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ABSTRACT

This report, for the first semiannual period of contract support,
describes technical findings concerned with glass-ceramic dielectrics,
semiconducting glasses, electronic and structural properties of semi-
conductors, near-degenerate pn junctions, and radiation studies on
materials. In addition to the reporting of these technical findings,
major additions to our experimentai capability made during this period
are summarized.

Two detailed reportings are made ccncerning structure in glass-
ceramic dielectrics: one concerning the kinetics of crystallization,
studied by quantitative x-ray diffraction, and the other concerning struc-
tural changes resulting from thermal treatment, studied by electron
microscopy, x-ray analysis, and dc and ac electrical properties. For
semicondacting glasses, correlations are made concerning thermal treat-
ment and structural changes, on the one hand, and dielectric and electronic
properties, on the other. Results are reported from two studies aimed
toward determining the structure of compound and elemental semiconductors.
An expression for the diffusivity-mobility ratio is derived that is valid
for degenerate as well as non-degenerate semiconductors, and is used to
plot this ratio against carrier concentration. Brief disclosure is made
concerning the radiation stability of semiconducting glasses and insulating
glass-ceramics.



SUMMARY

The general objective of this research program is to establish at the
University of Florida a center of competence in unconventional solid-state
materials and devices. In accord with this general objective, research studies
are to pbe undertaken in three areas: first, the study of solid-state materials
not used in the present technology of silicon integrated circuits; second, the
study of properties of silicon the understanding of which is lacking yet important
for device design; third, the exploitation of these studies in the creation of
new devices and circuits. Potential D.0.D. applications in the areas of Jetection,
navigation, surveillance, and control will guide the choice of materials to be
studied and device applications to be considered. (Section | of this report dls-
cusses the plans and objectives of the research program in detail.)

This report, for the first'semi-annual period of contract support, describes
technical findings concerned with glass-ceramic dielectrics, semiconducting
glasses, electronic and structural properties of semiconductors, near-degenerate
pn junctions, and radiation studies on materials. In addition to the reporting
of these technical findings, major additions to our experimental capability made
during this period are summarized.

Detailed accounts are given of two studies dealing with structural changes
in glass-ceramic dielectrics. The first study concerns the kinetics of crystal-
lization of LEZSiZO5 from glasses in the Li20-Si02 system, studied by quanti-
tative x-ray diffraction. Analysis of the data analysed using the Johnson-Mehl-
Avrami equation showed that crystallization occurred through the nucleation and
growth of rods. The spherulitic nature of .he crystals was substantiated by
petrographic examinations of the partially crystalline glass. Analysis of the
temperature dependence of the crystallization rate using a modification of the

Johnscn-~Mehl~Avrami equation showed that the activation energy for nucleation was
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a function of composition and thermal treatment.

The second study desis with glass structural differances in a 17.5
weight % Li20-Si02 glass resulting from thermal treatments in the annealing-
transformation range. These were studied using electron microscopy, x-ray
analysis, and dc and ac electrical properties. |t was shown that metastable
crystalline lithium metasilicate precipitates and subsequently redissolves
prior to the appearance of the equilibrium lithium disilicate crystals. The
lithium metasilicate gives rise to dielectric loss peaks in the 100 Hz to 1 MHz
range; the Maxwell-Wagner-Sillars heterogeneous dielectric model is used to
justify this observation.

For semiconducting glass=s, correlations have been made concerning
thermal treatment and structural changes, on the one hand, and dielect~ic
and electronic properties, on the nther. These are briefly reported, as
are results from two studies relevant to determining aspects of the struc-
ture of elemental and compound semiconductors: (1) a computer simulation
of surface defects in diamond cubic structures, which is intended to aid in
the quantitative interpretation of field-ion-microscope images of many semi-
conductors; (2) preliminary data, yielded by small-angle x-ray scattering,
related to the clustering of impurity atoms in degenerate silicon. Brief
disclosure is also made of some tentative theoretical expressions describing
the behavior of near-degenerate pn junctions and of the radiation stability
of semiconducting giasses and insulating glass-ceramics.

