diameter in size class i
and lp is the number of classes, It is convenient to define the

following function

LY M ng/dy
I Hy i S
2 i=} A
Mo
Let us consider the following function:f(xlgxz,.,.,x”) = ) xy
10
i=l

where {2;} are independent variables. By using the approximated

value for the variance of f:

" far )?
Varf (xl ’xz, s e 'x, ) & 2 T ] Varxl
o i=1( I —-—
it is found that
1Mo
Varf = 2 Varx; < lo Varx (al.l)
i=l

The last approximation is always valid provided the largest Varzy

My
is chosen. By identifying f(x1,mz,...,33%) with.z1 Ni/di the
i=

characteristic & value can be chosen as &£ = g- where dmax is the
max

maximum cross section diameter which is also the largest particle

dlameter. By using the experimental error Admax as an estination

2

for the variance of d i.e. Vard (Admax) ané the Pcisson distri-



bution for N (Varll = N) it is found that:

Ad 2
1l . N2 Vard N e max
Varx = a;——-VarN + 32 32 = 32 + d; 3 (Al. 2)
max max max max max max:
f varf . £2 varn
As N, = VarN, =T+;\—2— o) (A1, 3)

By putting VarA = (AR)2 where AA is the error in the measurement

of the print area we obtain:

varf £ (An)?
Varj,, = a7 + vl [—A—)
%—9— can be estimated from: %—5 & %1- + %Y- where A = uv, and u and
v are linear dimensions, so that
=22 =l0 (R1.4)
Bence:
VarN, 1 varf
— = Varf + 10" =
N, Ny 2A2 N,2n2
that is:
vVarf
Varll,, = i (2l,5)

Now, using egquations (al.5), (Al.l) and (nl.2)

. MoVarx _  1oH Adpay )2
Variy & 522 = oto— (1 4 N[—-Ti-——] (21.6)
max max
Admax
» PRl .. ] . 3 - 2
Taking N = 332, 3 0.05, i 8, Aprint 17120 mnm*,

max

d = 4,23 mm and print magnification 148.8 we obtain

max(in print)



for the standard deviation Oil,, = (Vava)lz = 3516,

3

Ol
Y. x 100 = 18% where Ny = 19130 mm™°,

N
v

So

Ny, * O, = 13130 %3516

Again it is stressed that this approach only gives an upper

estimate of the actual error in NV.



A2 CHEMICAL METHODS AND RESULTS

The chemical analvses for five glasses are listed in Table A2.1
below. The method of analysis is shown in brackets where

TL = Triple Acetate, FP = Flame Photometry.

TAELE A2.1

Glass wt.% Na20 wt.% Cal wt.% Si02 wt.®% F
Nominal 17.49 31,65 50.88 -

CaS 3

G2 17.07 (TA7) 31.40 (EDTR) 51.53 -

Gl6 16,85 (TA) 31.54 (EDTA) 51,61 -

G5 18.23 (FP) 29,65 (EDTA) 51.30 0.77

Gl4 15.44 (TA) 33,10 (EDTR) 54.46 -

Gl5 14.50 (rp) 30.00 (EDTA) 55.00 -

The losses found for G2 were €.42 wt.% Na;0 and 0.25 wt,.% Cal.

The glass (1 g) was dissolv;d in approximately 15 ml of AR
HF (40%) and 4 ml of AR perchloric acid. During heating, evapora-
tion of silica océurred as silicon tetrafluoride and also the excess
of perchloric acid. The remaining solution Qas transferred to a
250 ml volumetric flask,which was filled to the mark with distilled
water.

Naz0 was deterrined by the Triple Acetate lMethod (TA). The
sodium in the solution (from the glass) was précipitated as
Na CzHgOz.Zn(CQH;Oz)z.3UOz(Czﬂacz)2.6820. Xnowing the weight of

precipitate the followinyg conversion formula cives the wt.% of Na,0:



' . _ weight N2,0 weicht ppt x ¢.020158
wt. % Naz0 welght glass x 100 = welght glass x 100.

