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ABSTRACT

The effects of melting temperature and atmosphere upon the
state of reduction of germanium dioxide glass have been determined.
Glasses varying from very nearly stoichiometric to .0047% reduced were
prepared; the state of reduction of these glasses was determined from
an absorption peak at 2450 R in their ultraviolet absorption spectra,

Growth rates of hexagonal germanium dioxide crystals were
measured in four glasses of differing stoichiometries over a range of
undercooling from 3 to 416 Centigrade degrees. In air, nitrogen, and
oxygen atmospheres, the crystal thickness was found to increase linearly
with time at all temperatures studied. The measured crystal growth
rates covered a range from 10~8 cms/sec at 416° undercooling to a peak
of 10~ cms/sec at about 75° undercooling. Crystal growth rates in all
the glasses exhibited the form of growth rate variation with temperature
typical of glassforming materials. Crystal growth rates were found to
increase with the state of reduction of the glass over the full tempera-
ture range studied. Growth rates in the .004%Z reduced glass were a
factor of 2 greater than those in stoichiometric glass at high under-
coolings and up to a factor of about 4 greater at low undercoolings.

No bulk nucleation was observed in any specimen; surface
nucleation was unavoidable on any glass held at room temperature before
being heated to the nucleation temperature range.

A fine thermocouple (.001") embedded in a glass indicated that
there was no detectable difference between the crystal-liquid interface
temperature and the furnace temperature as the crystal grew past the
thermocouple at a near-peak rate of 2 microns/minute.
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Various extrinsic growth effects were observed. A form of
rapid growth independent of specimen geometry occurring at temperatures
above 950°C and a geometry-dependent type of extrinsic growth occurring
at lower temperatures were both associated with sodium impurities.
Extrinsic growth rates estimated to be two or three orders of magnitude
greater than intrinsic growth rates were observed.

Using viscosity data of other investigators obtained on glass
melted in the same way as one of the glasses studied, it was determined
that the reduced growth rate

growth rate x viscosity
-AHFAT
1 - exp(—iffg—)

of GeO,, a low entropy of fusion material, is independent of undercooling
over tﬁe full range of undercooling studied, 16 to 416°C.

Melting rates were measured using a very slightly reduced
glass (.002% reduced) and a very nearly stoichiometric glass over a
temperature range from 5° to 23° superheat. The reduced glass exhibited
faster melting in this temperature range. A plot of the growth and
melting rates at temperatures near the melting temperature against
temperature was found to be continuous with no change in slope through
the meliing temperature for both glasses whose melting rates were measured.
The values of reduced growth and melting rates of these glasses were also
unchanged at the melting temperature.

Melting and crystallization specimens always exhibited
nonfaceted crystal-liquid interfaces. Consistent with this, an x-ray
analysis of growth specimens indicated that growth was relatively
isotropic.

The observed nonfaceted interface morphologies, the growth
isotropy, the reduced growth rate independent of temperature, and the
growth-melting rate continuity at the melting temperature all lend
strong support to reasoning based on the Jackson Model of the Interface.

Thesis Supervisor: Donald R. Uhlmann

Title: Associate Professor of Ceramics
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I. INTRODUCTION

I.1 Advantages of Glass-Forming Systems in Crystal
Growth and Melting Studies

Glass-forming systems generally have properties
advantageous to the study of melting and crystal growth
kinetics. Such systems are unusual because their crystal
growth rates in general are not controlled by heat flow
effects. 1In a few glass-forming systems, melting also has
been found not to be controlled by heat flow even when
taking place at an appreciable superheat. Because of the
low crystallization and melting rates intrinsic to glass-
formers, the tewmperature of the crystal-liquid interface
can be negligibly different from that of the furnace during
crystal growth and melting.

Melting and crystallization, though frequently
occurring at elevated temperatures, can be studied at room
temperature with specimens quenched from elevated tempera-
tures. In quenching, the melt forms a glass and the location
and morphology of the crystal-liquid interface remains
unchanged. For growth and melting studies at temperatures
where radiative heat loss is not a problem, growth or melting
measurements may be made by direct observation in hot or
cold-stage microscopes. Direct observation of growth in
capillary tubes is also possible. All of these techniques
are simplified by the slow gfowth and melting rates intrinsic

to glass-forming systems.




Furthermore, crystal growth rates covering several
orders of magnitude can frequently be measured over a range
of undercooling often in hundreds of Centigrade degrees. In
contrast, in materials of high fluidity such as the metals,
intrinsic crystal growth measurements are limited to a
fraction of a degree undercooling in most systems. All of
these advantages result directly from the fact that glass-
forming materials typically exhibit a high viscosity upon
melting and/or a rapid increase in viscosity with

undercooling.

I.2 Purpose of This Thesis

The purpose of this thesis is to describe and to
explain the processes of melting and crystal growth of
hexagonal Ge02. GeO2 was chosen for study because it is a
good glass-forming material which exhibits a low entropy of
fusion. A low entropy of fusion glassformer was chosen to
try to determine the relevance of the Jackson Model of the
Interface and the standard models of crystal growth in
predicting the variation of crystal growth rate with under-
cooling and of melting rate with superheating.

At the inception of this study, this was to be the
first thorough study of crystallization and melting of a
low entropy of fusion glassformer. It was found that to
describe completely the crystallization behavior of this
material the effects of impurities, atmosphere, and the state

of reduction of the glass had also to be investigated.




II. PREVIOUS RELEVANT WORK

IT.1 Theories of Crystal Growth

II.1.1 General Description

The phencmena of crystallization have long been of
scientific interest. J. Willard Gibbs, in 1878, (1)
considered many of the characteristics of crystal growth
which are still of interest. Each modern theory of crystal
growth presents a picture of the crystal-liquid interface
viewed on an atomic scale (with the emphasis on
characterizing the crystal rather than the liguid phase),
proposes a mechanism by which molecules assume their correct
position in the lattice, and predicts what effects variables
such as temperature, pressure, and supersaturation will have
on crystal growth.

In this review, only that part of each theory
pertinent to this study shall be discussed, i.e., it is
limited to isothermal growth and melting of crystals in a
melt of the same composition. It should be emphasized that
all the standard models describing crystal growth are based
on greatly simplifying assumptions. Simplification has
been emphasized because of the difficulty of describing the
interface structure and the relation of structure to growth
and melting rates. These models are further simplified in
assuming only one mechanism of growth occurring at any one

time.




The first results of an attempt to describe growth
and melting taking into account details of interface
structure with the aid of a computer have been reported(2).
This approach has led to the growth rate equations of
earlier models when their proper limitations are introduced

into its general equation.

IT.1.2 Surface Nucleation Growth

Many early models of crystal growth(3-7) pictured
the crystal-liquid interface as discontinuous. The outermost
crystalline atomic layer was regarded as perfectly ordered;
the next "layer" of atoms was regarded as amorphous with all
the properties of atoms in the bulk liquid. From analogy
with models of blocks and generally assuming only nearest
neighbor interactions, it was shown that atoms most readily
join a crystal along a repeatable step which sweeps over a
face of a crystal to advance its growth by one atomic layer.
The important obstacle to growth in this manner involves the
initiation of a new layer. Each layer must start as a "surface
nucleus", a group of atoms sufficient in number to overcome
the surface energy barrier to the formation of a new layer.

Assuming surface nucleation controlled crystal growth,
Becker and Doring(8) and Volmer and Marder (9) formulated
quantitative theories relating crystal growth rates to
measurable parameters. A more recent treatment(10), utilizing
the Turnbull and Fisher(ll) approach to nucleation is

essentially the same but better suited to growth from the melt.




This approach assumes a nucleation rate equation based on
absolute reaction rate theory. It is also assumed that,
once nucleated, a layer of atoms will spread over the
entire area of the interface before another nucleus has had
time to form. Therefore, each nucleus formed results in an
advancement of the interface of one interatomic spacing.
Assuming that the shape of a surface nucleus of critical
size is a disk one interatomic spacing, a, high, the
equation describing surface nucleation growth is(12):

NSD"A -Ta 02

o}
u = —— exp ( ) (IT.1)
a, (ASF)VkTAT

where u = crystal growth rate

N, = number of atoms per unit area
D" = kinetic coefficient for transport at the
interface

A = area of the interface

o = surface free energy (isothermal work to form a
unit area of surface)

= entropy of fusion per unit volume
k = Boltzmann constant
T = temperature

AT = undercooling

The undercooling dependence of the growth rate in
the case of surface nucleation growth with constant surface

energy has the form:



constant)

u = D" exp (——r

Burton, Cabrera, and Frank(1l3) later concluded that
surface nucleation theory could not account for the
observable rates at which crystals grow at low supersatura-
tions. Burton, Cabrera, and Frank considered the equilibrium
concentrations of vacancy-adatom pairs on close-packed faces
of a crystal. Treating the formation of steps as a coopera-
tive phenomenon, they concluded that a critical temperature
would divide the crystal growth temperature range into two
parts. At temperatures below this critical temperature,
steps would appear so rarely that growth by surface nucleation
would be favored; above this temperature, steps would be so
numerous that the surface becomes "essentially rough" and no
nucleation barrier is encountered. They go on to point out,
however, that all of these calculations apply to perfect
crystals and the proven existence of dislocations in

crystals renders these calculations unverifiable.

