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rntroduction

     The success of Stookey [ l ] in making "Pyroceram "
           'has provoked int.erest in the development of glass-ceramics

with improved thermal, rnechanicai and electrical properties.
                             'Especially,.since the discovery of opto-electrical proper--
          '       '              'ties of single crystaXs of LiNb0 3,. LiTa03, BaTi03 and so

On, an attempt to tabricate transparent ceramics with
                                              '     'ferroelectric properties has been made by means of two

different methods. One of them is crystallizing of glass,

the glass-ceramic rnethod, and the other is hot•-pressing of
                                'powder. The glass-ceramic method is very useful for making

pore-free densified ceramics with desired shapes. A!though

some advantages in the glass-ceramic method were found,

there are still remained sorne problems to be solved as

rrentioned below. 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 $uch as Si02, B203 ete. has to be added to the above

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 irnpairs the

characteristics of ferroelectrical materials. Through the

process of crystallization of glass, secondly, it often

occurs that the prirnary crystalline phase is not a desired
                                                       '     'stable phase but a metastable one. Therefore, it is very
      'difficult to determine the optirnum composition and crystal-
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lizing conditions to prepare the transparent glass-cerarnic

product in which the rnajor crystalline phase has an ferro-
                '  'electric property. If opaqueness of the glass-ceramics
           'are•caused by intrinsic absorptions of crystals or Rayleigh-

scattering at interface between crystalline particles and

glass matrixt attaimment of transparency needs to take away

these phenomena. In transparent glass-ceramics already

reported, di6solution of Rayleigh-scattering were generally

attained by following rnethods ; (i) Producing of ver)r
                             'small particles whose sizes were less than the wave length

'

of 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 fabrÅ}cation

of glass-ceramics of quite new systern in which no additional

netsgork-forming oxides is required for glass making have

been studied.

     In the system PbO-Ge02, glass formation is possible
                                                          'over a wide range of lead oxide content and a single crystal
                     '             exhibits ferroelectric properties [ 2, 3 ].of Pb Ge O     5 3 11
First, the author attempted to fabricate a transparent
                                      'glass-ceramic by the crystallization of Pb sGe30ll from
                                                'lead gerrnanate glasses with the cornposition near 5PbO.3Ge02.

!lowever, phase reZations in this system reported by various

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
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crystallization of glasses of the system PbO-Ge02 are des-

cribed, and the phase relations and the crystallization

mechanism are discussed in Chapter 2 of this paper.

     On tr}e basis of analogy between germanate and sUicates.
                 'secondly, crystallization of crystalline phase whose

structure is sirnilar to that of ferroelectric PbsGe30.ll
frorn lead'  silicate gia' sses with the composition near

5PbO'3Si02 are examined and the detailed results are des-

cribed in Chapter 3.
                 '     The system PbO-Ge02 involves the problem on stability

of the base glass during cooling to be solved. It is ex--

pected that the addition of SiO                                 enhances the stability                               2
of the giass and Ge4+ ions are repiaced by si4+ ions. so,

the present investigation is extended into the PbO--Ge02--

Si02 systern. The phase relations and the crrytstailization

of the glass in the system PbO-Ge02-Si02 are discussed in

Chapter l.
                                              '     In order to enhance the stability of the base glass,

several oxides such as Si02, A120 3 and so on were addecl to

5PbO'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, properties of glass-•ceramic$

in the systems PbO-Ge02, PbO-Si02 and PbO-Ge02--Si02 are
                                 '                  'described. '
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          Chapter 1. Experimental procedures

In this chapter, experimental procedures are briefly des-

cribed.