An expression has been derived, formulated in terms of tabulated func-
tions, for a generalized Einstein relation valid for degenerate as well as
non-degenerate semiconductors. To facilitate the use of this expression .n
device design, a grapn has been constructed displaying the diffusivity-mobility
ratio against carrier concentration; the graph holds for any temperature and

for any material whose density of quantum states varies, to a reasonable approxi-
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mation, as the square root of energy. Separate curves have been plotted

for the special cases of silicon and germanium. For any level of concentration,

these curves afford a comparison with the constant value of the diffusivity-
mobility ratio predicted by the conventional Einstein relatlon, and dlsplay
the error deriving from its misuse. For holes in sillcon, as an example, the
conventional relation starts to fail at a concentration of approximately

18 3

4 x 10

cm °; at a density of 10'3 CN-B, at which the Fermi level approxl-

mately coincides with the band edge, the error intorduced ls about 40 per cent;
at a density of 2 x 1020 cm-3, the error exceeds a factor of five.

Improvements in experimental capabillty that were made during thls
period include an important modification of the electron microprobe and
significant progress in the development of the laboratory for noise studles
and of the magnetic-film laboratory. Moreover, the solid-state fabrication
laboratory is now available as a research tool. In illustration of its
capability, successive runs yielded good bipolar transistors with Betas

exceeding fifty; all processing, from mask-maklng and photolithography

through diffusions and metallization, were done in the laboratory.
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I. INTRODUCTION

The gene, sl objective of this research program is to establish at
the University of Florida a center of competence in unconventional solid~
state materials and devices. In accord with this general objective, the
research is to seek:

1. A basic understanding and characterization of materials not
presently used in the silicon technology. The materials to be
studied include insulators, metals and semiconductor. {(buth
single~crystal and polycrystalline) that have potential use in
solid~state devices.

2. A basic and precise understanding and characterization of those
properties of silicon that have high potential importance in
device design and vet have not received attention in either
industrial, governmental, or university research.

3. A basic understanding and characterization of materials exposed
to high~radiation environments or environments involviny ex=
tremes in temperature.

L. The utilization of the acquired understanding of materials to
create new devices and circuits that involve matarials and prin-
ciples not used presently in the conventional technology.

5. The demonstration of the usefulness of the new devices and cir-
cuits by testing their applicability in the solution of represen-
tative equipment and applicaticon problems in the areas of detection,
surveillance, navigation, and control.

The research will seek to correlate the structural parameters of each
material under study with its electronic and quantum parameters. Further
correlation will be sought to determine the v2riations in the structural,
electronic, and quantum parameters that result from irradiation. Having
established these corr:lations, the research staff will then utilize our
fabrication facilities, attempting to determine changes in processing that
will yield better materials for each envisicned device application.

During this first six months of contract support, the two Departments

principally responsible for this research, the Electrical Engineering

Department and the Metallurgical and Materials Engineering Department began



moves into new buildings. These meves, and the attendant establishment
or re-establishment of equipment relevant to this research program, have
been completed. Moreover, ihe research team has made good progress in
othr.r tasks that necessarily precede the undertaking of the actual research -
such tasks as the desig: of éxpe..ments, the ordering and installing of
equipment, and the acruisition and training of support personnel. All of
these efforts have consumed a considerable portion of the time availzble
to the research team.

In Sections V and VI, therefore, this first report will describe
briefly some of the results of this effort, concantrating on major additions
to our experimen.al capability made during this first six=month period.
The-major part of this report, however, describes specific technical findings,

These appear in Sections 1} through 1V,



Il. Glass-Ceramic Dielectrics and Glass Semiconductrrs
TL. L. Hench)

Semiconducting Glasses

1 \ . . .
Hamblen has reported that partially crystallized semiconducting
glass compositions possess much larger D.C. conductivities than the quenched
2 . . .
glasses. Hench and Jenkins have demonstrated interesting A.C. properties

in quenched semiconducting glasses of similar V505-P,0g compositions. Hench

and Daughenbaugh3 have shown that the D.C. conductivity and A.C. behavior of
several vardia-phosphate glasses are stable to neutron dosages of 4 x IOI7 nvt
and y-ray doses of 1.2 x 108 rads.

The objective of the present program is to investigate the sequence
of structural changes that accompany the thermal treatment cf a semicon-
ducti~ng glass and relate the changes in electrical properties to structure.
Several important observations have been made in this area aiid papers are
being prepared for publication. Heterogeneous dielectric loss peaks have
been discovered in the partially crystallized glasses, and they have been
rationalized in terms of a Maxwell-Wagner-Sillars modelh. Decreases in D.C.
resistivity from |09 ohm=-cm to 102 ohm-cm have been attributed to the develon-
ment of crystals in the glass by either isothermal heat treatments or varia-
tions in quenching temperaturess. As the mean frce path between crystals '~
the class decreases the frequency-enhanced conductivity characteristic of
a semiconducting glass disappears.