ITI.1.3 Normal Growth

The model of crystal growth referred to as normal
growth or Wilson-Frenkel growth has evolved into a complete
model by combining the work of several investigators(9,13,14-18),
Wilson(14), without postulating a mechanism of crystal growth,
derived an equation describing his observations on salol and

other organic materials. Basically, Wilson observed that




crystal growth rates vary directly with undercooling and
inversely with viscosity. Frenkel(l5,16) introduced reaction
rate theory in an explanation of the mechanisms of viscous
flow and crystal growth. Frenkel hypothesized that both
viscous flow and crystal growth required the movement of

atoms through an intermediate high energy state. Assuming
that the activation energy for viscous flow approximately
equals that for transport across the liquid-crystal interface,
Frenkel pointed out that diffusion across the interface and
diffusion in the bulk liquid are very similar processes.

A more sophisticated approach to normal growth was

attempted by Volmer(9), who derived a crystal growth rate
equation directly from reaction rate theory. Volmer assumed
that atoms in the liquid and solid phases occupy low energy
sites separated by free energy barriers; atoms in a crystal
occupy sites whose energy, on average, is lower than those
in the liquid at temperatures below the melting temperature
and higher than those in the liquid at temperatures above
the melting temperature. The heat of fusion is assumed to be
the difference between the activation energy needed to
transfer an atom from the solid to the liquid and that for
the reverse process. Volmer's equation is not used in its
original form; a much more useful form is that proposed by
Turnbull (18) :

" AH_AT
ID" 1 - exp |

o RTT

) ] (II.2)




where AH_ = molar heat of fusion
T, = crystal melting temperature

R = gas constant

and f = fraction of sites on the interface where
atoms can preferentially be added or
removed

The site factor, f, has been added to Turnbull's
original equation in order to account for the possibility
of growth occurring only at some preferred fraction of
sites along the interface.

The kinetic coefficient for transport at the
interface, D", has not been measured in any experiment; it

is assumed to have the same temperature dependence as the

fluidity:
pr o= 2 (II.3)
n
where b = constant
and n = viscosity

The two most frequently employed estimates of the
constant b in Equation II.3 are taken from the Stokes-
Einstein relation and the Eyring relation, two relations
which relate viscosity and self-diffusion in liquids.

Using the Stokes-Einstein relation(l7):

_ kT
o

Using the Eyring relation(l9):
AlkT

Agh3




where Ay = distance between two layers of molecules in
a liquid

Ay = d@stance between neighboring molecules in the
direction taken by one layer sliding over the
next

and A, = mean distance between adjacent molecules in a
direction at right angles to the direction of
sliding, but in the plane of that layer

The Eyring relation predicts a value of b greater
than that of the Stokes-Einstein relation by approximately
a factor of 3w.

Studies have been conducted to determine the validity
of the Stokes-Einstein and the Eyring relations. Using data
for viscosity and self-diffusion in pure liquid metals,
Nachtrieb (20) has shown that the Stokes-Einstein relation
accurately predicts ionic radii. The Eyring relation yields
ionic radii about one order of magnitude too large.
Nachtrieb also presents data for the variation of viscosity
and self~diffusion of mercury with pressure at constant
temperature. The product nD is approximately constant over
a pressure range from 1 to 8366 kg/cmz. These results imply
that viscosity and self-diffusion have the same pressure
dependence and the same temperature dependence.

Ma and Swalin(21l) have found that both the Stokes-
Einstein and the Eyring relation predict the approximate
order of magnitude of the diffusion coefficient for various
metals diffusing in dilute solution in liquid tin.

Although studies such as (20) and (21) prove the

utility of the Stokes-Einstein and Eyring relations in using
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viscosity data to estimate approximate diffusion
coefficients, the use of these equations to predict the
kinetic coefficient across the interface, D", is not
explicitly validated by these results. At minimum, however,
these results show that viscosity and diffusion in liquids
have the same temperature dependence. Studies of another
process involving molecular rearrangements in liquids,
dielectric relaxation, have shown that viscosity and
dielectric relaxation exhibit the same temperature
dependence. Denny(22) has shown that these two processes
show the same temperature dependence in liquid alkyl halides,
both nonassociated polar liquids and hydrogen bonded liquids,
over the full range of viscosity studied, from lO2 to 108
poise. Davidson and Cole(23) determined that dielectric
relaxation and viscosity have the same temperature dependence
in various organic liquids. A compilation of data by
Litovitz et al(24) shows that the temperature and pressure‘
dependences of dielectric and volume relaxation times are
very similar in liquids, regardless of whether that behavior
is Arrhenius or non-Arrhenius in form.

In sum, since diffusion, viscosity, dielectric
relaxation, and volume relaxation all involve molecular
reorientation in liquids and all are found to have the same
temperature dependence, assuming that the molecular
reorientation involved in changing the molecules near the

crystal interface from an amorphous to an ordered structure

has that same temperature dependence is not unreasonable,
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The Stokes-Einstein relation is generally chosen over the
Eyring relation because of the better quantitative fit of
its predictions in studies such as (20) and (21). The
Eyring relation predicts values an order of magnitude
greater than Stokes-Einstein relation. Cahn, Hillig, and
Sears (25) estimate that the diffusion coefficient across the
interface should be one or two orders of magnitude greater
than that for the bulk liquid. Therefore, the Stokes-
Einstein value is probably an underestimation.

The equations describing normal growth result
from reaction rate theory without explicit reference to a
specific type of interface structure. It is clear, however,
that normal growth will not occur on any interface which
exhibits a nucleation barrier. The appropriate interface
for normal growth is that described by Burton, Cabrera, and
Frank(l13) as "essentially rough". Such a rough interface is
not discontinuous in structure along a line separating two
layers of atoms. Instead, one or more atomic layers will be
composed partly of atoms fitting the crystal lattice and
partly of atoms still in amorphous array. A rough interface
can also be regarded as one having an abundance of vacancy-
adatom pairs. The starting of new layers presents no
barrier to growth on such an interface. Not all sites along
a rough interface can accomodate adatoms at a particular

time, however; hence the need for f in Equation II.2,.
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In normal growth, the interface is assumed to remain
rough regardless of the temperature. The roughness and the

site factor f are taken as independent of undercooling.

IT.1.4 Screw Dislocation Growth

Frank(26) and Burton and Cabrera(27) have proposed
that the presence cf a screw dislocation in a growing crystal
provides new steps continuously on successive atomic layers
without the necessity of surface nucleation. An Archimedean
spiral is taken as a simple representation of the growth
morphology.

In the view of the screw dislocation theory, the
crystal-liquid interface is discontinuous but the crystal is
imperfect because of the presence of dislocations.

Hillig and Turnbull(28) determined the fraction of
lattice sites along the interface which will be active in
screw dislocation growth. It is assumed that the dislocation

is an Archimedean spiral characterized by:
r = Zero (I1.6)

radial distance from origin

where r

e

angular coordinate of the spiral

initial radius of the spiral

r
(o)

Assuming that the initial radius of the spiral is

equal to the critical radius of a disk-shaped nucleus, r*:

X = g
r UVM/ASFAT (II1.7)
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where V, molar volume

M

and ASF = molar entropy of fusion

With the additional assumptions that: (1) growth
will occur only by the addition of atoms at sites within
aq of the spiral circumference; (2) the area covered by the
centers of the spirals is negligibly small; and (3) almost
the entire area of the interface will be covered by growth
spirals, either by one multilayered spiral or by many
spirals distributed in size, the fraction of sites at which
growth occurs, f', will be:

aO(ASF)(AT)

fr = - (II.8)
4ﬂcVM

In crystals growing by a screw dislocation mechanism,
the fraction of sites at which growth preferentially occurs,
f, is equal to f'. Replacing f by f' in Equation II.2

reveals that at low undercoolings, where:

-AH_AT AHFAT

F < et s
[1 - exp (—ﬁﬁﬁg—)] RTTE (I1.9)

the crystal growth rate is proportional to the square of the

undercooling when growth occurs by this mechanism.

IT1.2 The Reduced Growth Rate

Equation II.2 is applicable to normal (Wilson-Frenkel)
growth and to growth by a screw dislocation mechanism. As
discussed above, in the case of normal growth, the fraction

of sites at which atoms preferentially join the crystal, f,
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is assumed to be approximately independent of the
undercooling., In the case of screw dislocation growth, the
factor £ is equal to f' in Equation II.8 and is directly
proportional to the undercooling. The dependence of the site
factor on undercooling for a particular material is
determined from a plot of the reduced growth rate, Up.

against undercooling, where:

_ un

[1 - exp (——ﬁﬁr—d]

In the case of normal growth and screw dislocation

growth:

- b
u = 3 £ (Ir.11)

Both the Stokes-Einstein and the Eyring values for b
indicate that b varies directly with temperature. However,
since most crystal growth studies are conducted at
relatively high temperatures, b varies little over the
temperature ranges studied and is regarded as a constant.!
The reduced growth rate is therefore directly proportionééi
to the site factor and has the same temperature dependence
as the site factor. It is the form of this dependence which
is of interest in determining how crystals grow. According

to the models discussed previously, only in the case of

normal growth is the site factor independent of undercooling.
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In the case of screw dislocation growth, the site factor is
zero at the melting temperature and it increases linearly
with undercooling.

