#& ()

, 011 23 2 3 1#4%&1#9%6%




Crystallization of Glass

-5i0

in the System Pb0-GeO 2

2

by

liiroshi Hasegawa



Contents

Introduction

Chapter 1.

1-3.
1-4,
1-5.
1-6.
1-7.

1-8.

Chapter 2.

2"30

Chapter 3.

3"‘1 -
3"2.

3-3 .

Chapter 4.
l"—l.
L"—2o

h-3.

Experimental procedures
Glass preparation
Differential thermal analysis
Heat-treatment
X-ray diffraction analysis
Iﬁfrared absorption spectrophotometry
S5o0lid state reaction
Chemical analysis

Dielectric measurement

System PbO—Ge02.
Glass formation

Crystallization during heating

Conclusion

System PbO-Si02
Glass formation

Crystallization during heating

Conclusion

System PbO-G902-5102
Glass formation

Crystallization during heating

Conclusion



Chapter 5. Effect of added oxide

Chapter 6. Property of glass-ceramics

Chapter 7. General consideration

Summary

Ackowledgements

Referernces



Introduction

The success of Stookey [ 1 ] in making "Pyroceram "
has provoked interest in the development of glass-ceramics
with improved thermal, mechanical and electrical properties,
Especially, since the discovéry of opto-electrical proper-

LiTaO BaTiO,_, and so

3 3’ 3

on, an attempt to fabricate transparent ceramics with

ties of single crystals of LiNbO

ferroelectric properties has been made by means of two
different methods. One of them is crystallizing of glass,
the glass-ceramic method, and the other is hot-pressing of
.powder. The glass~-ceramic method is very useful for making
pore~free densified ceramics with desired shapes. Although
some advantages in the glass-ceramic method were found,
there are still remained some problems to be solved as
mentioned helow. First, in general materials with ferro-
electric properties are difficult to prepare in the glassy
state, so that a sufficient quantity of network-forming

oxides such as SiO etc, has to be added to the above

20 Fa04
materials in order to obtain a glassy state and to form the
glass into a desired shape. However, there is a tendency
that an addition of network-forming oxide‘impairs the
characteristics of ferroelectrical materials. Through the
process of crystallization of glass, secondly, it often
occurs that the primary crystalline phase is not a desired

stable phase but a metastable one. Therefore, it is very

difficult to determine the optimum composition and crystal-



lizing conditions to prepare the transparent glass-ceramic
product in which the major crystalline phase has an ferro-
eléctric property. If opaqueness of the glass-ceramics
afe-caused by intrinsic absorptions of crystals or Rayleigh-
scattering at interface between crystalline particles and
g€lass matrix, attaiﬁment of transparency needs to take away
these phenomena. In transparent glass—ceramics already
reported, dissolution of Rayleigh-~scattering were generally
attained by following methods ; (i) Producing of very
small particles whose sizes ﬁere less than the wave length
éf visible light, and (ii) Controlling on differences of
refractive indeces at interfaces between the crystalline
particles and glass matrix.

From the stand point mentioned above, the fabrication
of glass—~ceramics of quite new system in which no additional
network~-forming oxides is required for glass making have
been studied.

In the system PbO—GeOz, glass formation is possible
over a wide range of lead oxide content and a single crystal
of Pb5G93011 exhibits ferroelectric properties [ 2, 3 ].
First, the author attempted to fabricate a transparent
glass~ceramic by the crystallization of Pb5G33011 from
lead germanate glasses with the composition near 5Pb0o3G902.
However, phase relations in this system reported by wvarious
investigators [ 4 - 6 ] were quite confused. Therefore, it
is necessary for making glass-ceramics with better quality

to examine phase relations in detail. The results of



crystallization of glasses of the system PbO—GeO2 are des-~-
cribed, and the phase relations and the crystallization
mechanism are discussed in Chapter 2 of this paper.

On the basis of analogy between germanate and silicates,
secondly, crystallization of crystalline phase whose
structure is similar to that of ferrocelectric PbSGeSQil
from lead silicate glasses with the composition near
5Pb0'35102 are examined and the detailed results are des-
cribed in Chapter 3.