           '
1-l. Giass preparation

     Pure oxide components were used for the preparation

of the glasses. They are Nakarai 99.99/e lead monoxide,

bal<arai 99.999;io germanium dioxide, "Iallinckrodt siiicic

acid, Aakarai reagent grade boron trioxide, Yamada 99.99e

niobium oxide, liakarai reagent grade titaniurn dioxide,

tsakarai 99.9e/o ferric oxide and tvakarai ragent grade

zirconium oxide. $tock batches were accurately weighed out

in the desired cornpositions, and carefully mixed in a agate

ball mUl for1day in dry air. About 50 g of the mixed
oxides were transferred to a platinum crucible. P"lelting

was carried out using an eiectric furnace. Batch materials

in a piatinum crucible was preheated at 5500C for IO hrs

to minimize vaporization of volatile component and then

melted at about 8000C for 30 minutes. The rnelts were

readily quenched to an hornogeneous glass by dropping the

crucible into cold water. The glasses were crushed and

rernelted again at 8000C for 30 minutes to ensure their
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hornogeneity. After the melting was completed the rnelt was

poured onto a steel mould and formed into a plate of about
                              '1 mm thickness by pressing.

     Migroscopic examination of the product indicated that

a glass without any bubble and inclusion was fermed using

the preparation method rnentioned above. This preparation

technique was employed to produce glass samples for DTA,

infrared analysis and X-•ray diffraction analysis.

l-2. Differential thermal anaiysis

     Differential thermal analysis (DTA) was used to examine

thermal properties of the base glass. The characteristic

ternperatures such as glass transition temperature, nucle-

ation temperature, crystallization temperature and melting

point of the precipitated'cr'ystailine phases were determined

as the results of the average of three times measurements,

and an experimental error for each measurernent was at most

Å} 20C.

     The analysis was rnade in the ternperature range frbrn

200C to 8000C using R!GAKU thernioflex termal analyser.

About 20 mg of the coarse grainded powders of the glass in

a platinum cell ( 5 mm6 x 3 mmH ) was heated in air with

the heatirtg rate of 100C/min, and calcined alunima ( ct--

A1203 ) was used as an inert reference material. The

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

-5-



tion of Å} IOO pV. Fairly steady base lines were obtained

up to 8000C. Since the effects of sample weights and

grain sizes on DTA traces were slight, no calibration was

made.

1-3. Crystallization

     Vhe heat-treatment for crystallization of the glass

was conducted using an electric furnace. Bulk sample

contained in a platinum basket was placed in the furmace

and heated at different constant temperature between 3500C

and 7000C for 1 minute to 2 weeks, and then quickly cooled

to room temperature. The temperature gradient in the

furnace was preexamined and sarnple was placed in the region

where ternperature gradient was flat. The temperature

controling and monitoring thermocouPles were positioned

above and below the basket and the temperatures of sarnples

were carefully controlled by the outputfrorn these thermo-

couples. Fluctuation of the temperatures was less than
Å} 20C.

1-4. X-ray diffraction analysis

     The crystalline products obtained after quenching the

specimens from selected temperatures were identified by
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rneans of X-ray diffraction analysis. Each specimen was

carefully crushed into fine powder and examined u$ing a

RIGAKU automatic recording diffractometer sdth nickel
                                               'filtered copper radiation ( ltO kV, 20 mA ). For deter-
                      '                         .              'mination 'of lattice parameters, an inner standard rnethod

was used with 99.999e/o silicon powder.

I-5. rnfrared spectrophotometry

                                                     -1     The infrared absorption spectra between 3000 cm                                                        and
      'i         were recorded on a Perkin-Elrner 521 grating rR250 cm

spectrophotometer or a JASCO IRA-2 spectrophotometer

equipped with grating. Each saniple was first ground in an

agate pestle and rnortar. About 1 mg of each powdered

sample, -250 mesh, was then mixed with about 200 mg of
                           'lorr( ptakarai Chemicals UVS-73 for spectroscopy ) and

heated for l2 hrs at 800C in vacuum. The KBr discs were
                                                       2forrned by pressing the evacuated mixtures at 10 ton/cm

for about 5 min. Scanning speed of every rneasurements
  'was soo cm-i /min., but for some detailed measurements in
                             -• 1the range frorn l200 to 250 cm                                , scanning speed of IO
cm"i /min. was selected.