Growth by a surface nucleation mechanism can be

_1_
TAT

occurs by this mechanism, such a plot is linear with a

determined by plotting log (un) against ( ). If growth

negative slope.

I1.3 Applicability of Growth Mechanisms

Burton, Cabrera, and Frank(l3) proposed general
criteria for predicting under what conditions and for what
materials a particular growth mechanism should occur.

Jackson(29), using a similiar treatment (Bragg-
Williams treatment of cooperative phenomena(30)) and
considering only the single outer layer of atoms, was able
to link the type of interface expected for each particular

material to its entropy of fusion. The Jackson model of

the Interface describes the free energy of a crystal-liquid
interface as a function of the number of adatoms on the .
interface. Curves showing the interfacial free energy
dependence on adatom population for materials with various
entropy of fusion values are presented in Figure II.1.

Each curve is derived from the equation:

AF
ﬁ;%— = oaX(1-X) + XIlnX + (1-X)1ln(1-X) (II.12)
E .
where ASF n,
a = (I1.13)
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a=10.0

AFg
NkTg

e
l
|

RELATIVE FREE ENERGY

a:=1.0
| | | | B | | |
001 02 03 04 05 0.6 0.7 0.8 09 10O
OCCUPIED FRACTION OF SURFACE SITES

Figure II.l: Interfacial free energy dependence on o and
adatom population.
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AF_ = increase in free energy due to the occupation
by adatoms of a fraction X of sites

N = number of possible sites on an initially

plane surface at the equilibrium temperature,
TE
X = fraction of sites occupied by adatoms

n, = total number of "nearest neighbor" atoms in a
molecular layer parallel to the interface

V = possible total number of "nearest neighbor"”
atoms

As shown in Figure II.1l, materials with an ¢ factor
less than two have a minimum free energy configuration when
50% of the interfacial sites are occupied by adatoms.
Materials with an o factor greater than two have a minimum
free energy configuration exhibiting only a few adatoms and
a few vacancy sites. It is concluded that low entropy of
fusion materials (g<2) will exhibit interfaces rough on an
atomic scale and non-faceted (nearly isotropic) on an
observable scale. High entropy of fusion materials (¢>2)
should exhibit interfaces smooth on an atomic scale and
faceted (anisotropic) on an observable scale. Jackson(31)
points out that this conclusion is supported by the
commonly observed non-faceted interfaces of metals growing
from the melt (low entropy transformations) and the faceted
interfaces of solid-vapor transformations (high entropy
transformations). Furthermore organic materials unusual in
having a low entropy of fusion have been observed to
crystallize with non-faceted morphologies(32).

The Jackson Model of the Interface does not deal

directly with growth kinetics. The Jackson Model, however,
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does show the relation between the entropy of fusion of a
material and the type of interface it is expected to have.
The various crystal growth models (Section II.l) relate the
types of interfaces to the different models of crystal
growth, i.e., an interface rough on an atomic scale with
normal growth and an interface smooth on an atomic scale
with surface nucleation or screw dislocation growth.

Assuming that the crystal growth models and the Jackson Model
are not too simple and not therefore invalid, the entropy of
fusion and the mechanism of crystal growth may be linked.

Low entropy of fusion materials will exhibit normal growth,

while high entropy of fusion materials will exhibit surface
nucleation or screw dislocation growth. More precisely,

low entropy of fusion materials will grow with a site factor
which is independent of undercooling, while high entropy of
fusion materials will exhibit a site factor which increases
with undercooling.

The fraction (nl/V) in Equation II.13 is highest for
close-packed planes, whergé 0.5 < (n,/V) < 1.0. For
materials with ASF/R < 2, even the close-packed interface
planes should be rough. For materials with ASF/R > 4,
the most closely packed faces should be smooth, while less
closely packed faces should be rough.

The relation of the o factor to interface morphology
remains qualitatively the same regardless of undercooling.

No transitions in growth mechanism with undercooling are
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predicted with the exception of faces for which a is slightly
greater than two, which may transform from a smooth to a

rough morphology with undercooling.

IT.4 Diffuse Interface Theory

Cahn(33) has proposed that the crystal-liquid
interface is similar to ferromagnetic and ferroelectric
domain walls and that crystal growth is analogous to domain
wall movement. The important feature of such a "diffuse
interface" is the systematic variation of free energy with
the position of the advancing interface. Free energy
maxima and minima occur at intervals equal to some multiple
of an interatomic spacing. The diffuseness or distance
between totally crystalline and totally amorphous atomic
layers is a function of the material and must be determined
experimentally.

Assuming a particular form for the variation of free
energy with the interface position, the diffuse interface
theory predicts that materials generally will have a critical
undercooling which marks the transition from lateral growth
(by surface nucleation or dislocation mechanism) to normal
(Wilson-Frenkel) growth. The normal growth occurs at high
undercoolings; lateral growth occurs at lower undercoolings.
The transition will be revealed in a plot of the reduced

growth rate versus undercooling.
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A recent review article(34) suggested that the form
of variation in free energy employed in diffuse interface
theory is not applicable to first order transformations.
Furthermore, the interpretation of crystal growth data(25)
as supporting the diffuse interface theory has also been

questioned(34) .

II.5 Melting Theories

In all materials, melting is observed to begin
heterogeneously at free surfaces. Temperley(35) points out
that in the case of materials which expand in melting, inter-
nal melting would result in increased local pressure and a
consequent increase in the melting point of the crystal
surrounding the liquid. Turnbull(36) points out that the
general absence of a nucleation barrier to free surface
melting suggests that in all materials the sum of the free
energy of the crystal-liquid interface and the liquid-vapor
interface is less than or equal to the free energy of the
crystal-vapor interface.

Just as liquids which are highly viscous at their
melting points exhibit low crystallization rates, they also
exhibit low melting rates. Whereas relatively stable
undercooled liquids are commonly observed, similarly stable
superheated crystals have been observed only in the case of
materials which form viscous melts. The superheating of
crystals of albite(37), gquartz(38), cristobalite(39),

phosphorus pentoxide(40) and sodium disilicate(ﬁ;) has been




21.

reported. Most materials, however, melt rapidly even at
temperatures negligibly above their melting temperatures;
their melting rates are governed by heat flow. Only in
the case of viscous liquids are melting rates expected to
be determined by interface kinetics.

If the same interface sites participate in both
crystallization and melting, the plot of melting and
crystallization rates versus motivating potential should be
a single curve which is continuous with nc abrupt change in
slope through the melting temperature. This behavior would
be in accord with the principle of microscopic reversibility
in the limit of Tpe In the case of low entropy of fusion
materials, which exhibit non-faceted interfaces during both
melting and crystal growth, the sites participating in both
these processes are expected to be the same. In the case
of materials which are faceted during growth but non-faceted
in melting, the sites participating in the two processes are
not expected to be the same and a change in the slope of the
crystallization~melting rate curve is expected at the
melting temperature.

Theoretically, the possible mechanisms advancing a
melting interface are the same as those for crystallization.
Equations II.1l, II.2, and II.8 are applicable with melting
indicated by a negative growth rate. The ease with which
atoms from the crystal find a place in the liquid, however,
makes it unlikely that atoms will remain on high energy

sites, such as the corners of atomic layers, for very long.
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Melting by "coring" (the reverse of screw dislocation
growth) might be expected to occur to a limited extent but
melting limited by a surface nucleation barrier is not

expected to occur.

II.6 Past Crystallization and Melting Studies

II.6.1 General Features

Due to the low fluidity and relatively slow melting
and growth rates commonly encountered in glass-forming
systems, the methods employed to measure melting and growth
rates are uncomplicated: they are (1) direct observation
using capillary tubes or a hot or cold stage microscope;
and (2) quenching to room temperature and then measuring with
a microscope. In general, the temperature range of the study
determines the technique employed; all can yield accurate
results.

Few thorough studies of melting kinetics but a great
many studies of crystal growth rate variations with
temperature have been made. All of the crystal growth
studies have found the same general form of growth rate
variation with undercooling: at low undercooling the growth
rate increases rapidly with decreasing temperature, a peak
growth rate is reached at 25° - 100°C undercooling, then,
the growth rate gradually decreases with greater undercooling.
As demonstrated by Tammann(42), in the high undercooling
region, growth is approximately proportional to the fluidity

of the melt and is said to be "viscosity limited", In the
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low undercooling region, the growth rate is often
approximately proportional to (AT)® where 1.0 <n < 2.0
and is said to be "driving force limited".