The system PbO—GeO2 involves the problem on stability
of the base glass during cooling to be solved. It is ex-
pected that the addition of 8102 enhances the stability
of the glass and Geh+ ions are replaced by Sih+ ions. So,
the present investigation is extended into the PbO-GeOz-
SiO2 system. The phase relations and the crystallization
of the glass in the system Pbo—-GeO2—SiO2 are discussed in
Chapter L.

In order to enhance the stability of the base glass,
several oxides such as SiOZ, Ale3 and so on were added to
5Pb0'3Ge02. Effects of added oxides on stability of the
base glass and crystallizing phenomena of these glasses
are examined in Chapter 5.

Finally, in Chapter 6, propertiés of glass-ceramics

in the systems Pb0-GeO Pb0-5Si0, and Pb0-GeO_,~-3i0, are
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described.



Chapter 1. Experimental procedures

In this chapter, experimental procedures are briefly des-

cribed,
1-1. Glass preparation

Pure oxide componments were used for the preparation
of the glasses. They are Nakarai 99.9% lead monoxide,
MNakarai 99.999% germanium dioxide, Mallinckrodt silicic
acid, Nakarai reagent grade boron trioxide, Yamada 99.9%
niobium oxide, Nakarai reagent grade titanium dioxide,
Nakarai 99.9% ferric oxide and Nakarai ragent grade
zirconium oxide, Stock batches were accurately weighed out
in the desired compositions, and carefully mixed in a agate
ball mill for 1 day in dry air. About 50 g of the mixed
oxides were transferred to a platinum crucible. Melting
was carried out using an electric furnace. Batch materials
in a platinum crucible was preheated at 550°C for 10 hrs
to minimize vaporization of wvolatile component and then
melted at about 800°C for 30 minutes. The melts were
readily quenched to an homogeneous glass by dropping the
crucible into cold water. The glasses were crushed and

remelted again at 800°C for 30 minutes to ensure their



homogeneity. After the melting was completed the melt was
poured onto a steel mould and formed into a plate of about
1 mm thickness by pressing.

Microscopic examination of the product indicated that
a giass without any bubble and inclusion was formed using
theApreparation method mentioned above. This preparation
technique was employed to produce glass samples for DTA,

infrared analysis and X-ray diffraction analysis.

1-2., Differential thermal analysis

Differential thermal analysis (DTA) was used to examine
thermal properties of the base glass. The characteristic
temperatures such as glass transition temperature, nucle-
ation temperature, crystallization temperature and melting
point of the precipitated crystalline phases were determined
as the results of the average of three times measurements,
and an experimental error for each measurement was at most
* 20C,

The analysis was made in the temperature range from
20°C to 800°C using RIGAKU thermoflex termal analyser.

About 20 mg of the coarse grainded powders of the glass in
a platinum cell (.5 mmg x 3 mmH ) was heated in air with
the heating rate of 10°C/min, and calcined alunima ( a-
A1203 ) was used as an inert reference material. The

amplifier sensitivity was set to give a full-scale deflec-



tion of #+ 100 uvV, Fairly steady base lines were obtained
up to 800°C. Since the effects of sample weights and
grain sizes on DTA traces were slight, no calibration was

made,

1-3. Crystallization

The heat-treatment for crystallization of the glass
was conducted using an electric furnace. Bulk sample
contained in a platinum basket was placed in the furnace
and heated at different constant temperature between 350°C
and 700°C for 1 minute to 2 weeks, and then quickly cooled
to room temperature. The temperature gradient in the
furnace was preexamined and sample was placed in ihe region
where temperature gradient was flat, The temperature
controling and monitoring thermocouples were positioned
above and below the basket and the temperatures of samples
were carefully controlled by the outputfrom these thermo-

couples., Fluctuation of the temperatures was less than
¥ 20,
1-4, X-ray diffraction analysis

The crystalline products obtained after quenching the

specimens from selected temperatures were identified by



means of X-ray diffraction analysis. Each specimen was
carefully crushed into fine powder and examined using a
RIGAKU automatic recording diffractometer with nickel
filtered copper radiation'( 4o ¥V, 20 mA ). For deter-
mination ‘of 1éttice parameters, an inner standard method

was used with 99.999% silicon powder.