Theor<=tical analysis of the conducticn mechanism of semiconducting
glasses is in progress. The model basically consists of frequency assisted
polaron hopping between localized energy states in the glass. The influence
of A.C. fields, regions of ordered non-localized states, compositional

changes and irradiation effects are being quantitatively examined in terms



of the model.
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Glass Ceramics

The objective of the glass-ceramic research program is to obtain an under-
standing of the influence of structure on the electrical, mechanical and thermal
properties of this class of materials. Attention is concentrated on binary
lithia-silicate and soda-silicate glasses in order to simplify structural
interpretation.

The emphasis of the program in this report has been devoted to two studies
of structural changes.

First, we report on the kinetics of crystallization of Li20-Si02
glasses with various nucleation treatments. (This work has formed the basis
of a paper, by S.W. Freiman and L. L. Hench, accepted foir publication Ly

the Journal of the American Ceramic Society.) Second, we report on struc-

tural changes occu-ring in thermally treated Li;0-Si0, g.asses analysed
by dielectric absorption and x-ray Guinier analysis. (This work has formed
the basis of a paper, by D.L. Kinser and L.L. Herch, accented for publi-

cation by the Journal of the American Ceramic §9;iety.)




A. THE KINETICS OF CRYSTALLIZATION IN Li20-5i02 GLASSES

Introduction

Previous investigations of the growth of Li25i20S crystals in LIZO-
Si0, glasse;“2 and of the kinetics of bulk crystallization, involving a
combination of both nucleation and growth, in Lip0-5Si0, glassg;u have been
reported. A summary of the experimental methods, glass compositions, and
results of the earlier studies is presented in Table | There appears to
be agreement on an activation energy »f 56 Kcal/mole for the growth of
Li25i205 crystals. However, the activation energies of bulk crystallization
obtained from the various experiments differ by as much as a factor of 2.4,

The objective of the present investigation was to resolve these diffe-
rences by determining the effect of composition and nucleation treatments on
the activation energy and the rate of crystallization of Li25i205 from glasses
in the Li,0-Si0; system. A second purpose was to show that the Johnson-Mehl-
Avrami (JMA) equation could be effectively used to analyze crystallization iu
glasses when nucleation and growth occur simultaneously.

Experimental Procedure

The samples were prepared from five micron MinUSil Si02, reagent grade

K%

LigC03, and reagent grade Ti0,, T-ree glass compositions were prepared,

$ig0 + 33.3 mole % Li0 (samples A and C), (SiO2 + 33.3 mole % Lizo) + 3.7

mole ¥ Ti0, (sample B), and Si0y + 25 mole % Liy0 (sample D). The methods

of armalysis, melting temperatures, and nucleation heat treatments for these
samples are given in Table (lI. The glasses were melted in a covered Pt.

crucible. The melts were held at temperature from 18 to 70 hcurs in order to

ate
w
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completely homogenize the glass. The shorter times were used after it was

found that the longer refining times had no effect on the crystallization
kinetics.

The glasses were cast as cylinders 2.5 cm long and 1.3 cm in diameter.
In order to eliminate scatter in the crystallization data, the crucible was
returned to the furnace and reheated to the melting temperature after each

specimen was cast. Each specimen was heat treated for 4 hours at 230°c in

order to reduce the stresses to a level sufficient to prevent sample breakage.
Samples A,B, and C were completely clear, but sample D was bluish indicating
that phase separation had already occurred. This general behavior is con-
sistent with the observations of Porai-Koshits and Aver'yanov? Vogel and
Gerch and Ohlberg et al.

The heat treatments were performed in a nichrome wound tube furnace
containing an aluminum block to eliminate .emperature gradients. It was
found that if the samples were not given a nucleation heat treatment, pri-
marily surface nucleation o:curred, and crystallization within the samples
was very nonhomogeneous. The nucleation treatments employed are given in
Table I1.