Although the determination of crystal growth rates
in glass-forming systems isstraightforward, the determination
of crystal growth mechanisms is not. The causes of this
difficulty are two-fold: (1) the simplifications which must
presently be made in attempting to mathematically describe
this complex process (as discussed in II.1l), and (2) the
strong influence of impurities on growth rate(43) and
viscosity (for example, see II.7.3). Only for those materials
on which growth rate and viscosity measurements have been
made using specimens similar in purity and thermal history
and tested under similar conditions can growth rate theories
be applied accurately. Even in these cases, the simplifica-
tions involved in these theories introduce uncertainties into
the interpretation of experimental results.

Glass-forming systems whose crystallization and/or
melting behavior have been studied are: glycerine(9,44),
salol(34,45-48), phosphorus pentoxide(49,50), 1-2
diphenylbenzene(51), tri-o- naphthylbenzene(52), sodium
disilicate(53-55), potassium disilicate(56), soda-lime-
silica ternaries(57-59) and silicon dioxide(60-68). The

pertinent results of these studies are discussed below.
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II1.6.2 Glycerine

Crystal growth rates of glycerine were measured by
one group of researchers(9), while two differing viscosity
determinations were made by others. Glycerine crystals
were found to be faceted at all temperatures studied.
Jackson et al(34) have pointed out that variability in the
data allows for a number of interpretations and suggests

the need of further study.

IT.6.3 Salcl

A critical review of salol crystallization data is
included in Reference 34. Several investigations(34,45-48)
of salol crystallization have been carried out; compiled
they cover a temperature range down to 71.6°C undercooling.
The various studies show no agreement on growth rates at
small undercooling. A recent study(48) pointed out that at
small undercoolings, individual crystals observed under a
microscope were found to grow at their own individual rates.
The measured growth rates are, therefore, probably
determined by impurities.

The most recent study of salol crystallization(34)

measured growth rates on samples of three differing purity
levels. Observations of crystal morphology were also

; included. It was found that at less then 10°C undercooling
‘ the measured growth rates differed with the stage of growth,
crystal perfection, and the method of study. In the range

from 10° to 1400 undercooling, impurities were found to
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increase the growth rate; also, a change in morphology
was observed. In the undercooling range from 14° to
40°c, impurities still influenced growth rates and
considerable scatter appeared in the growth rate data.
A faceted morphology was observed over the full range
of undercooling studied, 72°C.

Although Cahn et al(25) had interpreted the
reduced growth rate variation with undercooling curve
drawn with some of the early data on salol as indicating
a transition from a lateral growth mechanism to a
continuous one, the faceting observed at all undercoolings
does not support fhis interpretation, as pointed out in
Reference 34.

Using the latest data(34), the site factor is
found to increase continuously, but with some breaks in

slope, with undercooling.

IT.6.4 Phosphorus Pentoxide

Turnbull et al(49) studied melting and
crystallization rates of tetragonal phosphorus pentoxide,
which melts with a high entropy of fusion to form a
viscous melt. Melting and growth measurements were made
on the same crystals, which were always faceted. Melting
and growth rates were found dependent on: (1) time;

(2) crystal morphology; (3) crystallographic direction;




and (4) thermal history. Using steady-state measurements
for a particular crystallographic direction on specimens
having the same thermal history, a curve continuous
through the melting temperature was drawn through the low
undercocoling and low superheating data; the data,
corrected for viscosity differences, is presented in
Figure II.2. The reduced growth rate variation with
temperature, presented in Figure II.3, shows that the
scattering in the data is a serious problem. No firm
conclusions regarding continuity at the melting tempera-
ture or the dependence of the reduced growth rate on
undercooling can be made. The melting data, however, does
indicate that the reduced melting rate is independent of
temperature at small superheating. Viscosity values used
were those of the same investigators determined on the

same material (50).

26.
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IT.6.5 1,2 Diphenylbenzene

Greet(51) measured crystallization rates of 1,2
diphenylbenzene, an organic glass-former for which
(ASF/R) is 6.75. The cobserved interface morphology was
faceted at all undercoolings studied, up to 60 Centigrade
degrees. The site factor was found to increase continuously
with undercooling but did not follow a form predicted by any
standard growth formulation. Viscosity values were measured

by the same investigators on the same material.

I1.6.6 Tri-a-Naphthylbenzene

' Tri-a-naphthylbenzene is a van der Waals glass-former
of structurally complex molecules for which (ASF/R) is
approximately 10.7. Growth occurs with a faceted morphology
over the full range of undercooling studied(52). The
reduced growth rate increases continuously from zero at 2°
undercooling to over 100 at 105° undercooling. Magill and
Plazek (52) interpreted these results as consistent with
surface nucleation growth. Jackson et al(34) point out
that a transition is indicated by the data at about fifty
degrees undercooling, the same undercooling at which a change
in crystal morphology is observed. On both sides of the
break, however, the growth rate data has a form consistent
with that of growth by a surface nucleation mechanism. In
this study, too, both viscosity and growth rates were

measured by the same group on the same material.
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II1.6.7 Sodium Disilicate

Sodium disilicate is a congruently melting
glass-former for which (ASF/R) has an intermediate value.
An early study(55) and a more complete recent study(53,54)
have measured essentially the same crystallization rates.
The interface morphology was faceted at all undercoolings
studied (up to 298 Centigrade degrees). The reduced growth
rate(53,54) increases steadily with undercooling; the slope
of the reduced growth rate versus undercooling curve
decreases with undercooling until it reaches an undercooling
of about 80 Centigrade degrees. At undercoolings from 80 to
298 Centigrade degrees, the slope of this curve is constant
and positive. Extensions of this initial slope and the
final slope of this curve intersect at about 40° undercooling.
The form of the reduced growth rate variation with under-

cooling is, therefore, unexplained. Viscosity measurements

were made on the same specimens. Sodium disilicate melting
rates(53,54) were significantly greater than crystallization

rates at equal departures from the equilibrium temperature.

IT.6.8 Potassium Disilicate

Crystal growth measurements over a range of 100
Centigrade degrees undercooling were made on potassium
disilicate by Leontjewa(56). Viscosity data for this
temperature range is only available by interpolating from
measurements made at higher and lower temperatures by other

investigators on other potassium disilicate melts. As
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pointed out by Jackson et al(34), the reduced growth rate
variation with undercooling approximates that for screw-
dislocation growth, but little confidence should be placed
in the form of the variation due to the source of the
viscosity data and also evidence of hydration problems. No
morphological observations were reported on potassium

disilicate.

I1.6.9 Soda-Lime-Silica Glasses

Several studies(57-~59) have been made of the crystal
growth of devitrite.(Na20-3CaO-GSi02), an incongruently
melting compound whose primary field of crystallization
encompasses the commonly used compositions of commercial
glasses. Although these crystals grow from a melt whose
composition differs from their own, initial growth is linear
with time, presumably because the needle-like morphology of
the crystals allows for short diffusion paths. The variation
of crystal growth rate with undercooling follows the typical
form. The only relevant observation, for this thesis, is the
observation by Swift(57) that the melting growth rate curve
is continuous through the melting temperature, with no
change in slope. Photomicrographs by Milne(59) on devitrite
crystals apparently show that the change in crystal

morphology on melting is the reverse of that for growth.

IT.6.10 Silicon Dioxide

Silicon dioxide has many properties analogous to

germanium dioxide; both are good glass-forming congruently
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melting oxides which exhibit low entropies of fusion. A
great deal of research has been done on silicon dioxide
crystal growth and melting. Not only has the reduced
growth rate variation with undercooling been determined(683),
but the effects of impurities, atmosphere, method of
nucleation, and state of reduction of the glass have all
been investigated.

Cristobalite, the crystalline phase invariably
observed to grow from silica glass, is normally observed to
nucleate on free surfaces only. Using slightly reduced
silica glass, Wagstaff(66,68) has been able to nucleate
cristobalite in the bulk glass and to study the growth of
these crystals without the interference of atmospheric
effects or external impurities. The center few microns of
each crystal apparently contain a second phase heterogeneity.

The growth and melting of cristobalite crystals was
studied over a temperature range from 240 Centigrade degrees
undercooling to 20° superheat. Growth and melting rates
were found to be linear with time in all instances. Over
the entire temperature range, the morphology of the
cristobalite crystals is non-faceted; at most, some crystals
show a tendency toward faceting. The growth-melting curve
was found to be continuous with no change in slope through
the melting temperature. Most importantly, the reduced
growth rate was found to be independent of temperature, as
shown in Figure II.4. The fact that the reduced growth

rate is independent of temperature is consistent with the
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morphology observed and the Jackson Model of the
Interface(29).

An important variable affecting the rate-controlling
process of cristobalite growth is the state of reduction of
the glass. The state of reduction is determined from the
size of an absorption peak at 2420 g in the ultraviolet
spectrum(69). In a neutral atmosphere, linear growth rates
in a reduced glass have been shown to be more than one order
of magnitude slower than those in stoichiometric
glass(64,68). Surface-nucleated crystals growing in reduced
glass in air exhibit diffusion-controlled growth(62-64) which -
is enhanced by increased oxygen or water vapor pressure in
the atmosphere (the diffusion of oxygen or hydroxyl ions
being the rate-controlling process).