1-5. Infrared spectrophotometry

The infrared absorption spectra between 3000 cm-l and
250 cm-'l were recérded on a Perkin-Elmer 521 grating IR
spectrophotometer or a JASCO IRA-~2 spectrophotometer
equipped with grating. FEach sample was first ground in an
agate pestle and mortar. About 1 mg of each powdered
sample, -~250 meSh, was then mixed with about 200 mg of
KBr( Nakarai Chemicals UVS;73 for spectroscopy )'and
heated for 12 hrs at 80°C in vacuum, The KBr discs were
formed by pressing the evacuated mixtures at 10 ton/cm2
for about 5 min., Scanning speed of every measurements
wés 500 cm-l/min., but for some detailed measurements in
the range from 1200 to 250 cm_l, scanning speed of 10

cm‘l/min. was selected,



1-6, Solid state reaction

The chemical compositions of several crystallized
phases were determined by usual solid state reaction
method., MNakarai 99.9% lead monoxide and Nakarai 99.999%
germanium dioxide were accurately weighed out and carefully
mixed in an agate ball mill for 1 day in dry air. About
3 g of each mixture was pressed into a disc about 5 mm in
diameter and about 3mm thickness. The disc placed in a
platinum basket reacted at 450°C to 700°C for 1 week, and
then rapidly cooled to room temperature and the phase of

product was identified by X-ray diffraction analysis.

1-7. Chemical analysis

Chemical analyses by means of gravimetric methods
were performed to examine the difference between crystal-~
lized products and initial mixtures of oxides and to
determine the chemical composition of the final product.

The error was estimated to be less than 0.5% in weight,



1-8. Dielectric measurement.

For dielectric measurement, the glass-ceramic was formed into a
paralell plate ( 10 mm x 10 mm x 2mm ). Gold electrode and gard
electrode with a gép of 0.5 mm wide were spattered in vacuum, and
readwires of copper were fixed to the gold electrode by silver
paint. Permittivity of the sample was measured at 1 kHz using a
type TR-10 dielectric 1655 measuring set, Ando Denki Co. , with

the comparison of standard sample of BaTiOS.



Chapter 2, System PbO—G902

In this chapter, first, the glass formation, some
thermal properties and phase relations of products in the
chemical composition around 5Pb0-3GeO2 in the system
PbO-—GeO2 are described, Secondary, from the results of
infrared absorption measurements, the mechanism of crystal-

lization is examined,

2-1. Glass formation

The chemical compositions of glass specimens used for
this study are presented in Table I. In the present ex-
periment, vellowish transparent glasses were easily formed
on rapid cooling of the melts. However, in the case of
PG-65 glass, a partial de&itrification was observed with
a rapid cooling.

On microscopic examination of the base glasses, neither
bubbles nor inclusions were observed. To confirm homoge-
neity of the glass, the densities of several parts of the
glass block were measured by pycnometric method. No
fluctuation in density was observed for the specimens within

the 1limit of error., The results of chemical analysis
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Table 1

Chemical compositions of glasses

-mole % weight %

Sample ‘ Pb0/GeO,
4 < _ PbO GeO, PbO GeO,

PG-58 58.08 | 41.92 | 74.73 | 25.27

PG-60 60.00 | 40.00 76.19 | 23.81 3/2
PG-61 61.02 | 38.98 76.96 | 23.04

PG-62 61.99 | 38.01 77.68 | 22.32

PG-62.5 | 62.48 | 37.52 78.04 | 21.96 5/3
PG-63 63.17 | 36.83 78.54 | 21.46

PG-65 65.04 | 34.96 79.88 | 20.12 13/7

~11-




indicated that there is no difference of chemical composi-
tion between the glass prepared and the initial mixture of
powdered oxides., Therefore, it is said that the glass
with homogeneity and desired chemical composition were
prepared by the above way.

Although Imaoka {71 reported that the limit of the
glass-forming region in the system Pb0-GeO, is 57 mo 1%

Pb0O, in this study the glass-~forming regioh was extended
to the ﬁore PbO content of 65 mol%.