-7-



l-6. Solid state reaction

     The chemical cempositions of several crystallized

phases were determined by usual solid state reaction
meth6d. ptakarai 99.99o lead monoxide and ptakarai 99.9991o

gerrnaniurn dioxide were accurately weighed out and carefuZly

mixed in an agate bali miil for 1day in dry air. About

3 g of each mixture was pressed into a disc about 5 mm in

diameter and about 3mrn thickness. The disc placed in a

platinum basket reacted at 4500C to 7000C for 1 week, and
                                                 'then rapidly cooied to room temperature and the phase of

product was identified by X-ray diffraction analysis.

1-7. Chemical analysÅ}s

     Chemical analyses by means of gravirnetric methods

were performed to examine the difference between crystal--

lized products and initial mixtures of oxides and to

determine the chemical cornposition of the final product.

The error was estimated to be less than O.59!o in weight.
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1-8. Dielectric measurement.

     For dielectric Tneasurement, the glass-ceramic was formed into a

paralell plate ( 10 mm x 10 mm x 2mm ). Gold electrode and gard

electrede with a gap of O.5 mm wide were spattered in vacuum, and

readwires of copper were fixed to the gold electrode by silver

paint. Pemittivity of the sample was measured at 1 kHZ using a

type TR-!O dielectric loss measuring set, Ando Denki Co. , with

the comparison of standard saixple of BaTie3.

-9-



Chapter 2. System PbO-GeO               2

     In

thermal

chetnical

PbO--GeO       2
infrared

lization

this chapter, first, the g!ass formation, sorne

properties and phase relations of products in the

 composition around 5PbO'3Ge02 in the systern

 are described. Secondary, from the results of

 absorption measurements, the mechanism of crystal-

 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, yellowish transparent glasses were easily forrned

on rapid cooling of the melts. However, in the case of
                          'PG-65 glass, a partial devitrification was observed with

a rapid cooling.

     On microscopic examination of the base glassest neither
                                     'bubbles nor inclusions were observed. To confirm hornoge-

neity of the glass, the densities of several parts of the

giass block were measured by pycnometric method. No

fluctuation in density was observed for the specimens within

the linit of error. The results of chemical analysis
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Table 1 Chemical composltlons of glasses

moleg weightg
Samp1e

PbO GeO2 PbO GeO2
pbOIGe02

PG-58

PG-6O

PG-61

PG-62

PG-62.5'

PG-63

PG-65

S8.08

60.00

61.02

61.99

62.48

63.17

65.04

41.92

40.00

38.98

38.01

37.S2

36.83

34.96

74.73

76.Z9

76.96

77.68

7g.o4

78.54

79.88

25.27

23.81

23.04

22.32

21.96

21.46

20.12

3/2

5/3

13/7
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indicated that there is no difference of chemical cornposi-

tion between the glass prepared and the initial rnixture of

powdered oxides. Therefore, it i$ said that the glass

with homogeneity and desired chemica! composition were

prepared by the above way.
     Although Tmaoka [7] reported that the limit of the

glass-forming region in the systern PbO-Ge02 i$ 57 mo19io

PbO, in this study the glass--forining region was extended
        'to the more PbO content bf 65 mole/6.

     The glass transition temperature, density and chemical

composition of each glass specimen are tabulated in Table

II. As PbO content increasecl, the glass transition tem-

perature decreased continuously frDm 3370C for PG--60 glass

to 3250C for PG-65 glass. Figure 1 shows the infrared

absorption spectra of the glasses tabulated in Table I
                             -1 ,in the region of 1200-250 crn . As shown in this figure,

the sirnilar spectra were obtained for all glass specimens

with various compositions and characterized by two strong
                                        -1absorption bands around 740 and 380 cm                                           and a weak absorp--
                     -- 1tion at about 525 crn . These resuits for glass transition

temperature and infrared absorption strongly suggest that

all the glasses have similar structural unit.
                        4+      Coordination of Ge                           in germanate glasses has been

a serious problern. In Na20"Ge02 system, for instance,

Haiiada et al. [8] reported that the coordinatien number
      4+         ion in the glass changed frorn 4 to 6 with theof Ge

increase of alkali contents from the results of fluorescent

-12•-



T' able :I. Densities

Pbo-GeO      2

and Tg of glasses in the systern

Samp1e

PG-58

pG-6o

PG"61

PG--62

pG-62.5

PG-63

pG-65

Density

 7.24s

 7.36     5
 7.434

 7.494

 7.53     o
 7•552
 7.6 51

 Tg

342oc

337

336

335

334

330

325

 pboIGeO2

  58/42

  60/40 (=3/2)