Stoichiometric silica glass exhibits crystal growth
which is linear with time, regardless of atmosphere. For
stoichiometric silica glass, crystallization rates of
surface-nucleated cristobalite were found to increase with
atmosphere in the order: vacuum < nitrogen or argon < oxygen
or water vapor. These effects have been interpreted(60) as
indicating that nitrogen or argon play a neutral role in
crystallization while vapors from furnace impurities
(eliminated only in vacuum) enhance growth, as does oxygen
and water vapor. Consistent with the observed effect of
water vapor, crystal growth rates are faster in glasses of

high water content(62,65).
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Wagstaff (68) measured the melting rates of
internally-nucleated cristobalite. The fact that the
crystal growth-melting curve is continuous without change
in slope through the melting temperature indicates that
the same types of atomic sites are involved in both melting
and growth. In this case, the continuity is observed out

to significant departures from equilibrium.

II.6.11 Summary

Of all the glass~forming materials whose
crystallization and/or melting behavior have been studied to
date, only one, silicon dioxide, exhibits a low entropy of
fusion. This is also the only material studied to date whose
reduced growth rate has been found independent of temperature
over a wide temperature range. The other unique aspect of
cristobalite crystallization is the fact that the interface
is never faceted. In all the other studies reporting
crystal morphology, crystals were always observed to be
faceted. In those studies not reporting crystal morphology,
it is assumed that the crystals are faceted since most
investigators regard non-faceted crystals as an interesting
anomaly (70) .

The unique characteristics of cristobalite
crystallization are consistent with the reasoning of
Jackson(29), i.e., a low entropy of fusion material has an
interface rough on an atomic scale and a site factor

independent of undercooling. The morphological observations
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and the site factor dependence on undercooling of all high
entropy of fusion materials studied to date are also
consistent with predictions based on the Jackson Model of
the Interface.

The data collectively suggest the need for greater
refinement of crystal growth models. It also shows that
transitions in growth mechanisms have not been observed in
any material.

Important to this thesis and other crystal growth
studies are the observed effects of impurities, atmosphere,
state of reduction, and method of nucleation on cristobalite
crystal growth. Atmosphere has been shown to have no effect
on sodium disilicate growth, but the variability of the data
in all studies suggests that impurity effects are commonly
encountered. Only for salol and cristobalite ihave some of
these impurity effects been determined.

For those materials whose crystallization and
melting have both been studied, the evidence indicates that
the crystallization-melting curve is continuous without
change in slope through the melting temperature only in the
case of silicon dioxide and devitrite. This result can be
attributed to a low entropy of fusion in the case of silicon
dioxide. In the case of devitrite, where the crystal and

glass differ in composition, the situation is more complex.
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I1.7 Pr5perties of Germanium Dioxide

IT.7.1 Forms of Germanium Dioxide

Germanium dioxide occurs in two crystalline forms,
one having a rutile (tetragonal) structure(71), the other
an o~quartz (hexagonal) structure(72). Tetragonal
germanium dioxide is insoluble in water and is not readily
attacked by HF or HC1(73); hexagonal germanium dioxide is
soluble in water and is readily attacked by HF and HC1(71).
The density of tetragonal germanium dioxide is 6.239
gms/cm3 at 25°C; hexagonal germanium dioxide has a density
of 4.228 gms/cm° at 25°C(71).

Hexagonal germanium dioxide is the form invariably
appearing in growth from the melt or from solution(74)
although it is thermodynamically stable only over the
temperature range from 1033°C to 1ll6°C(l£). The estimated
accuracy of the melting point determination of 1116°C is
i.4°C(ll). The tetragonal form is stable at temperatures
below 1033°C(ll); however, it is obtained only through
transformations of the hexagonal form under pressure or
through the use of mineralizers(71,74).

The germanium-germanium dioxide phase diagram exhibits

only a single eutectic point, at 912°C, with a composition of

88% germanium dioxide-12% germanium(75). Although not
thermodynamically stable, solid germanium monoxide has been

grown from the vapor and its properties determined(76).
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Hexagonal germanium dioxide melts congruently at
1116°C to a viscous liquid; it has a low entropy of fusion
with the factor (ASF/R) equal to 1.3(77). The glass transi-
tion range for germanium dioxide extends approximately from
450° to 575°C(zg). Although the glass is resistant to
crystallization at temperatures below this transition range,
surface crystallization occurs readily in the presence of
water even at room temperature(78). Germanium dioxide

glass has a density of 3.637 gms/cm3 at 25°C and a hardness

of less than 5 on the Moh's scale(78). The liquid is a
network liquid, composed of GeO4 tetrahedra with a
germanium-oxygen sPaciﬁg of 1.65 g(zg) and a bond strength
of about 100 Kcal/mole(80). Like the hexagonal crystalline
form, the glass is soluble in water and is readily attacked
by HF and HC1.

References 77 and 8l comprise a complete study of
the thermodynamic properties of germanium dioxide from
298°K to 2000°K.

ITI.7.2 The Absorption Spectrum of Germanium
Dioxide Glass

The absorption spectrum of germanium dioxide
contains three peaks which vary with the melting conditions
and the atmosphere in which the glass is held. These peaks
occur at approximately 2080 g, 2450 g, and 2.86 microns.

The peak at 2080 g is a fundamental one, attributed

to absorption by valence electrons of oxygen(82). This peak
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does increase slightly in glasses treated in reducing
conditions and is diminished by treatment in oxidizing
conditions. Generally, only the long wavelength side of
this peak is observed, appearing as the ultraviolet
cutoff, since specimens of a thickness in the range of
microns are needed to observe the short wavelength side

o)
of the peak at approximately 1850 A(83,86).

The peak at 2.86 microns is attributed to the
hydroxyl ion concentration in the glass (84) by analogy
with the source of peaks at approximately this wavelength
in other oxide systems. The infrared absorption cutoff
occurs at approximately 6.15 microns(85). 1In thin
specimens (100 microns) the final infrared cutoff is
observed at about 15 microns(éi).

The absorption peak at 2450 g has unusual properties
and has been extensively studied(74,87,88,90). This peak
appears in germanium dioxide glass melted in air at
temperatures above 1300°C; its size increases with
increasing melting temperature. In reducing atmospheres,
the peak appears at even lower temperatures; in hydrogen,
it can be induced at 400°C(Zi). The peak can be bleached
out by heat treatments in oxygen. Diffusion studies(87,88)
conducted on thin laths (<100 u's thick) in an oxidizing
atmosphere have shown the source of the peak is an oxygen
deficiency in the glass. Germanium dioxide glass deficient
in oxygen can also be regarded as a reduced glass; i.e., it

has an excess of germanium atoms. The exact form of the
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color center is believed to be an oxygen vacancy with two
associated electrons(74). Paramagnetic resonance studies
supporting this conclusion have shown that paramagnetic
resonance peaks first appear when this peak is bleached
with ultraviolet radiation. If the absorption peak is
reformed by thermal treatments, the paramagnetic resonance
peaks disappear(74).

In silicon dioxide glass, the absorption peak at
2429 g appearing in glass melted under reducing conditions
has been shown to vary with the concentration of germanium
impurity(89). This peak is therefore analogous to the
germanium dioxide peak at 2450 g.

A part of this thesis previously reported(90) noted
that a peak at 2450 g appears in the absorption spectrum of
germanium dioxide glass melted at elevated temperatures
(>1300°) in pure oxygen or even in vacuum. The degree of
reduction of germanium dioxide glass increased with
atmosphere in the order: vacuum or oxygen < air << dry
nitrogen.

The visible absorption spectrum of germanium dioxide
glass contains no peaks(85). The glass is normally
colorless; however, the long wavelength tail of the 2450 g
peak does produce a brown tint in reduced germanium dioxide

glasses.
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IT.7.3 Viscosity of Germanium Dioxide

At least six independent studies have been conducted
on the viscosity of liquid germanium dioxide(91-96). 1In
total, measurements cover the temperature range from 500°C
to 1750°C, with data in the crystallization range
(700 - 1116°C) very limited. The data from all six studies
are collected in Figure II.5. The causes for the lack of
agreement among the results reported are primarily
differences in: (1) chemical purity; (2) melting procedures;
and (3) measuring techniques.

In the low temperature range, there are marked
differences in the results of the studies. The data of
Kurkjian and Douglas(92) agree quite well with those of
Nemilov and Ivanov(93), but the viscosity values are
substantially larger than those obtained by Fontana and
Plummer (96) and by Bruckner(95).

The data of Mackenzie(91) are the only exceptions
to the close agreement of the data of all other investiga-
tions at high temperature. This result might be attributed
to the 0.1% calcium impurity reported by Mackenzie; however,
the addition of Ca0 to the melt would be expected to lower,
not increase, viscosity. Moreover, impurity effects are
difficult to ascertain since two investigations did not
include impurity measurements(93,95). Melting conditions
and atmospheres also differed in the other studies, Probably
the most important difference in Mackenzie's study was the

fact that the measurements were made in a pure oxygen
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atmosphere on a glass which had been exposed only to
oxygen atmospheres when at elevated temperatures.
Mackenzie's glass was thus more nearly stoichiometric
than the somewhat more reduced glasses on which viscosity
measurements were made in air in all the other studies
(see IM.7.2).