For example a typical calculation for €2 is:

0.84765 x 0.C20158
0.10001

Ca0 was determined by the EDPA titration technique. A 0,025 N,
EDTA solution was prepared from disodium ethylene dimitrilotetroacetate
and éhecked with a 0.0099 N solution cf zinc in ECl. For example
for glass Gl4 the mass dissolved was 1.0102 g and the volune to be
titrated was 20 ml (from the initial 250 ml solution); the EDTA

volume was 17,35 ml so, Ca0 content (ppm) in 20 ml was:-

17.35 (vol. titrated) x 0.025 x 10~° (EDTA strength) 5G.08 (mol Ca0)
20 (vol. of solution)

= 1216.24 ppm,

80:

1215.24 » 10~% x 250
1.0102

¥ 100 = 30.10 wt.% Ca0o

Although the RaC content, from flame éhotometry (FP), was
always lower than corpared with the triple acetate mathod, measure-
ments were carried out for glasses G2 and G5 for comparison purposes.
The results were G2: 15 wt.% Na0 and G5: 15.06 wt.% Na;0 meaning
a relative increase in MNaz0 content of 7.1% for glass G5 compar~d
to C2. Hence by assuming the true level of Naz0 as 17.C7 wt.% Najz0
for G2 (Table A2,1) the true raz0 content of G5 should be approximately
1.21 + 17.07 = 18.23 wt.® Ma,0 which in turn implies a loss of
18.94 - 18.28 = 0.66% in Na,0, where the value of 18.24 was calculated
for G5 on the assumption that the Na* coming from NaF would combine

with the-atmospherie 02 to give Naq0.



The Li 0 céntent in glasses melted by P.S. Johnson (2.16) nominally
of the 1i170.2510; corposition were also measured by fiame photo-
metry.

The levels of fluoride in the glasses were measured by the follow-
ing technigue: the fluoride was put lato solution by fusing the
glass with NaOH (in a silver crucible) followed by treatment with
hydrochloric acid. The F~ concentration was measured £from the
potential difference developed between two electrodes placed in
the solution - one a reference electrode and the other a lauthanun
fluoride electrode permeable to F~, By measuring the voltage for
known fluoride solutions a calibration curve was constructed. ‘This
curve, which was not linear, was used to estimate the fluoride con~-
tent of the glasses. The calibration curve was obtained from the

following data:

Potential Difference Strength x 1c*

(nV) (g F/100 ml)
-59 250
-53.5 200
~46 150
~36 100
=25 62.5
~19 50
= 0.8 25
-22.5 12.5
. 45.5 5

For G5 the reading was 12.5 mV corresponding to 0.00155 ¢ I and the
amount of glass was 0.2004 ¢, aiving 0.77 vt.% F, This corresponds
to a 33% loss of Fluoride cince the nominal fluoride content was

1.15 wt.%.



If was found that the higher the nominal fluoride content of the
glasses the higher the loss. For exanple, for glass G6 the loss

amounted to almost 43%, i.e.

(nominal) 5.73 wt.% ¥ - (measured) 3.28
5.73

X 100 = 42,8%

The level of losses found in this work are similar to the values

obtained by R. Amos (2.17) using this technique.



a3 Chemical Durability

Both for Naz0 and Si02 determination the calibration curves
were obtained from data produced after taking at least five measure-~

ments for each strength of the standard soluticns.

A3.1 Procedure for Nas0 detemmination

Mzke up a standard solution of sodium ions (from either 2R
NazCO3 or NazS0O,) containing 1000 ppm and by diluting appropriate
aliquots to 100 ml obtain solutions containing 0, 1, 2, 3, 4 and
5 ppm Nat in 1 vol.% HCl, Calibrate the flame photometer with
the 5 ppm solution (for full scale deflection) and with the O ppm
solution (for zero cdeflection).Maasure the intermediate solutions
{always checking the O and 100 deflections) after five independent
readings have been obtained. Plot scale readings vs. ppm Na‘t,
Determine Nat content in the given solution by carrying out the

appropriate dilution.

A3.2 Colorimetric determination of §1i0,

Reagents

1. Standard 50 ppm Si0, solution (by fusing pure Si0; with Na,COj3)

2. Ammonium Molybdate solution: Dissolve 4,09 of amronium
molybdate crystals in about 40 ml of Hz20. AQd 5 ml of
concentrated H2S03, vhile stirring. Make up to 50 ml im
a volunmetric flask.