The glass transition temperature, density and chemical
composition of each glass specimen are tabulated in Table
IT. As PbO content increased, the glass transition tem-
perature decreased continuously from 337°C for PG-60 glass
to 325°C for PG-65 glass. Figure 1 shows the infrared
absorption spectra of the glasses tabulated in Table I
in the region of 1200-250 cm-l. As shown in this figure,
the similar spectra were obtained for all glass specimens
with various compositions and characterized by two strong
absorption bands around 740 and 380 cm_1 and a weak absorp-
tion at about 525 cm-l. These results for glass transition
temperature and infrared absorption strongly suggest that
all the glasses have similar structural unit.

Coordination of Geth in germanate glasses has been
a serious problem. In 1\'a20—Ge02 system, for instance,
Hariada et al., [8] reported that the coordination number

of Geu+ ion in the glass changed from 4 to 6 with the

increase of alkali contents from the results of fluorescent

—12-



Table II, Densities and Tg of glasses in the system

PbO-GeO,
Sample Density Tg PbO/GeO2

PG-58 7.248' 3420C 58/42

PG-60 7.36, 337 60/40 (=3/2)
PG-61 7.43, 336 61/39

PG-62 7.49, 335 62/38

PG-62.5 7-53, 334 62.5/37.5 (=5/3)
PG-673 7.55, 330 63/37

PG-65 7.651 325 65/35

-13~
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Figure 1. Infrared absorption spectra of glasses

in the system PbO-G902
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X-ray spéctrophotometry; Coordination number of Ge in
G902 glass was determined to be 4 from the result of infra-
red absorption measurement [9], In this system, coordina-
tion number of‘Geh+ ;n the glass was ascertained to be 4
by infrared spectrophotometry. On the other hand, much
attentioﬁ ﬁas been focussed on the behavior of Pb ions in
the glass. 'HoweVer, in this system, coordinating behavior
of lead ions in the glass was obscurely confirmed, but it
would be.esfimafedﬁ¥hét lead ions contributed to form net-
works of the gléss and linked GeOh tetrahedron or G9207
groups., The discussions are described in detail in Section

2-3 of this chapter.

2-2, Crystéllizationiduring heating

The érystailfzing phenomena of glass specimens during
heating at a cohs%ant rate were examined by DTA. The
thermal behaviors of coarse grained samples during heating
are illustrated by DTA traces in Figure 2. 1In the DTA
measurements, effects of particle sizes and weights of
samples on the shape of the curves were slight. The
preliminary tests for the influence of heating rate using
the two rates of 5°C/min. and 10°C/min., had indicated that
it had a little effect upon the thgrmal analysis curves.
In the present study, sample weights of 20 mg of coarse

glass powder and heating rate of 10°C/min. were used, and
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the characteristic temperatures were determined as the
results of the average of three times measurements at
least.

The crystallizations of glass specimen under investi-
gation were classified into the following three groups ;
(1) 58-~61 mol% PbO ( near 3Pb0-2Ge0, )

As indicaetd in Figure 2, there were two endotherms
and one sharp exotherm. Among them, the first endothermal
step at about 340°C corresponded to the glass transition
due to the drastic change of specific heat. Sharp exo-
thermal peak at about 390°C was a result of crystalliza-
tion. From the results of X-ray diffraction analysis, it
was concluded that the crystallized phase was a new
compound denoted to be "phase A", The X~-ray diffraction
pattern of phase A belonged to a hexagonal system and
lattice parameters were calculated to be a=10.l63 and
c=l9.37x. Sharp exothermal peak was observed at 733°C as
a result of the melting of this phase.

(2) 62-63 mol% PbO ( near 5Pb0-3Ge0, )

As shown in Figure 2, there were two exotherms and
two endotherms in the DTA trace. The first endothermal
step at about 335°C was due to the glass transition., Both
sharp exothermal peaks at 372-403°C and 482-514°C resulted
from crystallizations, X-~ray diffraction studies suggested
that the crystalline phase appeared at a temperature in the

range from 400°C to 480°C was identified to be phase A and

the crystallized product obtained above 483°C was identified

~16—
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Figure 2. DTA traces of glasses in the system Pb0-GeO,
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to be Pb5Ge3Oll already reported by Sugii [2]. Therefore,
the second exothermal peak was assigned to the formation
of Pb _Ge, O after the reaction between phase A and