A recent study(97) has shown that the viscosity of
germanium dioxide glass is lowered with the addition of
germanium. Thus the more reduced glasses produced by
exposure to air rather than pure oxygen at elevated
temperatures should exhibit lower viscosity values, as
seen in Figure II.5.

Although little viscosity data are available for
temperatures in the crystallization range, both Kurkjian and
Douglés and Fontana and Plummer found that their own dat:a
on both sides of the crystallization range could be

expressed by one equation. The results of Kurkjian are

described to a reasonable accuracy by the equation:

- 16,300
loglon = 5.8 + T
n = viscosity
R = gas constant

T = temperature

The data of Nemilov and Ivanov, some of it taken in
the crystallization range, fit this equation with somewhat

less accuracy.
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The data of Fontana and Plummer along with that of
Riebling over the range from 250 to 5 x lO10 poises (from
1720° to 650°C) are expressed by the equation:

- - - 13,938
loglon = 4.543 + = T

In the present study, germanium dioxide glasses
were melted from the same raw material and with melt
schedules the same as or similar to the Fontana and Plummer

melt schedule. Their viscosity data are therefore most

relevant to this study.




III. OUTLINE AND PLAN OF WORK

This study involved the preparation of germanium
dioxide glasses of several different states of reduction,
the growth and melting of hexagonal germanium dioxide
crystals in those glasses, and an analysis indicating how
the results obtained are related to theories of crystal

growth and melting.

45.
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IV. EXPERIMENTAL PROCEDURES

The experimental procedures employed in this study
divide themselves into six parts: (1) melting of germanium
dioxide glasses; (2) preparation of glass and crystalline
laths; (3) measurement of the kinetics of crystallization;
(4) measurement of the kinetics of melting; (5) determina-
tion of the state of reduction, the water content, and the
purity of the glasses; and (6) additional minor experiments

included as appendices.

Iv.1l Melting of Germanium Dioxide Glasses

Thirteen batches of germanium dioxide glass, each
weighing about one hundred grams, were prepared from Eagle-
Pitcher Electronic Grade germanium dioxide crystals. No
additives were included in these melts.

The glasses were melted in a horizontal mullite
tube furnace heated by silicon carbide resistor elements.
The bottom of the 2" diameter mullite tube was covered with
a 1/4" thickness of refractory brick to protect it from
thermal shock as the glass was removed from the furnace.
Each end of the 30" long mullite tube contained a 9" long
fireclay refractory brick for insulation. The center 7"
of the tube was the hot zone. The ends of the mullite
tube were sealed by brass plates and silicone rubber
gaskets with ports of copper tubing to allow for the
control of atmosphere and the entry of a thermocouple, One

or two pofts through the end seals were connected by rubber
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tubing to a mechanical vacuum pump, a mercury manometer, a
thermocouple vacuum gauge, and one or two gas cylinders.

Temperature was monitored in the furnace with a Pt
(10% Rh)-Pt thermocouple placed within the mullite tube
either at the top or bottom center.

The glasses were melted in a platinum boat
approximately 4" long by 1-3/4" wide by 1/2" deep. This
boat was formed of platinum foil 4" x 5" x ,004" folded so
that the sides extended to partially cover the glass in
melting. The boat slid into and out of the furnace on a
mullite slab cut from 3" diameter mullite tubing. Bubbled
alumina on this slab provided a flat surface supporting

the boat.

Five different melt schedules were used to produce
glasses of different states of reduction. Series 1 glasses
(1A - 1E) were melted following the schedule of Fontana and
Plummer (96) as closely as possible. This schedule involved:
(1) holding overnight at a vacuum of from 1000 to 200 microns
of mercury at approximately 100°c; (2) heating in the same
vacuum to 1150°C in about five hours; (3) holding in vacuum
at 1150°c for four hours; (4) raising the temperature to
1400°C in about one hour with dry nitrogen introduced to a
back pressure of a few centimeters of mercury at 1300°C;

(5) soaking overnight at 1400°C in dry nitrogen; (6) quenching
to room temperature.

Glass 2A was melted using the same schedule with the

exception that the overnight soak was made at 1360°C, Glass
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2B was produced following the first five steps of the
Fontana and Plummer schedule and then soaking for six hours
at 1200°C in a pure oxygen atmosphere before quenching to
room temperature. Glass 2C was melted according to the
Fontana and Plummer schedule; instead of sealing the
furnace during the overnight soak, however, dry nitrogen
was flowed through the furnace at a rate of 4 ft3/hour.

Series 3 glasses (3A - 3D) duplicated the Fontana
and Plummer melt schedule, with the exception that a pure
oxygen atmosphere was substituted in steps 4 and 5.

Series 4 glasses (4A and B) had the same melt
schedule as Series 3 glasses and also additional heat
treatments. Before these additional heat treatments, these
glasses were cut into pieces about 1/2" wide x 4" long x 1/4"
thick. Each of these pieces was held in air at 1150°C for
forty-eight hours in a platinum boat. Each piece was then
removed from the platinum boat, turned over, and again
treated in air at 1150°C for forty~-eight hours. The
important features of the various heat treatments are
listed in Table IV.1l.

After quenéhing to room temperature, all of the
glasses were annealed at 480°C in air for two hours.

The procedure for providing a one atmosphere gas
pressure over the glass during most of the melts involved
backfilling through the same port used in evacuating the
furnace. The furnace was then left sealed with a connection

to the gas tank maintaining about 5 cms. Hg positive pressure,
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Table IV.1l

Glass Melting Procedures

soak temp.

° soak additional
glass (°C) atmosphere heat treatment
Series 1 1400 N2 -
2A 1360 N2 -
2B 1400 N2 6 hrs in O2 at
1200°c
2C 1400 flowilg N2 -
Series 3 1400 02 -
Series 4 1400 02 96 hrs in air at

1150°C




50.

An improved procedure used in melting the last few glasses
involved backfilling with gas through a port at the end of
the tube opposite the exhaust port and flowing the gas

through the furnace.

Iv.2 Preparation cf Glass and Crystalline Laths

After annealing, each glass was freed from the
platinum boat by bending the overlapped foil at the
corners of the boat to break free the glass at these points
and then peeling away the foil. The glass slab was cut
into laths averaging about 1/2" square by .050" thick.
Cutting was done in a kerosene bath with a diamond saw;
the glass was mounted on a talc block with balsam,

The two large faces of each lath were ground and
polished in three steps: (1) grinding on a lap wheel with
a kerosene slurry of American Optical M 302%-Abrasive;

(2) the same procedure with M 303% Abrasive; and

(3) polishing in a Syntron Vibratory Polisher with a
kerosene slurry of M 309 W Abrasive. Steps 1 and 2 required
a few minutes each; Step 3 required at least 6 hours. The
glass laths were mounted on brass weights with balsam
during grinding and polishing.

After grinding and polishing, each lath had to be
cleaned in acetone, wiped off with paper towels, and the

unpolished ends scraped with a small knife,
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The melting study required the fabrication of laths
composed of crystals 100 microns or greater in diameter.
These crystalline laths were produced by putting glass
laths through melting and growth cycles in which the glass
was crystallized, then melted back, leaving only a few
crystal remnants, then growing these remnants to form
larger crystals. The cycling procedure used required six
crystal growth periods at approximately 1050°c for at least
one hour each alternating with melting periods at 1120°¢C of
8, 16, and 24 minutes and at 1130°C of 16, 24, and 30
minutes. The final step was a crystal growing period of at
least one hour at approximately 1050°c. a nitrogen atmo-
sphere was held over Series 1 glasses crystallized by this

procedure; Series 4 glasses were crystallized in air,

Iv.3 Measurement of Kinetics of Crystallization

Hexagonal germanium dioxide crystals were grown in
the polished glass laths by subjecting the laths to heat
treatment which produced nucleation on the glass surfaces
and then growth of the crystals into the glass. The
crystals thus produced formed a layer around the glass.

The crystallization procedure involved first
inserting a clean glass lath inpo a Vycor test tube 19 mm
in diameter and 18 inches long. The lath was placed at the
bottom of the test tube; for runs made at 1100°C or higher,

the lath was held in a small platinum foil boat. The top

of the test tube was sealed with a rubber stopper protected
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from radiation by a lump of Kaowool. A short piece of
glass tubing connected to rubber tubing passed through the
rubber stopper. When an atmosphere other than air was
required, the test tube was evacuated down to a pressure
of about 200 microns Hg, filled to one atmosphere with the
required gas, evacuated again, then filled to a pressure
of about 20 cms. Hg and sealed. This gas pressure
produces approximately one atmosphere pressure in the
crystallization range.