3, Tartaric Acid solution 20% w/v (by diluting the right amount

of tartaric acid in B20).



4, Reducing agent: (i) Dissolve 10 g of sodium meta-
bisulphite in 80 ml of H20. (ii) Dissolve 1.6 g of
sodium sulphite (bydrated} and 0.16 ¢ of l-amino-2-
naphthol-4-gulpiionic acid in about 15 ml of water. Mix

solutions (i) and (ii) and make up to 1CO ml with water.

Procedure

Take a given volume of unknown solution in a 100 ml volumetric
flask. Prepare five volumetric flasks of 100 ml to which O, 1, 2,
5 and 10 ml of the standard 50 ppm silica solution have been added.
lake up to about 50 ml with distilled water and add 2 ml of the
prepared ammonium molybdate solution. Shake the flasks and leave
them for 15 minutes. Add 2 ml of the tartaric acid solution and
2 ml of the reducing solution and make up to 100 ml with distilled
wafer. Leave for a further 20 minutes before measuring. lMeasure
the absorbance at 650 nm using 1 cm cells. Plot desorbance against
concentration of silica and read off the silica ccitent of the unknown

solution.
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WOJOhW0nHd who -

FORTRAN PROGRAM TO CALCULATE THE A, B AND TO CANSTANTS FROM

EQUATION (2.6) BY A LEAST SQUARES FIT

100

101

102

MASTER FULCHER EQUATION BY LEAST SQUARE
DIMENSION X(50), Y (50), r(50)
READ (1, 100) N

FORMAT (I2)
Sl = 0.0
s2 = 0.0
83 = 0.0
sS4 = 0.0
S5 = 0.0
56 = 0.0
S7 = 0.0
s8 = 0.0

pDO1I=]1,N

READ (1, 101) X(I), Y(I)
FORMAT (2F 10.4)

X(I) = X(I)

F(I) = X(I)»Y(I)

Sl = S1 + (X(I)**2,0)

S2 = 82 + (X(I)*¥Y(I))
83 = S3 + X(I)

S4 = 34 + (X(X)+F(I))
S5 = 85 4+ (Y{I)*%2,0)
S6 = S6 + Y(I)

S7 = S7 + (Y(I)*r (1))
S8 = S8 + F(I)
COITINUE

E =N

D = (S51*(E*S5~8G*%+*2,0))~
1 (S2#(E4S2~8S3+86_)) +
2 (S3»(S2*S6+83%85)) .

A = ((S4*(E*S5-56+%%2.0))~

-1 (52#2*S7-S0#S8) ) +
.2(S3%(S6%S7-S8%S5)}}/D. °

TO = ((S1l*(E%S7-S6%S3))~

.1 {Sax (ExS2~S34S6) )+

2(S3#(S2458-83+57))) /D. ¢
C = ((S1*(S5*38-56%57))~

1(S2#(S2458-S3457)) +
'2(S4+(52456-S3455))) /D

B = C 4 A*TO

WRITE (2, 102) D, A, TO, C, B

FORMNP (1E, SHOET =, El4.8/1¥, 2HA =, E14,3/1H,
13uTD=, £14.8/1H, 2HCO=, E14.8/1KH, 2ur=, £.14.8)
STOP OK

END

FINISH



Typical chart of measurements for the rotating cylinder

apparatus. The <0> deflection was calculated as

<6> = ‘GR‘GOR’;(BOL'OL) as explained in the text.




Stabiliz.-  T(°C) T(°C)  Zero (cm) Left (cm) Right (cm) 3 2 1 Glass and Comments (8,8 _)+(8_ o
L