5 "3711

residual glass matrix, Pb5Gejoll denoted to be "phase B"
melted at 737°C congruently.
(3) 65 mol% PbO ( 13Pb0+7GeO, )

In this case, when the melt with the glass composition
was rapidly cooled, a partial devitrification was observed.
As seen in DTA trace of Figure 2, the glass transition and
crystallization occurred at 325°C and 377°C respectively.
The results of X-ray diffraction analysis indicated that
after the crystallization process the mixture of phase B
and a new crystalline phase denoted to be "phase C" appear-
ed, It was considered that the two endothermal peaks of
DTA trace were attributed to the melting of these two
crystalline phases,

In fhis study, three crystalline phases of "phase A",
"phase E" and "phase C" were obtained by the crystalliza-
tion of the glasses,., Among them, phase P was identified
to be Pb_Ge, O Phase A was determined to be Pb_Ge, O

5 "3711° 37277

considering that PG-60 glass ( 3Pb0-2Ge0_, glass ) was

2
completely crystallized by the heating and the crystallized
phase melted congruently. Moreover, the X-ray diffraction
pattern of the product, which was obtained by the slow

cooling of the melt with the composition of 3Pb0'2Ge02,
well agreed with that of phase A. The density of crystal~

line phase A, which was prepared by a heating of PG-60

-18-



glass at 400°C for 110 hrs, was determined to be 7.529

g/cm3 at 30°C by means of pycnometric method, Assuming

that the chemical formula of phase A was Pb3G9207,

number of this phase was calculated to be 26.8l by using

the Z

the observed density of 7.529 and the calculated volume of
5195 13. Therefore, it was considered that 2 number was
equal to be 27. The calculated density was 7.58, g/cm3
with Z=27, in agreement with the observed density of the
powdered sample, 7.529 g/cmj. These facts strongly suggest-—-
ed that the chemical composition of phase A was 3Pb0'2G902.
In the present experiments, phase C could not be obtained
as a single phase by the crystallization of the glass and
it was very difficult to separate crystals from the glass
matrix because the crystalline phase consisted of wvery
small particles less than 50003. Then an attempt was made
to determine the chemical composition and crystal structure
of phase C using a solid state reaction process,.

After solid state reactions of mixed oxides at 700°C
for 24 hrs, the amounts of products were estimated by the
measurements of the most intense peaks which corresponded
to those of phase I, phase C and yvellow Pb0O in the X-ray
diffraction patterns., The amounts of each phases as a
function of PbO content are shown in Figure 3. As shown
in this figure, in the range where the Pb0O content is less
than 76 mol%, the yield of phase C increases with the in-

crease of PbO content, and in the range where PbO content

is more than 76 mol%, the yield is saturated and yellow

-19-



Pb0 appears. The density of the fine powdered sample of
phase C, which was prepared by slow cooling of the melt

with the composition of 3Pb0O-*GeO was determined to be

2’
8.61 g/cm3 at 30°C. Assuming that the chemical formula of

phase C was PbBGeO5’

lated to be 5.936 by using the observed density 8.61 g/cm3

the 72 number of this phase was calcu-

and the calculated volume of 886 XB. Thus, it was con-
sidered that Z number was 6, The calculated density was
8.703 g/cm3 with Z=6, in agreement with the observed
density of 8.61 g/cmB. Therefore, the chemical composition
and chemical formula of phase C were determined to be

7 5%Pb0 * 25%G e in mol and Pb,Ge0_.. The melting point
2 3 5

of this phase is 731°C.
As mentioned before, phase relation in the system

Pb0-GeO, reported by several investigators [4-6] are quite

confused. Phase diagrams of this system reported by
previous investigators are given in Figure 4,
Speranskaya [4] studied the phase relations by DTA
method as shown in (a) of this figure, and reported the
existences of several compounds with different chemical

formula such as Pb6Ge08, Pb3Ge05’ PbSGeBOIl’ PbGeO3 and

PbGeBO7. Using a quenching technique for powdered glass

samples belonged to this binary system, Phillips and

Scroger [5] obtained five compounds of thGeOs, Pb3G9207,

PbGeO PbGe and PbGe, 0, as indicated in (b) of this

3° 205 9

figure. From the results of solid state reactions between

PbO and GeO,, Gouju et al. [6] suggested that compounds

—20-



= 0
Cn)n o
® —~ |
Q!
+ Phase C PbO &
(® ] o +
3 0-5- ® “GvS‘ O
o o
i = 0o
a g
o ;
S 3
3 o
2 K
e 5l L L 0 ‘
60 70 80 90