Growth temperatures ranged from SQSOC to 610°C. Growth times were
measured from the time at which the samples reached the desired temperature.
This was approximately 20 minutes from the time at which they were placed in
the furnace. After the samples were removed from the furnace, they were
ground to -200 mesh in a tungsten carbide ball mill. X-ray diffraction speci-
mens were then prepared according to the technique developed by Munch and
Pierron?

X-ray diffraction patterns covering 4 range from n° to 50o 29 were

obtained using a Norelco x-ray diffractometer provided with a fine focus Cu




tube and a curved crystal monochromator which was used to reduce the
background intensity. The total height of the peaks corresponding to
L525i205 in a given sample was compared with the total height of the peaks

in a sample which contained 100% crystalline lithium disilicate. Since all
of the major peaks of crystalline Li,Si 05 were used to calculate the total
diffracted intensity, the effect of preferred orientation of the crystals was
eliminated. By analyzing a set of standard samples, it was shown that the
ratio cf the diffracted intensity from a partially crystaliine sample to that
from a completely crystalline sample had a cne to one correspondence with the
weight percent of crystalline phase present. The error in determining per-
cent crystallinity in this manner was ¥ 5%. Line broadening observed in the
analyses was constant for all samples including the standards, so consequently

did not contribute to the analytical error.

Thin sections, approximately 20 microns thick, were prepared from partially

crystallin2 samples. A visual analysis of the crystal morphology was made
on these sections by viewing them in tran:mission under crossed nicols.

Analysis of Volume Percent Crystallization

10-12
Several thermodynamic theories of crystal growth have been developed

and recently applied to the growth of LiZSiZO5 crystals in LiZO-SiOZ glasses
by Morley? It is assumed in each of the theories that nucleation of the crys-
talline phase was completed prior to the onset of crystal qrowth. However,
during the measurement of volume percent crystallization of a glass, nucle-
ation and crystal growth may be occurring simultaneously. This will usually
be the case in the heat treatment of a glass unless the Tamman nucleation and
rrowth curves are separated.

13-1
The JMA equation3 has been developed to describe the kinetics of

proc2sses where nucleation and growth occur together. The equation has been

-7-




used successfully to describe second phase precipitation, eutectoid reactions,
and recrystallization in metals. Application of the JMA expression enables
one to predict the volume fraction of a new phase that will form as a function
of time, if suitable information about the nucleation and qrowth rates is
known or can be assumed. '
VW = 1 - exp [n;' ! glG"(t-t')n dt'] (1)
t'=0

Equation 1 is the general form of the JMA equation. g is a form factor;
G, which is equal to Gx'Gy'Gz’ is the growth rate; | is the nucleation rate;
Vv is the volume fraction of the new phase; t' is the time at which a given
particle nucleated; and n is an integer which depends on the dimensionality
of the growth mechanism. [t can be shown that n = 3 for three-dimensional
growth of the new phase, G = Gx.Gy.Gz (spheroids). towever, n = 2 for two-
dimensional growth, where G = G_°G

« G, Gzz 0 (plates, and n = 1 for growth in

b
1
only ore dimension, where G = G > Gy = 0, and G, = 0 (rods).s (n Equation |
n
the expression [gG"(t-t') ] represents the volume at tiine t of a given particle

which nucleated at time t'.

In deriving this equation, the growth rate was assumed to be independent
of time. This assumption appears to be valid in the Li20-5i02 system baseu
upon Morley's data.

n n+l

Vy = 1 - exp [-glGt '] (2)

Equation 2 results from the integration of the expression in the exponent in
Equation 1. The nucleation rate, |, has been assumed to be independent of
time although this assumption is not essential to solving the equation. Equa-
tion 3 was obtained from Equation 2 by taking the double logarithm of both

sides of tne equation.

Inin ("bv) = (n+1) Int+(n+1)1n (gic" (3)

-8-




If the temperature dependence of the nucleation and growth rates is

]
included in Equation 2, Equation 4 results:

+1  =Q/RT
e

v, = 1 - exp [-gl:.1 |o (Goe-QG/RT)n] (4)

QI and QG represent the activation energies for nucieation and crystal
rowth respectively. At constant V,, one obtains Equation 5 by rearrangin
g P Vv g

the terms of Equation L, and taking the logarithm of both sides:

n
In G, o ———

In(l_l__)
Qe ooy i (5)
Mtyy) T e R T n+

It is seen that if the logarithm of the time to form a given volume frac-
tion of crystalliine phase is plotted against 1/T, tha slope will be

(Q + nQy)/[(n + 1)R].

kesults

The percentage of crystallization in the four series of samples is
shown as a function of time in Figure 1. The curves for samples B and D
were normalized on a bisis of the theoretical volume fraction of Li25i205
which could be crystallized from each sample. Representative micrographs
are shown in Figures 2-4.