  61139

  62/38

62.5/37.5 (=5/3)

  63/37

  65/35
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x-ray spectrophotometry. coordination number of Ge4+ in

     glass was determined to be 4 frorn the result of infra-GeO   2
red absorption measurernent [9]'. In this system, coordina-
tion number of' Gek+ i'n the glass was ascertained to be 4

                '                 'by infrared spectrophotometry. On the other haAd, Tnuch
         'attention tias been fecussed on the behavior of Pb ions in

the glass. However, in this system, coordinating behavior

of lead ions in the glass was obscureiy confirrned, but it

        .-                ttwould be e6timated" that lead ions contributed to form net-

works of the glass and linked Ge04 tetrahedron or Ge207

groups. The discussions are described in detail in Section

2-3 of this chapter.

          .t t t ttt .. t
          tt 't" ttt tt t t

            '                      '
2-2.  Crystall-zat.-on . d.unng heatzng

          '     The erystailttzing phenornena of glass specimens during
               'heating at a constant rate were examined by DTA. The

thermal behaviors of coarse grained samples during heating

are i!lustrated by DTA traces in Figure 2. In the DTA
           'measurements, effects of particle sizes and weights of

sarnples on the shape of the curves were slight. The

prelininary tests for the influence of heating rate using

the two rates of 50C/ndn. and 100Clmin. had indieated that

it had a little effect upon the th.errnal analysis curves.

In the present study, sarnple weights of 20 mg of coarse

giass powder and heating rate of 100Clmin. were used, and

-15-



the characteristic teniperature$ were determined as the

results of the average of three times rneasureynents at

least.

     The crystallizations of glass specimen under investi-

gation were classified into the foilewing three groups ;

(i) 58--61 mol% PbO ( near 3PbO.2Ge02 )

     As indicaetd in Figure 2, there were two endetherms
                    '
and one sharp exotherm. Among them, the first endothermal

step at about 3400C corresponded to the glass transition

due to the drastic change of specific heat. Sharp exo.

thermal peak at about 39.00C 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
                                                 oiattice pararneters were calculated to be a=10.16A and
                       '       oc=l9.37A. Sharp exothermal peak was observed at 7330C as

a result of the melting of this phase.

(2) 62-63 mol9ie PbO ( near 5PbO'3Ge02 )

     As shown in Figure 2, there were two exotherms and

twb endotherms in the DTA trace. The first endotherMa;
                                                         '                       'step at about 335eC was due to the glass transition. Both

sharp exothermal peaks at 372-4030C and 482-5i40C resulted

from crystallizations. X-ray diÅíÅíraction studies suggested
                                  'that the crystalline phase appeared at a temperature in the

range from 4000C to 4800C was identified to be phase A and

the crystallized product obtained above 4830C was identified

--- l6-
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                 already reported by Sugii [2]. Therefore,to be Pb Ge O            3 ll        5
the second exothemmal peak was assigned to the formation

of PbsGe30ll after the reaction between phase A and

residual glass matrix. PbsGe30il denoted to be "phase B"

rnelted at 7370C congruently.

(3) 6s mol9'6 PbO ( 13PbO•7Ge02 )

     In this case, when the rnelt with the giass composition

was rapidly cooled, a partial devitrification was observed.

As seen in DTA trace of Figure 2, the glass transition and
             '
crystai].ization occurred at 3250C and 3770C respectively.

The results of X-ray diffraction analysis indicated that

after the crystallization process the mixture of phase B

and a new crysta!line phase denoted to be "phase C" appear--

ed. It ;vas considered that the two endothermal peaks of

I)TA trace were attributed to the melting of these two

crystal1ine phases.