PbO (mol %)

Figure 3. Relative amounts of products after the reaction
between PbO and GeO2 at 700°C for 24 hrs as a

function of PbO mol %,
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obtained in this system were PbBGeO5, Pb3G9207, PbGeO3 and

PbGehOg. It is obvious from Figure 4 that there are some
disagreements between phase relations of these diagrams,

In the present study, three different compounds were
obtained by crystallization of glasses and solidification
of melts in the region of composition around 5Pb0-3Ge02.
Chemical formulars of these compounds were given as
Pb3GeO5’ PbSGe3011 and Pb3G9207.

The existence of PbBGe2O7 was recognized by Phillips
and Gouju., From the results of IR measurement on lead
germanate glasses, Morozov [10] intimated the presence of
Pb3G9207, but the crystal data were not given in detail,.
In the present result, this 3:2 compound denoted to be
"phase A" appeared as a stable phase during the crystal-
lization of 3PbO-2GeO2 glass and solidification of the melt
with the corresponding composition. From the results of
X-ray diffraction analysis, it was considered that the
crystal structure of this phase had a hexagonal symmetry
with a=l0.06R and c=l9.37x. This X-ray data, however, did
not agree with that of PbBGe2O7 reported by Phillips which
was quite similar to that of Pb_Ge O

5 "3711°
PbSGeBOll crystallized from the PG-62,5 glass (
5Pb0+3Ge0, glass ) after the heat-treatment at the tem~
perature range from 380°C to 480°C., In the PG-62.5 glass,
PbBGeZO7 precipitated as a metastable phase at lower
temperatures, and this phase easily transformed to Pb_Ge, O

5 3711
denoted as "phase B" at 489°C., This X-ray diffraction data

20



of phase B in this study agreed with that of single crystal
of PbsGeBOll already reported by Sugii [2]. PbSGGBOll was
very stable and no transformation was recognized during

the heating up to the melting point,

The 3:1 compound ( Pb GeO5 ) denoted to be "phase C"

3
was formed as a single phase after solidification of melt
or solid state reaction between PbO and GeO2 as shown in
Figure 3, Although the existence of PbBGeO5 was suggested
by Speranskaya [4], Gouju [6] and Morozov [10], there was
no description about X-ray diffraction data. Present data
are given in Table II11.

As illustrared in Figure 3, thepresence of yellow
Pb0O was recognized in case when the specimen with a high
PbO content more than 75 mol% melted and then cooled
below a liquidus temperature. Therefore, there was little
probability for the existence of the compound with a PbO
content higher than that of Pb,_GeO_ in the system Pb0O-GeO

3 5
A phase of szGeOu reported by Eulenberger et al. [11]

20

could not be detected in the present study. Although the

existence of the same phase has already been reported

by Merker [12], the X-ray diffraction pattern given by him

is completely indexed assuming that the phase was the

mixture of PbsGe3011 and PbBGeos. If this procedure is

reasonable, the presence of Pb2GeOu will be very doubtful.
Crystallization phenomena of the base glasses during

isothermal heatings were essentially identical with those

observed during the heaing were essentially identical with

-23=
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Figure 4. Phase relations in the system PbO-GeO, proposed

by Speranskaya (a), by Phillips (b) and by

Gouju (c).
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Table II1. X-ray diffraction data of phases A, B and C