Crystals were nucleated and grown by inserting the
sealed test tube containing the glass lath into a horizontal
tube furnace. The furnace used was a Kanthal-wound mullite
tube furnace 30" long with an inner diameter of 2-1/2". An
Inconel sleeve 7" long and about 3/8" thick was placed at
the center of the tube to produce a uniform hot zone of that
length. The furnace was heavily insulated and powered by a
saturable core reactor-magnetic amplifier unit with which
its temperature was controlled. The temperature was recorded
by an expanded-scale strip chart recorder. The hot zone
temperature was held within a maximum fluctuation of iO.locg
The temperature in the hot zone of the furnace was determined
to within 0.1°C using a Pt (10% Rh)-Pt thermocouple in a
Vycor tube in place of a specimen before each set of
crystallization runs. The thermocouple used throughout the
study was calibrated against a secondary standard thermocouple

whose calibration is traceable to N.B.S. Test # 189571-A,
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Each glass lath was first inserted into the cooler
part of the furnace at a temperature hetween 500°C and
800°C, in each case approximately 300°C cooler then the
hot zone of the furnace. Each glass lath was held at this
point for two minutes to assure nucleation and to lessen
the warmup time in the hot zone. The lath was then inserted
into the hot zone, reaching within 5°C of the hot zone
temperature in less than two minutes. The lath was held in
the hot zone for a measureda length of time, then quenched to
room temperature. The crystallization experimental condi-
tions and glasses are listed in Table 1IV.2.

The depth to which a lath had crystallized was
determined with a Filar eyepiece on an optical microscope.
For most of this study, the optical system of an LL Tukon
Hardness Tester was used; at a magnification of 566X, the
Filar eyepiece read directly in microns, When this instrument
was unavailable, an American Optical Metallographic Micro-
scope was used at a magnification of 500X. On this
instrument, the Filar eyepiece was calibrated using a stage
micrometer.

After heat treatment, each lath was broken in half
and one or both halves were mounted vertically in plastic,
allowing a cross-section of each lath to be viewed. The
procedure for grinding and polishing the mounted laths was
the same as that used to polish the glass laths

(Section IV.2).
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Table IV.2

Crystallization Experiments

glass temp. Oc atmosphere times (minutes)
1a 1100 dry N2 3%,4,5,5
1A 1050 " 6,9,12,15
iA 1000 " 4,5,6,7,8
1A 950 " 4,5,6,7,8
1A 900 " 4,6,8,10,12
1A 850 " 10,14,18,22,26
1B 850 " 10,14,18,22,26
1B 800 " 30,45,60,75,90
1B 750 " 60,90,120,150,180
1B 700 " 6,9,12,15,18 hours
22 1107 dry N2 6,12,18,24,30
2A 1102 " 4,8,12,16,20
2A 1097 " 4,6,8,10,12
27 1093 " 4,6,8,10,12
2A 1050 " 4,6,8,10,12
2B 1000 " 4,5,6,7,8
2B 950 " 4,6,8,10,12
2B 900 " 8,10,12,14
2B 850 " 10,18,26,34
2B 800 " 45,60,75,90,120
3A 1110 dry N2 10,15,20,25
3B 1110 " 6,10,12,14
3A 1106 " 4,8,12,16,20
3A 1101 " 4,6,8,10
3C 1100 " 6,12,18
3B 1100 " 4,6,8,10,12
3A 1050 " 4,6,8,10,12
3B 1050 " 4,6,8,10,12
3C 1050 " 4,6,8,10,12
3A 1000 " 4,6,8,10,12
3B 1000 " 4,6,8,10,12
3C 1000 " 4,6,8,10
3Aa 950 " 4,6,8,10,12
3B 950 " 4,6,8,10,12
3C 950 " 4,6,10
3B 900 " 8,12,16,20,24
3D 850 " 20,40,60,70,80
3D 800 " 1,2,3,4,5 hours
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Table IV.2 (cont'd)

glass temp. ¢ atmosphere times (minutes)
4A 1111 - O2 5,10,15,20,25
4A 1105 " 5,10,15,20,25
4A 1099 " 4,6,8,10,12
4A 1094 " 5,10,15,20,25
4A 1050 " 4,6,8,10,12
4A 1000 " 4,4,5,6,8,10,12
4B 1000 " 4,6,8,10,12
4B 950 " 4,6,8,10,12
4B 900 " 5,10,15,20,25
4aA 850 " 20,40,60,80,80
4A 800 " 1,2,3,4,5 hours
2C 900 dry N3 5,10,15,20,25
2C 9200 N, + water 5,10,15,20,25

vapor

2C 900 o 5,10,15,20,25

2
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Thicknesses down to one micron could be measured
reproducibly with the Filar eyepiece with an accuracy of
+0.1 micron. Measurements were made at intervals of 500
or 1000 microns, depending on specimen size, along each of

the lath faces which had been initially polished.

Typically, ten to twelve measurements were made on each of
the two long sides of the lath. Separate averages were
computed for each side, yielding two data points for each

lath.

Iv.4 Measurement of Kinetics of Melting

The procedure used to measure melting kinetics was
basically the same as that used to measure crystallization
kinetics; the equipment was identical. No nucleation step
was needed in melting the crystalline laths; however, they
were held for five minutes at about 1050°C in the furnace
before being inserted into the hot zone in order to minimize
the warming time. The conditions under which specimens were
melted are listed in Table IV.3.

During melting, the crystalline laths remained in
the platinum foil boats in which they had been cycled. The
foil was peeled off before the melted laths were mounted in
plastic.

In addition to a layer of glass formed around the
perimeter of each specimen, melting also occurred at grain

boundaries. Observation of the melt specimens under an
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optical microscope also revealed that the cryvstal sizes
were distributed over a range from about 10 microns to
about 500 microns in diameter. Some regions of melted
laths became completely glassy during melting runs because
of the small size of the crystals in those regions.
Measurement of the thickness of the peripheral melt

layer, therefore, could not be made at uniform intervals
around the entire perimeter of most specimens. Instead,
measurements of the thickness of the peripheral melt layer
were made only in those areas where this layer was bordered

by large crystals.

IV.5 Determination of Glass Properties

The state of reduction of each glass was computed
from the size of the absorption peak at 2450 X in its ultra-
violet absorption spectrum. Ultraviolet absorption spectra
were determined with a Cary 14 Spectrophotometer using
specimens approximately .010" thick. Neutral density
filters were used to extend the absorption measurable from
two to five orders of magnitude. Specimens .010" thick
were prepared by mounting glass laths on the end of a
brass cyclinder whose center had been milled down .012",
then grinding and polishing the glass down to this thickness
using procedures described in Section 1IV.2,.

The hydroxyl ion contents.of the glasses were

determined from an absorption peak at 2.85 microns in the
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infrared spectrum. A Perkin-Elmer 237 B or 337 Grating
Infrared Spectrophotometer Qas used with specimens approxi-
mately 1/4" thick; specimen surfaces were either "as-melted"
or ground and polished.

Spectographic analyses of some of the glasses were
made under the direction of Mr, D. L. Guernsey of M.I.T.
using standard techniques. For these analyses, glasses
were crushed in plastic ball miils to avoid contamination.
Chlorine determinations were made by wet chemical analyses.
In both of these cases, analyses were made on glasses from
batches in which crystallization and melting kinetics had
been determined. Specimens had been ground, polished, and
cleaned in exactly the same way as the glass laths in which
crystals were grown, before being submitted for impurity

analyses.

IV.6 Additional Experiments

An investigation determining the effects of glass
melting conditions on the state of reduction of germanium

dioxide glass is discussed in Appendix C.
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V. RESULTS

V.l State of Reduction of GeO2 Glass and Crystals

The effects of atmosphere and temperature upon the
state of reduction of germanium dioxide glasses, as
determined here, are discussed in some detail in
Appendix B.

The glasses used in the study of melting and
crystallization divide themselves into four groups
according to their state of reduction. The most reduced
glasses have been labeled Series 1l; the groups continue
in arithmetic order from the most reduced to Series 4
which is very nearly stoichiometric. The state of
reduction of each glass was determined by applying
Smakula's Equation, assuming an oscillator strength of
unity, to the peak at 2450 g in the ultraviolet absorption
spectrum of each glass. The assumptions involved in the
use of Smakula's Equation and a typical calculation are
presented in Appendix B. The degree of reduction of each
glass, along with its linear absorption coefficient at

the peak, k

max’ and the peak width at half maximum, H,

are listed in Table V.l1.1l. The peak height is measured

o
taking the absorption of stoichiometric glass at 2450 A
as zero. A representative absorption spectrum for each

of the four series of glasses is presented in Figure V.1.1.
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Table V.1.1
State of Reduction of Geoo Glasses
No state of
- Hk* reduction
max defects GeO
"'l (o] __"“—'3 2—X
glass (em ™) (eV) A cm X
17 -5
1A 151 0.670 320 9.11x10 4.4x10
1B 134 0.620 300 7.50x10%7 3.6x10"°
1c 142 0.682 320 8.72x10%7 4.2x10"°
1D 137 0.682 320 8.41x10%7 4.1x10°°
17 -5
22 120 0.545 260 5.90x10 2.9x10
2B 75.4 0.855 400 5.80x10%7 2.8x10°
2¢ 89.7 0.521 250 4.21x10%7 2.0x10"°>
17 -6
3A 35.8 0.496 240 1.60x10 7.7x10
3B 38.4 0.472 236 1.63x10%7 7.9x10"°
3C 24.0 0.496 240 1.07x10%7 5.2x10"°
3D 44.2 0.545 260 2.17x10%7 1.0x10"°
15 -7
4R 2.00 0.409 200 7.37%x10 3.6x10
4B 0.909 0.334 160 2.74x10%° 1.3x10" 7
* Koax = linear absorption coefficient at the peak.