     In this study, three crystalline phases of "phase A",

"phase rv' and "phase C" were obtained by the crystalliza-
     '
tion of the glasses. Among thern, phase P, was identified
                                                      'to be PbsGe30n. Phase A was determined to be Pb3Ge207
considering that PG-60 glass ( 3PbO'2Ge02 glass ) was

completely crystallized by the heating and the crystaUized

phase melted congruently. Moreover, the X-ray diffraction

pattern of the product, which was obtained by the slow

cooling of the rnelt with the composition of 3PbO'2GeO                                                       2,
well agreed vith that of phase A. The density of crystal--

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

-l8-



glass at 4000C for ilO hrs, was determined to be 7.52                                                       9
g"/cm3 at 3oOc by means of pycnometric method. AssumÅ}ng

that the chemical foi7mula of phase A was Pb 3Ge207, the Z

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

the observed density of 7.52                               and the calculated volume of                             9
slgs X3. Therefore, it was considered that z number was

equal to be 27. The calculated density was 7.582 g/cm3

with Z=27, in agreement with the observed density of the
                        g/cm3. These facts strongiy suggest-powdered sample, 7.52                      9
ed that the chemicai cornposition of phase A was 3PbO'2Ge02.

Zn the present experiments, phase C could not be ebtained

as a single phase by the crystallization of the glass and

it was very difficult to separate crystals from the glass

rnatrix because the crystalline phase consisted of very
                               osmall particles le$s than 5000A. 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 7000C

for 24 hrs, the amounts of products were estimated by the

measurements of the most intense peaks which corresponded

to those of phase Ft, phase C and yellow PbO 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 PbO content is less

than 76 mol`/e, 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

-- i9-



PbO appears. The density of the fine powdered sample of

phase C, which was prepared by slow cooling of the melt

with the composition of 3PbO'Ge02, was determined to be
8.61 g/crn3 at 300c. Assurning that the chemical formula of

phase C was Pb3GeOs, the Z number of this phase was calcu-
                                                            3lated to be 5.936 by using the observed density 8.61 glcm
and the calculated volume of 886 X3. 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/cm3. ThereÅíore, the chemical composition
                                                             '
and chemieal formula of phase C were deterndned to be

759ioPbO.250fb'Ge02 ( in mol ) and Pb3GeOs. The rnelting point

                                                   'of this phase is 7310C.

     As mentioned before, phase relation in the system
         reported by several investigators [4-6] are quitePbO-GeO        2
confused. Phase diagrams of this systern 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 Pb6GeOs, Pb3GeOs, PbsGe30n, PbGe03 and

PbGe307. Using a quenching technique for powdered glass

samples belonged to this binary system, Phillips and

scroger [5] obtained five compounds of Pb4Ge06, Pb3Ge207,

PbGe03, PbGe20s and PbGe40g as indicated in (b) of this

figure. F'rom the re$ults of solid state reactions between

PbO and Ge02, Gouju et al. [6] suggested that compounds

-2O-
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obtained in this system were Pb3GeOs, Pb3Ge207, PbGe03 and

PbGe40g. :t is obvious from Figure 4 that there are sorrie

disagreements between phase relations of these diagrams.

     !n the present study, three different compounds were

obtained by crystallization of glasses and solidification

of melts in the region of composition around 5PbO.3Ge02.

Chemical formulars of these compounds were given as

Pb3GeOs, PbsGe30u artd Pb3Ge207.

     The existence of Pb3Ge207 was recognized by Phillips

and Gouju. From the results of IR rneasurement on lead

gernianate glasses, "•lorozov [10] intimated the presence of

Pb3Ge207, but the crystal data were not given in detail.