The plots of percent crystallization versus time, presented in Figure 1,
show that the crystallization rate of Li25i205 in this temperature range is
decreased by the addition of Ti0; to 33.3 mole % Li O glass (B), and the
appearance of phase separation in the 25 mole % glass (D). However, it can
be seen that the crystallization rate is increased when the nucleation time

is increased (C). Much of the decrease in overall crystallization rate in

-9-

i

ssw




F____—_—

the two cases cited above (B,D) can be attrlbuted to an increase in incu-
batlon time, i.e., the time required to form the minimum percent crystal-
linity detectable by x-ray diffractlon, is lengthened.

Most of the samples became hazy a short time before any crystallinity
could be detected, suggesting that although some crystals were present, the
volume fraction was less than the 1lmit of resolution of the dlffractometer.

The logarithm of the tlme required for the four series of samples to

reach 50% crystallization is shown as a function of 1/T (‘:’K)wI in Figure 5.

It was assumed that spherulitic nucleation and growth began at the tlme at
which crystals were fiist detected by x-ray diffraction; therefore the zero
point was taken to be V\, = 0. There is an error introduced in making this
assumption since the diffractometer cannot accurately detect volume frac-
tions below approximately 0.05. However, qualitative studies using a Guinier-
E DeWolff x-ray cameral7 which can detect crystallinity down to the range of
about 0.0001 volume fractiorll8 have shown that the LIZSiZOS phase appears very
near the time of extrapolation of the x-ray diffraction data. The slopes of
the lines in Flgure 5 glve activation energies for the crystallization process

(see also Table !1). Comparable values of activation energies were obtalned

when the temperature dependence of the times to 40% and 60% crystallization

were analyzed.

Discussion

As mentioned prevlously, if the left side of the JMA equation (Equation 3),

the growth morohology of the transforming phase. When the equatlon was
plotted from the point t = 0, unreallstically high values of the slope were
obtained. If it is assumed that the crystallization rate up to the time at
which crystals are first detected is very slow compared to the rate after

l

|

‘ Inln {I/I-Vv], is plotted against In t, the slope of the llne (n+l) indicates
|

l

l

1

1

I

1 this time, Equation 3 can be plotted from Vv = 0. An example of one of the
1

-10-
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graphs obtained is shown in Figure 6. The values of the initial slopes
of the curves, before impingement occurs, are presented in i1uble 111,
Within experimental « ror, the values for all of the series are approximately
2, which would be expected if crystal growth during this period is rod-like
in nature (n = 1), and the nucleation réte is constant (n + 1 = 2).

The electronmicrograph of a fracture surface and the photomicrographs
made from thin sections (Figures 2-4) support the analytical conclusions that
crystal growth occurred in the form of rods and that the nucleation rate was

constant. The micrographs of the partially crystallized samples contain

spherulitic crystals which are similar to those observed by Matveev and Velygg,
and Korelova gﬁ_glfo in this system, and are described generally by Morse and
Donnay?I The analyses of Morse and Donnay showed that the increase in size

of this form of spherulite occurs through the nucleation and growth of the
individual rods that make up the crystals. They proposed that every point on
the surface of a growing fibre can act as a nucleation site for a new rod. An
implication of Morse and Donnay's work is that the nucleation rate of rods is
constant throughout the spherulitic growth process.

The results of the Arhennium type plots presented in Figure 5 show that
the measured activation energies of the crystallization process depend to a
great extent on the nucleation treatment. The activation energy is reduced
considerably by an increased nucleation time and phase separation, whereas the
addition of Ti0, affects the activation energy to a lesser degree.