Phase A; (Pb36e207) Phase B; (PbSGeSOII) Phase C; (Pbsceos3
a=10.16A - a=10.23A , a= 4,85
hex.  ..19.37a hex. =10.54A ortho. b,15,§;§
| c=11.77A
d (hk1) I/I, d (hk1) I/1, d (hk1)  1/1.
8.84 (100) 5 8.84 (100) 10 5.50 (012) s
4.50 (112) - 5 5.15  (110) 5 | 5.27 (030) 19
4.39 (200) 10 4,62 (111) 10 4.87 (100) S
3.85 (003) 10 4.44 (200) - 30 3.78 (013) s
3.64 (203) 5 4.09 (201) 5 3.72 (102) 10
3.32 (210) 15 3.69 - (112) 25 3.65 (112) 5
3.155  (212) s 3.56 (003) 15 3.35 (122) S
3.035  (106) 5 3.30 (103) 30 3.206  (043) 19 |
2.957  (213) 100 3.200 (211) 40 /3.118 (050,033)100
2.947  (300) 70 2.957  (300) 80 3.029  (140) 1%0
2.887  (205) 5 2.919  (113) 100 | 2.740  (024) 45
2.720  (116) 5 2.835  (212) 40 2.631  (133) 53
2.194  (400) .5 2.776  (203) 5 2.615  (150) 49
2.083  (403) 25 | 2.468 (310) 5 2.554  (034) s
2.019  (320) 5 2.440  (213) 5. 2.474  (114) 5
1.924  (410) 5 2.210  (400) 5 2.426  (200) 5
1.816  (406) 5 2.075  (223) 30 2.390 (210,124) 3
1.700  (330) 5 2.030  (320) 10 2.350  (005) 5
1.667  (420) 5 2.021  (313) 15 2.342  (044) 5
1.544  (506) 10 1.996 (105,304) 10 2.191  (230) 3
- 1.967  (115) 10 2.170  (063) g
1.932  (410) 10 2.135  (035)
1.897  (322) 10 1.940  (080) lg
1.879  (403) 20 1.890 (172) 10
1.799  (006) 10 1.854  (214) 35
1.776  (500) 10 1.799  (180) :
1.700  (330) 10 1.724  (090) :
1.674  (420) 10 1.659  (056) 15
1.649 (206, 225) 55 1.617  (300) 18
1.620 (315) 5 1.611  (310) 10
1.589 (216,503) 10 1.589  (311) 15
1.572 (414) 5 1.576  (117) 20
1.536  (306) 5 1.573  (156) 10
1.523  (512) 15 1.559  (0100) 5
1.472  (600) 5 1.513  (280)

-25-
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Figure 5. Phase relation of crystallized phases

in the system PbO"GeO2.
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those ohserved during the heating at a constant heating
rate mentioned hefore. Below the glass transition tem-
perature, no crystallization was observed. Precipitated
phases are quite equal to those obtained by the heating at
a constant rate. Phase relations of crystallized phases
as a functions of temperature and composition of the base

glass are shown in Figure 5.
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2-3.

Conclusion

The experimental results mentioned before are sum-

marized as follows ;

(1)

(2)

(3)

(&)

(5)

(6)

(7)

The yellowish transparent glasses with homogeneity
were easily formed by rapid cooling of the melts,

As PbO content increased, the glass transtion tem-
perature decreased continuously from 337°C for PG-60
glass to 325°C for PG-65 glass.

The similar infrared spectra were obtained for all
glasses with various compositions.

It is consid=red that lead ions form metworks and
linked Geoh tetrahedron or G9207 groups in all glasses.
A ferroelectric glass—ceramics with high transparency
was easily prepared by the crystallization of Pb5Ge3011
from 5Pb0~3GeO2 glass.

Three different compounds were obtained by crystalli-~
zation of glass and solidification of melt in the
chemical composition around 5Pb0'3Ge02.
Two new phases of PbBGe2O7 and Pb3G905 were found to
exist. The uni cell dimension of Pb_Ge, 0, had a hexa~-

3 727

[+ [+
gonal symmetry with a=10,16A and ¢=19.37A, and PbBGeO5

[¢]
was classified into orthorhombic system with a=4.85A,

o o
b=15.52A and c=11.77A.
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Chapter 3. System Pb0~8102

In Chapter 2, the crystallization of lead germanate
glasses.were discussed in detail in relation to a fabri-
cation of a new glass-ceramic., On the basis of analogy
between silicate and germanate, the crystallization of
lead silicate glasses was examined,

In this chapter, the glass formation and some thermal
properties of products in the system PbO-SiO2 are described.
And from the experimental results of phase relation and of
infrared absorption measurements, the existence of new

compound Pb _Si_ O is discussed.