Zn the present result, this 3:2 compound denoted to be

"phase A" appeared as a stable phase during the crystal-

lization of 3PbO.2Ge02 glass and solidification of the meit

with the corresponding composition. From the results of

>X-ray diffraction analysis, it was considered that the

crystal structure ofthis phase had a hexagonal syrnrnetry

            oowith a=10.06A and c=19.37A. This X-ray data, however, did

notlagree with that of Pb3Ge207 reported by Phillips which

                                                        'was quite similar to that of Pb sGe3ell.

               crystallized frorn the PG-62.5 glass (     Pb Ge O       5 311
5PbO•3Ge02 glass ) after the heat-t]reatment at the tem-
             'perature range from 3800C to 4800C. In the PG-•62.5 glass,
                     '
Pb3Ge207 precipitated as a metastable phase at lower

temperatures, and this phase easily transformed to Pb sGe30ll

denoted as "phase B" at 4890C. This X-ray diffraction data

-22-



of phase B in thÅ}s study agreed with that of singie crystal

of PbsGe30ll already reported by Sugii [2]. PbsGe30n was

very stable and no transformation was recognized during

the heating up to the melting point.

     The 3:1 compound ( Pb3GeOs ) denoted to be "phase C"

was formed as a single phase after solidification of melt

                                             as shown inor solid 'state reaction between PbO and GeO                                           2
Figure 3. Although the existence of Pb                                             was suggested                                        GeO                                       35
            'by Speranskaya [4], Gouju [6] and Norozov [10], there was
                                                   'no description about X-ray diffraction data. Present data

are given in Table !II.

     As illustrared in Figure 3, thepres•ence of yellow

PbO was recognized in case when the specimen with a high

PbO content more than 75 Tno19io melted and then cooled

below a liquidus temperature. Therefore, there was little
        'prJdbability for the existence of the compound with a PbO

content higher than that of Pb 3GeOs in the system PbO-Ge02.

     A phase of Pb2Ge04 reported by Eulenberger et al. [ll]

could not be detected in the present study. Although the

existence of the same phase has already been reported
by Pierker [l2], the X-ray diffraction pattern given by him

is completely indexed assuming that the phase was the

miXture of PbsGe30n and Pb3GeOs. If this procedure is
                                        'reasonable, the presence of Pb2Ge04 will be very doubtful.

     Crystailization phenomena of the base glasses during

isotherrnal heatings were essentially identical s"ith those

observed during the heaing were essentiaUy identical with

-- 23-
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T'ab1e ZTI. '' X-ray diffraction data of phases' A, B and C

Phase A;(Pb3Gez07) PhaSe B; (PbsGe3011) Phase c; Gees)':'

hex. a'--1O.16A
c=19.37A he'x. a=1O.•23A

•culO.S4A erthe. am4.
bu15.

ssAlszAl

c"11. 77Ale
d (hkl)T/Io dt (hki) I/!o d (hkl) r!r.

8.84
4.50
4.39
3.8S
3.64
3.32
3.155
3.035

(100)S(112)S(200)IO(O03)10(203)S(210)IS(212)5(106)S

85444333 .84
.15
,62
,44
.09
.69
.S6
.30

aoe)
(liO)
(111)
(200)
(201)
(l12)
(O03)
(103)

10
s1030s25IS30

5.50
5.27
4.87
3.78
3.72
3.65
3.35
3.206

(O12)
(030)
(100)
(O!3)
(102)
(112)
(122)
(043)

s10sslgss10

{i{i

2.957 (213)100 3 .200 (211) 40 (050, o33)lgo
-l

2.947 (300)70 2 .957 (300) 80 3.029 (140) ICO
i•

2.887 (20S)S 2 .919 (113) 100 •Z.740 (024) 4s 'i

2.720 (116)S 2 .835 (212) 4e 2.631 (133) se
g;

2.194 (400)5 2 .776 (203) 5 2.615 (ISO) 4o i'

2.083 (403)25 2 .468 (310) s 2.554 (034) s l

2.019 (320)5 2 .440 (213) S• 2.474 (ll4) 5
}}

1.924 (410)5 2 .21e (400) 5 2.426 (200) s t

1.816 (406)5 2 .075 (223) 30, 2.390 (210,124) E s
1.700 (330)S 2 .O30 (320) 10 2.3SO (O05) ) l
1.667 (420)5 2 .021 (313) IS 2.342 (044) s