If Vy in Equation 5, which includes the temperature dependence of the
nucleation and growth process, is taken to be 0.5, the plots of In t(O.S)
versus 1/T are identical to those shown in Figure 5. The exponential term
in Equation 5 suggests that what is normally measured as the temperature

dependence of the glass crystallization process is a combination of the acti-

-1]-
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vation energy for rucleation and the activation energy for growth, where the
measured value depends not only on the individual activation energies, but
also on the morphology of the growing phase. It should be pointed out that
the growth morphology must remain constaat with temperature in order for the

activation energy to have any real meaning. Since the average activation

energy for the growth of Li Si,0c crystais has been shown to be approximately

56 Kcal/mole, and sinc: it was shown in this experiment that n at the early

stages of growth does not vary apnreciabiy with nucleation treatment, then the
effect of Ti0,, phase separation in the 25 mole % glass, or an increased
nucleation time seems to be one of decreasing the activation energy for nucle-
ation.

Looking at the crystallization process as a whole, it is theorized that
structural rearrangements tending toward the coordination of stable nuclei
occur during the nucleation heat treatment. During the growth period, the
embryo grow into stable nuclei of LiZSiZOS’ but the spherulitic type nucle-
ation and growth of rods begins cnly after these nuclei have grown to a
critical size. Evidence of this fact is given by the Guinier-DeWolff data
and the plots of Equation 3, the slopes of which yield a physically meaning-
ful value for nucleation and growth only when plotted from the point Vy = 0.
The narrow size distribution of crystals seen in the micrographs (-3%) indi-
cates that the free energy of all the nucleation sites formed during the
nucleation treatment were approximately equal, and that all the crystal nuclei
formed at nearly the same time. Further investigations of the initial stages

22
of 1ucleation and growth are to be reported in a later paper.

Summary and Conclusions

The JMA equation and petrographic sections were employed to show a

spherulitic crystallization mode of Li25i20S from glasses in the Li20-Si02

-12-




system. A modified version of this same equation was used to show that the
measured activation energy was a combination of the activation energies of
both nucleation and growth, and a factor determined by the dimensionality of
crystal growth. The measured activation energies varied with both compo-
sition and heat treatment. Since growth morphology was rod-like in all cases
and the activation energy of crystal growth is constant at 56 Kcal/mole, it
can be concluded that the activation energy for nucleation of rods varies
for the different samples. It is also expected that the kinetics of the
rearrangement process occurring during the nucleation treatment are like-
wise affected by the different conditions. This could be manifested in the
variation in incubation period between the series of samples.

The overall) result of this study was to show that various nucleation
treatments such as phase separation, the addition of a nucleating agent,
and heat treatment can drastically change both the rate of crystallization
at a given temperature and the temperature dependence of the process. Furt*her
work is needed to determine the exact mechanism of nucleation in each of
these cases.
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TABLE 111

EXPERIMENTAL SLOPFES OF THE MODIFIED FORM OF THE

JMA EQUATION (EQUATION 3)

Growth Tgmperature Slopes of Equation 3

Sample Series (“c) (n+1) n
A 600 2.3 1.3
575 1.4 0.4

549 1.4 0.4

B8 610 1.7 0.7
588 1.5 0.5

565 1.7 0.7

c 595 2.0 1.0
575 1.3 0.9

555 1.6 0.6

D 595 1.8 0.8
575 1.3 0.3

555 1.2 0.2
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Fig. 2 Electron micrograph of a spherulite on a
fracture surface from series A (X2500).
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Fig. 3 Thin section of sample from series
B, Vy = 0.41, crossed nicols (X125).
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Fig. 4 Thin section of sample from series D, V
crossed nicols (X125).
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B. EFFECT OF A METASTABLE PRECIPITATE ON THE ELECTRICAL PROPERTIES OF A
Li20-5i02 GLASS

Introduction

It has been recognized for many years that thermal treatments in the
annealing-transformation range significantly alter the dc conductivity of
glassesl.-2 The internai friction work of Day and Rindone3 on lithia-silica
glasses has shown that relaxation loss peaks appear during the process of
thermal treatments in the same temperature range. Owen's workh with Cabal
glasses has shown that similar thermal treatments produce changes in ac di-
electric adsorption spectra.

Charles5 has examined the electrical properties and structural differ-
ences in lithia-silica glasses resulting from different quenching rates. His
analysis indicated that the variation of the dielectric loss behavior with
quenching rates can be ratinnalized in terms of the morphology of phase separ-
ation in the glasses, and the Maxwell-Wagner-Sillars (MWS) heterogeneous di-
electric model;

It was the objective of the present work to determine the changes in
structure and electrical properties of a 17.5 weight & Li20-5i02 glass during
an isothermal heat treatment in the annealing-transformation rarge (500°C).
The present results indicate that the changes observed are due to the appear-
ance of a metastable crystailine lithium metasilicate precipitate.