* % H = peak width at half height.
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Figure V.1l.1l: Representative ultraviolet absorption
spectra of Series 1-4 glasses.
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Ultraviolet absorption spectra of hexagonal
germanium dioxide crystals were measured on thin laths
approximately .002" thick. These laths were formed by
crystallizing glass laths supported by a frame of
platinum foil. The crystal laths were not removed from
the platinum foil; they were mounted in the Cary 14
spectrophotometer using the foil for support. One lath
of Glass 4B was crystallized at 1000°C in oxygen; a lath
of Glass 1A was crystallized at 1000°C in nitrogen. The
crystals grown from the stoichiometric glass (4B) had only
a single absorption peak, at 2050 g, in their ultraviolet
absorption spectrum. The crystals grown from the reduced
glass (1lA) exhibited a broader peak at 2050 g and a
"shoulder" at 2150 g. The appearance of the ultraviolet
absorption spectra of the two crystals is the same as that
of a stoichiometric and a reduced glass shifted 300 g lower
in wavelength. It was assumed that the "shoulder" appearing
in the spectrum of the crystal growm from the reduced glass
is produced by oxygen vacancies in the crystal. Applying
Smakula's equation, it was determined that the state of
reduction of the crystal grown from the reduced glass (1lA)

was .0006%. The degree of reduction of Glass 1A is .0044%.




64.

V.2 Nucleation

No bulk or homogeneous nucleation cf germanium
dioxide crystals was observed in any of the specimens
examined in this study. Surface nucleation was found to
occur without exception on any glass specimen which had
been cooled to room temperature for any length of time and
then heated to a temperature in the crystallization range.
No special seeding or other surface treatment was necessafy
to produce surface nucleation. There was no evidence of
any delay time or incubation period preceding nucleation.

The only specimens in which surface nucleation was
avoided were those glass laths in which crystals were
grown by cycling. After the crystals were melted back from
the surface at temperatures above the melting point, no
crystals nucleated on the surface during the following
crystal growth cycle. This observation is very likely
associated with the fact that the samples were not cooled
down to the nucleation temperature range between treatments.
This effect was observed microscopically during the develop-

ment of the cycling schedule used in this study.

v.3 Crystallization Kinetics

The crystal growth data for the glasses in which
crystallization rates were measurable are presented in

Table A.l of Appendix A. Typical plots of growth data
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(crystal thickness versus time) are presented in Figures
vV.3.1 - v.3.3.

At all temperatures studied ar.d in all the
atmospheres employed, the intrinsic growth was always
linear with time, i.e., the thickness of the crystalline
layers increased linearly with time. Crystals growing
in Glass 1A at 1100°C grew linearly with time until a
crystalline layer about fifteen microns thick was formed;
growth then proceeded erratically. The early crystalliza-
tion rate was taken as the intrinsic rate in this case.

For the most part, two data points were obtained
from each specimen, one for each polished surface. 1In
instances where only one point is reported for a given
time at a given temperature, no measurements could be made
on the other surface due to surface cleaning problems or
because of fracture along that surface caused by the lath's
sticking to the platinum foil in which it was held during
crystallization.

The lines drawn through the data in Figures V.3.1 -
V.3.3 were determined by least squares analyses in which no
intercepts with the time axis were specified. The time
plotted is time in the furnace hot zone. The crystal growth
rates were determined in all cases from the slope of the
line fit to the data by a least squares analysis. The

crystal growth rates measured are presented in Table V.3.1l.




*0p056 PUR ‘5006 ‘0058 3I® sosse[b T soTIag UT yjmoab Tezsiid :T°€°A 2anbtg

(SILANIN) 3NWIL
<] °T4 Q2 Sl ot ]

_ _ _ -

66.

Qi

Sl

oe

(SNOYDIIN) SSINNIIHL TV.LSAND



67.

S
|

o — /050 °C
v—/000°C
A—950°C

SRS
—

CRYSTAL THICAKNESS, MICRONS—
o
l

201

/5

/0=

s

0 1 i L1 1 i
) 2 4 6 8 /0 /2

TIME, MINUTES —~

Figure V.3.2: Crystal growth in Series 2 glasses at 950°,
1000°, and 1050°cC.




68.

*sbut{ooozspun MOT 3e sosseTh ? se®Ta®s UuT yYamoxb Te3zsiin

«— SILANIN 'INIL

PE€°E°A 2anb1g

ve o¢ 8l 91 bl 4 ol 8 9 v [

_ _ 1 [ | [ I ! _

—
—t
e

[ ]
—

Jo Il — @

Jo SOII —O
Qe 6601 — ¢
Qe 601 — A

o

[ 9]

O
(3

°X4

oe

<— SNOYOIN 'SSANNIIHL TVLISAND




69.

Table V.3.1
Crystal Growth Rates

. temperature growth rate
glass atmosphere Oc (cms ./sec.)
1a N, 1100 6.39 x 107°
1a . 1050 1.05 x 107>
12 " 1000 9.96 x 10°
1A n 950 5.08 x 107°
1A " 900 1.99 x 107°
1a " 850 7.75 x 1077
1B " 850 6.87 x 1077
1B n 800 1.91 x 1077
1B " 750 5.97 x 1078
1B " 700 1.33 x 1078
2a " 1107 2.28 x 1070
23 " 1102 3,70 x 107°
22 " 1097 3.75 x 107°
22 " 1093 5.00 x 1070
23 " 1050  6.83 x 1076
2B " 1000 6.27 x 107°
2B " 950 2.97 x 1076
2B " 900 1.79 x 107°
2K " 850 4.58 x 107°

2B " 800 1.51 x 10~/
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Table V.3.1 (cont'd)

temperature growth rate

glass atmosphere °c (cms ./sec.)
32 N, 1110 5.14 x 1077
3B " 1110 7.20 x 1077
3A " 1106 7.44 x 1077
3C " 1102 1.71 x 1078
3a " 1101 1.83 x 107°
3B " 1101 8.85 x 107/
3a " 1050 3.32 x 107°
3B " 1050 | 4.40 x 107°
3C " 1050 6.40 x 107°
3A " 1000 3.98 x 107°
3B " 1000 2.25 x 107°
3C " 1000 4.12 x 107°
3A " 950 2.34 x 107°
3B " 950 1.15 x 107°
; 3C " 950 1.84 x 107°
3B o 900 1.01 x 107°
3D " 850 3.33 x 107/
-8

3D " 800 7.88 x 10
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Table V.3.1 (cont'd)

temperature growth rate

glass atmosphere °c (cms./sec.)
4n o, 1111 3.67 x 107/
aa " 1105 7.09 x 107/
A " 1099 1.23 x 107°
A " 1094 1.69 x 10°°
an " 1050 3.54 x 10°°
4a " 1000 3.65 x 1078
4B " 1000 4.88 x 107°
4B " 950 2.96 x 107°
4B " 900 9.88 x 10/
4A " 850 4.93 x 107/
aa " 800 1.36 x 107/
2c N, 900 1.67 x 10°°
2c N, + water vapor 900 1.54 x 10°°
2c 0 900 1.78 x 107°

2
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The crystal growth rate dependence on temperature
of each series of glasses (i.e., of approximately equal
state of reduction) is plotted in Figures V.3.4 - V.3.7.
The curves drawn through these data points are simply drawn
by eye. Crystal growth rates in Series 3 glasses exhibited
the greatest amount of scatter. At temperatures for which
two or more growth rate values were measured, the curve was
drawn as closely as possible through the average of these
values. In Series 1, 3, and 4, different glasses were run
at the same temperature to assure that grouping according
to state of reduction was relevant. In Figure V.3.8, the
curves drawn through the crystallization data for all the
runs made in nitrogen are compiled. All of the curves
show the same form with a peak at approximately 75° under-
cooling. The growth rates cover approximately three orders

8 cms/sec at 416°C

of magnitude, from a minimum of 10
undercooling to a maximum of 10"5 cms/sec at 75°¢
undercooling.

The crystal growth rates in oxygen in stoichiometric
GeO,, glass (Series 4) are plotted in Figure V,3.7. Within
experimental error, crystal growth rates in Series 4 glasses
are the same as those in Series 3 glasses over the entire

temperature range studied, even though the Series 3 glasses

are approximately .001% reduced.
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states of reduction.
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The minimum undercooling at which measurements
could be made was found to be about 4°. At this point,
the glass viscosity was low enough to allow the flat surfaces
of the laths to become curved in the time needed to build up
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