,

1.S44 (506)10 1 .996 (105,304) 10 2.191 (230) s

1 .967 (115) 10 2e170 (063) s

1 .932 (410) 10 2.135 (03S) s

1 .897 (322) 10 1.940 (080) 10
1 .879 (403) 20 1.890 (172) IS
1 .799 (O06) 10 1.854 (214) 30
1 .776 (500) 10 1.799 (180) s
11 .700

e674
(330)
(420)•

10
10

1.724
1.659

(090)
(056)

sIS

1 .649 (206,225) 5S 1.617 (300) 15
111111 .620

e589
eS72
.536
.S23
.472

(315)
(216,503)

(414)
(306)
(512)
(600)

S10Ss•155. 1.6!1
1.589
1.576
1.573
1.5S9
1.513

(310)
(311)
(U7)
(156)
(OIOO)
(280)

IS
10
IS
20
10

s t
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those observed during the heatirig at a constant heatirtg

rate merttionecl hefore. Below the glass trar)sition ten:•-

perature, rto crystallization was observed. Precipitated

phases. are quite equal to those obtained by the heating at

a constarit rate. Phase relatÅ}ons 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

ntarized as follows ;

(i)

(2)

(3)

(4)

(5)

(6)

(7)

                  results rnentioned before are sum-

The yellowish trartsparent glasses with homogeneity

were easily formed by rapid cooling of the melts.

As PbO content increased, the glas$ transtion teme

perature decreased continuously from 3370C for PG-60

glass to 3250C for PG-65 glass.

The similar infrared spectra were obtained for all

glasses with various compositions.

!t is considered that lead ions forrn networks and

linked Ge04 tetrahedron or Ge207 groups in all glasses.

A ferroelectric glass-ceramics with high transparency

was easUy prepared by the crystailization of Pb sGe3011

from 5PbO.3Ge02 glass.

Three different compounds were obtained .by crystalii-

zation of glass and solidification of melt in the

chemÅ}cal composition around 5PbO'3Ge02.

Two new phases of Pb 3Ge207 and Pb3GeOs were found to

exist. The uni cell dimension of Pb 3Ge207 had a hexa-
                            oogonal symmetry with a=10.16A and c=i9.37A, and Pb                                                    GeO                                                   35
                                                     owas classified into orthorhombic systeni with a=4.85A,

       oob=15.52A and c=11.77A.
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Chapter 3. System PbO-SiO              2

     In Chapter 2, the crystallization of lead gerrnanate
        '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 siiicate glasses was examined.
   '     In this chapter, the glass forrnation and sorne thermal

properties of products in the system Pbe-Si02 are described.
                                                     '            'And from the experimental results of phase relation and of

infrared absorption rneasurementst the existence of new

Compound PbsSi30n is discussed.

3-1. Glass formation

     The giass compositions used for the present investi-

gation are tabulated in Table IV.
                                                          '
     All the glasses were easily formed by rapid cooling

of the rnelts without devitrification. rvlicroscopic exami-

nation showed that bubble-free and clarified base glasses
                                    'were prepared. On quenching, a yellowish glass was formed.

HoTnogeneity of the glass was examined by the measurernent

of density using a pycnornetric method. The ehange of
density did not exceed o.oos g/cm3 each other for three

-29-



"cab1e rcv. Chemical COMPOSitiOll Of glasses

Samp1e

PS-50

PS-53

PS-57

ps-6o

Ps-•61,

ps-62.5

PS--63.2      5
ps-64

ps-6s

ps-66.7

PS-70

 PbO

78.83

80.76

83.Il

84.8o

85.35

86.09

s6.se

86.86

87.35

88.15

8g.66

wt c/6

sio   2

21.I7

19.24

16.89

15.20

l4.65

13.91

l3.50

13.14

12.65

ll.85

lo.34

l

mole
 PbO

50.06

53.03

s6.g6

6o.ol

6i.04

62e48

63.28

64.o2

6s.o2

66.68

70.00

96

sio   2

49.94

46.97

43.o4

39•99

38.96

37.52

36.72

35.98

34.98

33.32

30.00

-3O-



times measurenients of the specimens froni the different parts

of the glass block of same batch. According to the resuits

of chemical anaiysis 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 preseerrb experiment.