Experimental Procedure

Specimen Preparation

The glass used in these experiments was prepared from ©9.9% silica

(5 MinUSi1¥), and 99.3% lithium carbonate, blended in a jar mill and melted

* Pennsylvania Glass Sand Co.

*%* Foote Mineral Company
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S . q q o
¢4 hours in a covered platinum crucible at 1350 ¢, Specimens 1.79 cm in

diameter .d approximately 0.5 om thick were cast in a steel mold and annealed

1 hou: - 300°C.

Electrical Measurements

The surfaces of the electrical specimens were ground to achieve paral-
lelism and double guarc ring gold elactrodes were vapor deposited on the
ground surfaces. Measuremencts were carried out in a specially designed sample
holder? which allowed the specimen to be heated under a vacuum of less than
| micron.

The dc values were measured utilizing a Reckman picoammeter and a standard
dc supply with guarded leads. Ac properties were measured using a bridge type
apparatus shown schematically in Figure 1. This equipment allowed measurements
of conductance and capacitancc over the frequency range of 100 Hz to 1 MHz with
three significant figures.

Heat tieatments were carried out in an air atmosphere tube furnace with
temperature cont-ol of ¥ |%C. The gold electrodes were removed during heat
treatments to prevent dJiffusion of gold into the glass.

X-ray Studies

X-ray analyses were carried out on specimens prepar~rd in the same manner
as the electrical specimens. Samples were heat treated, thken qround te ~200
mesh and examined in a vacuum Guinier-Deonfil’0 camera using copper Ka radiation.
This techniqi 2 allovi.d detection and identification of as little as 0.1 weight

1
percent crystal.

Electron Microscopy

Carbon replicas of platinum preshadowed etched fracture surfaces were

examined in a Philips EM 200 electron microscope.
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Results

Electrical Measurements

The results of the ac mesasurements are presented in the form of the ac
loss angle (tan Gac) as a function of frequency and temperature. The tar 6ac
values were calculated from the measured values of capacitance and conductance
following the method of Charles? The tangent of the loss angle is shown as a
function of log frequency for the different heat treitments and measuring
temperatures in Figures 2-6.

It can be noted from Figure 2 that the as cast glass is free of loss
peaks, but »7ter a 5 1/2 hour heat treatment (Figure 3) at 500°c, large peaks
have appeared. Further heat treatments at the same temperature for times up
to 50 hours (Figures 4-6) cauze the magnitude of tan Gac to decrease and the
position of the maxima (fmax) to shift to h.jher frequencies. The temperature
¢:pendence of the frequency maxima in the tan Gac curves is shown in Figure 7.

The logarithm of the dc conductivity obtained is shown as a function of
reciprocal temperature in Figure 8. The dc conductivity of tne glass generally
decreases with heat treatment while the . .ivation energy is unchanged within
the limits of the experimentzl error.

Table ! shows a compariscn of the present results and the work of several
other investigators in glasses of approximately the same composition. The dc
activation energies shown all agree within the procbable experimental ecrors. The
activation energy for the ac relaxation agree well with those of Charles5 on
the same glasses.

Figure 9 shows the magnitude of tan $ac and the dc conductivity as a

function of heat t. eatment time. The initial increase in tan éac is not accom-

panied by a change in the dc conductivity.
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X-ray

The lattice spacings from the Guinier-DeWolff camera films are shown

in Table 1l1. The actual patterns are not presented because the lines of
interest are very weak even after 50-hour exposures and photographic repro-
duction is difficult. Examination by the above technique stiowed no crystal-
line lines for the as cast glass or after a 20-hour heat treatment, and con-
sequentiy, they were omitted from the table. The two patterns showed only a
broad diffuse peak characteristic of the glassy state. The disilicate standard
is slightly off stoichiometry and as a result showed three weak lines from the
metasilicate. The sample which has been heat treated for 5 hours shows seven
lines, three of which correspond to the stronger me.asilicate lines. The
other four lines are weaker and are, at present, not conclusively identified.
It appears that the unidentified lines correspond to a transitinn phase of
lower symmetry than the o-thorhombic metasilicate. Indexing is difficult, if
not impossible, because of the small number of lines observed. This transition
type phase of lower symmetry has been observed in the pre-precipitation stages

of age hardening metallic alloys!2

The four strongest disilicate lines are
observed for the 50-hour specimens.