tire Pefore After Deflection, Deflection Deflection tlires ‘Wires Wire R_OR L)
2
30 1524 42,35 63.5 x NBS710, F= 2.522
42.40 19.8 X ‘g/cm—? <0> = 0.3739 .-
40.1 51.6 X Total weicht 21.60 g
40.1 28.3 X 23 cm level for fur- 0.1992 .
40.5 44.3 x nace
1515 40,5 36.8 X $8.5 cm mirror-scale 0.0641:
6C 1493 42.4 61.6 X distance.
42.4 21.9 x Always used maximum 0.3393
37.0 48.6 x rotating speed.
37.0 . 24.4 X 0.20:34 ..
37.25 41.2 X
1488 37.25 33.2 X 0.06134 .
30 1457 41.70 66.4 b4
41.80 14.5 ) X 0.44 15
39.6 54.3 X
39.6 24.3 X 0.25% .
40.4 £5.3 x
1455 40.4 35.3 x 0.0855%"
30 1436 42.0 ‘ 71.9 x
42.0 g.0 x 0.533%
38.3 55.1 X
33.3 20.0 x 0.30
35.0 40.7 X
1437 35.0 28.9 X 0.10X
30 1398 42.1 81.5 X 0.6735
£1.1 63.3 X ‘
21.1 16.5-17.2 x 0.397%
40.6 48.1 X
1208 40.6 33.2 x 0.127: ¢
30 1372 40.7 50.0 x
40.6 31.2 x 0.1539 -
41.1 £9.3 X
1369 41.2 9,2 X 0.5146 ¢
30 1356 4.1 73.7 x ’
41.1 4.0 X 0.5953
41.7 52.3 X

1352 41.7 31.0 X 0.1821



ASb DETERMINATION OF K VALUES (SEE TEXT)
liass No. of Averaqe I K X2 X3
and  wires period of (g cm®) (g cm? s~2)
Radius oscillation
in sec
800 g; 3 11.65 13004.1
5.7 cm 9.00 "
114
1 3.23 18953.4  6449.3 3851.3
343 g; 3 5.21 2411.7
3.7 em 4.02 “
2.30 “
ASc VISCOSITY MEASUREMENTS FOR THE NBS 710 STINDARD GLASS
T(°C) <0>3 <0>2 <9>1 cCalculated Measured Data for
Logjo M from NBS 710 NB3s 710
Calibration according to
Ref, (2.7)
1490.,5 0.3393 1.53 1.69 1.70
0.2064 2.11
1456 0.4445 1,64 1.80 1.80
0.2564 2,20
©.0855 2.14
1436.5 0.5368 1,73 1.89 1.87
o. 3mo 2.27
0.1009 2.27
1398 0.6735 1.83 1.93 1,995
0.3970 2.39
0.1274 2.37
1354 0.5958 2.57
0.1821 2,52
NOTE: <9>i 1 = 1,2,3 means the mean value of the deflection

angle for the condition

of i wires connected,



A54

In this section it is shown that equation (2.6) approaches
equation (2.5) when y << ¢ (see section 2.8.1). By using sinzey =

sin(ﬂ—26y) equation (2.6) transforms to

3
2 B .2 ¢% [(m-20y) - sin(n-29y)] (AS4.1)
32np? 32
ul ul
If 1-26y = u+0 sinu=u- 37 Sou- sinu = I So equation

(2.8) gives

9 Bt .3 % (n-zey)’

1
Also (m-20y) = sin26y = 2sinly cosBy = 2(1 - %Y-) 2 (¢y-y2) b o,

) ¢
;)
(y << ¢) » 5Y-,72- . Then equation (A5d.1) approaches:
¢
9 Pt _ 3 % 1 % %
.._.__.%-:_.'——-x(b x—x64x-zs-/2—=y » which is the same as
32 n¢ 32 6 ¢

equation (2.5).



ASe

In this Appendix the errors in the viscosities measured with
the penetration viscometer are estimated (see section 2.8.1).

Let us calculate the error in C = 2—-21& from the individual

32 ¢
Ac~é£. }_ﬂz 5 .1’..9'......001 o %
errors: —— = —— + X 5556 * 5 531795 0.004. Fronm Equation (2.5)
3/2 '
n-—-?;——-— so %Q=%9-+M /z/t’ ® 4 x10°° + 4 x 1072 = 0.044
(y 2/¢) <y”?/t>

% % %
where < y “/t > is the mean value of y‘“/t and Ay “/t) ~ On-1

Av A 1 0.044
Putting v = log;on Zf'z'ﬁn log;on - logion °

For example

ég_a Q.0044.
v

for a viscosity level of n = 10'% poise
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