57311

3-1. Glass formation

The glass compositions used for the present investi-
gation are tabulated in Table IV .

All the glasses were easily formed by rapid cooling
of the melts without devitrification., Microscopic exami-
nation showed that bubble-free and clarified base glasses
were prepared. On quenching, a yellowish glass was formed.
Homogeneity of the glass was examined by the measurement
of density using a pycnometric method. The change of

3

density did not exceed 0.005 g/cm” each other for three
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Table v, Chemical composition of glasses

Sample

PbC

78.83
80.76
83.11
84,80
85.35
86.09
86.50
86.86
87.35
88.15

89.66

8102

21.17
19.24
16.89
15.20
14,65
13.91 .
13.50
13.14
12.65
11.85

10,34

-30-

mole

PbO

50,06
53.03
56.96
60.01
61.04
62.48
63.28
64,02
65.02
66.68

70.00

Si0

Lo.9k
46,97
L3.ob
39.99
38.96
37.52
36.72
35.98
34.98
33.32

30.00



times measurements of the specimens from the different parts
of the glass block of same batch., According to the results
of chemical analysis for all specimens, it was found that
there is no change of chemical composition between the

glass and the initial batch powder. Therefore, it is con-
sidered that the homogeneous glass with a desired chemical
composition was prepared in the presert experiment,

The glass transition temperature, density and chemical
composition of all glass specimens are listed in Table V.
When PbO content increased the glass transition temperature
decreased continuously from 414°C to 369 °C.

As for the system PbO-SiO2, many investigators reported
that the glass forming region of this system was wide, In
the present study, the glass with the composition of 70
mol% PBO was easily obtained and the contribution of lead
ion to network forming were confirmed.

Figure & shows the infrared absorption spectra of the

glass with the chemical composition of 5Pb0-35i0 As

2.
indicated in this figure, the infrared absorption consisted
of two strong absorption bands around 850 and 475 cm.l and

a weak absorption band at about 665 cn-l. Considering the

infrared active frequencies for SiOh tetrahedron and Si207

group, the two strong absorptions around 850 and 475 cm"l

were assigned to Si-0 stretching wvibration 53 and bending
mode ﬁZ' And a weak one was due to the ii affected by

polarizable lead ion.

Stanworth [13] suggested that the lead ions in lead
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Table V Tg and densities of glasses

sample Tg density
PsS-50 L3g90C 6.054
PS-53 410 6.319
PS-57 Lot 6.628
PS-60 394 6.8142
PS-61 390 6.90,
PsS-62.5 382 6.988
Ps--63.25 380 7.02,
PS~-64 378 7.07,
PsS-65 376 7.121
PS-66.7 373 7.19,
PS-70 369 7.31,
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Figure . Infrared spectrum of 5Pb0-+3Si0, glass,
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silicate glass are bonded to only two oxygens, Fajans and
Kleidel [1%] advocated that the state of lead ions in glass
was similar to that of the tetragonal PbO crystal. 1In a
recent year, Mydlar and Kreidl [15] reported that the lead
ion is surrounded by about four oxygens using X-ray diffrac-
tion technique. In the present investigation, the coordi-
nation of lead ion in the glass was not clear, but it was
found that lead ions are symmetrically surrounded by oxy-

gens and coordination number of SiLH is about 4.

3-2. Crystallization during heating

The transformations of the base glass during heating
at a constant rate were examined by DTA. The thermal
behaviors of coarse grained sample are illustrated by DTA
traces in Figure 7 . The effect of particle size of glass
powder on the devitrification characteristic was so0 signifi-
cant in different from the case of lead germanate glass.
Exothermal process with the crystallization of fine powdered
sample appeared at a temperature lower than that of coarse
grained sample. It was considered that the effect of
particle size was due to the contribution of surface energy
on crystallizing kinetics. 1In this investigation, coarse
grained sample was adopted and the characteristic tempera-
tures were determined as the results of the average of three

times measurements. An experimental error for each measure-~
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Endothermal <«—— Exothermal

Figure 7 . DTA traces of glasses in the system PbO-Si(}2
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Figure L ( cont., )
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