Electron Microscopy

The EM results are summarized in Figure 10. These micrographs show a
larye dispersed droplike phase in the as cast glass (A). After a 5-hcur heat
treatment at 500°C, a fine precipitate appcars in the matrix surrounding these
drops (B). Wwith further heat treatment the structure seems to become more
homogeneous while the primary and secondary precipit-tes begin to disappear ‘C).
Discussion

Initial Structure

The electron micrographs of the as cast giass shows silica rich drops in
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a lithia rich matrix. This structure can be rationalized if the metastable
liquid-liquid immiscibility, which is well known in this syste*?-lk is extended
into the disilicate-metasilicate field as shown in Figure 11. Cooling the
liquid 17.5 weight % composition results in a silica rich glassy phase and a
glassy phase with a ccmposition richer ir lithia than the disilicate. In the
Lio0-SiGy glass system the dc conductivity of the glass increases with increas-
ing lithia contentl5 thus the lithia rich matrix of the as cast glass described
above has higher conductivity than the dispersed silica rich phase. This
morphology gives « high dc conductivity because the lithia rich phase is con-
nected.

The above structure does not give rise to dielectric loss peaks because

the MWS model requires that the dispersed phase be the highly conducting phase.

Appearance of Loss Peaks

The MWS heterogeneous dielectric theory predicts that large losses will
occur when a highly conducting phase is dispersed in a matrix of much lower
conductivity. Electron micrographs of the glass after a 5-hour heat treatment
show the appearance of a second dispersed phase. The x-ray results indicate
that this phase, which appears concurrently with the loss peaks, is crystalline
lithium metasilicate.

The structure when the loss peaks are large (5-hour heat treatment) con-
sists of highly conductive metasilicute crystals dispersed in a silica rich
matrix. This structure has the necessary properties to give rise to loss peaks
as predicted by the MWS heterogeneous dielectric theory.

Disappearance of Loss Peaks

The EM results show that the metasilicate dispersed phase has begun to
disappear after 10 hours at 500°¢ . During this thermal treatment the conditions

for the MWS heterogeneous losses are beinj eliminated so the magnitude of the
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loss peaks is reduced. |In ordei to explain the above behavior, it is helpful
to construct a free energy composition diagram corresponding to the heat treat-
ment temperature (500°C). This diagram (Figur. 12) was constructed from free
energy values for the stoichiometric compounds obtained by assuming 2 linear
relationship to the corresponding soda-silicate compounds which are available
in the literature. The free energy of formation of lithium metasilicate,
sodium silicate, and the sodium metasilicate was ¢ytained from Richardson,
Jeffes and withers!6 The direction of change of free energy for the nonstoich-
iometric compounds was inferred from first principles!7 while the relative
values for the liquids were inferred from the phase diagrams.

Considering the as cast microscopic heterogeneous mixture described above

at the heat treatment temperature, the free energy (Figure 12) of the matrix G,

can be reduced by separation into metasilicate crystals G5 and a silica rich
glass G,. Behavior of this type has also been postulated by Roy!8 This reduces
the free energy of the matrix from G, to Gy and the free energy of the overall
glass from G3 to Gg. As the thermal treatment proceeds, the metasilicate crys-
tals G5 react with the silica rich drops G, to form the equilibrium disilicate
Gg. This process further reduces the overall free energy from Gg to G9' if
the process is allowed sufficient time to reach equilibrium, the free energy of
the system is further reduced by the crystallization of the silica glass to
quartz, thus attaining the equilibrium free energy FIO' Morel¢9 has shown
evidence for this last step in the crystallization of quartz in these glasses.

The free-energy-composition diagram allows one to follow the 'state' of
the glass through a series of non-equilibrium states as described above. The
appearance of the highly conducting lithium metasilicate in the silica rich
mat. ix gives rise to the large dielectric losses which appear concurrently

with the lithium metasilicate crystals. The subszquent reduction in the height
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cf the loss peaks is due to the reaction of the highly conductive metasili-
cate phase to form the disilicate phase. The shift of the tan 8, .~frequency

maxima towards higher frequencies with heat treatment is probably due tc
changes in conductivity of the ciystalline lithium metasilicate precipitate.
The variation results from compositional changes within the metasilicate
solid solution range as well as from the compositional changes occ<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>