     The glass transition temperature, density and chendcai

cornposition of all glass specimens are listed in Table V.

When PbO content increased the glass transition temperature

decreased continuously from 4140C to 369 OC.

     As for the systern PbO-Si02, many investigators reported

that the glass forming region of this system was wide. In

the present study, the glass with the composition of 70

    t.ino19•b PbO was easily obtained and the contribution of lead

ion to network forming were confirrned.

     Figure O shows the infrared absorption spectra of the

glass with the chemical composition of 5PbO'3Si02. As

indicated in this figure, the infrared absorption consisted
                                                      -lof two strong absorption bands around 850 ancl 475 cm                                                          and
  '                                                 'a weak absorption band at about 66s cn-1. considering the

infrared active frequencies for Si04 tetrahedron and Si207
                                                          -1group, the two strong absorptions around 850 and 475 cm

were assigned to Si-O stretching vibration i>3 and bending

mode )>4. And a weak one was due to the 2)l affected by

polarizable iead ion.

     Stanworth [13] suggested that the lead ions in lead

-31-



Table V Tg and densities of glasses

sample

PS-50

PS-53

PS-57

PS--6O

Ps-61

ps--62.5

PS--63.2       5
ps-64

ps-65

ps-66.7

PS-70

  Tg

43goc

41o

407

394

390

382

380

378

376

373

369

density

 6.054

 6.31    9
 6.62    8
 6.84     2
 6.906

 6e98s

 7.02    9
 7.07    o
 7.I2    1
 7.l92

 7.31    9
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silicate glass are bonded to only two oxygens. Fajans and

l<leidel [l'l] advocated that the state of lead ions in giass

was similar to that of the tetragonal PbO crystal. In a

recent year, "lydlar and Kreidl [l5] 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-
                                   4+                                       is about 4.gens and coordination nurnber of Si

3-2. Crystallization during heating

     The transformations of the base glass during heating

at a constant rate were exarnined 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 so signifi-

cant in different from the case of lead gerrnanate glass.

Exothermal process with the crystallization of fine powdered

sample appeared at a ternperature iower than that of coarse

grained sample. It was considered that the effect of

particle size was due to the contribution ef surface energy

on crystallizing kinetics. Zn this investigationt coarse

grained sample was adopted and the characteristic ternpera-
                                                  '
tures were deterndned as the results of the average of three

times measurements. An experimental error for each measure-

-34-
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ment was at most Å} 20C.

     The crystallizing phenornena of the glass under

investigation were classified into the foliowing four

groups ;
<l) 63--67 mo19'6 PbO ( in the regien between 2PbO'Si02

     and 5PbO.3Si02 )

     As indicated in Figure 7 , three of each exothermic

and endothermic processes were observed for the specimens.

Among thern, the first endothermic step at about 3800C

corresponded to the glass transition due to the drastic

change of specific heat. tsext exotherrn was a result of

crystallization of the glass. Frorn the results of X-ray

diffraction analysis, crystallized phases after this pro-

cess were a low ten)perature form of Pb2Si04 ( L-Pb2Si04 )

and a new compound denoted to be "phase X". L-Pb2Si04

changed to a high temperature form ( H-•Pb2Si04 ) accom-

panied with the following exothermic process. This exo-

therrnic peak was piled up to the first exotherrn in the

glass in which PbO content was less than 64 mol9'6. Small

exothermic peak at about 5700C was due to the decornposition

of Phase X into H-•Pb2Si04 plus PbSi03. The sharp endo-

therrns caused by a melting process were observed at relative-

ly higher temperatures.

(2) 62.5 mol% PbO ( 5PbO.3Si02 )

     Glass transition and crystallization took piace at

3800C and 4800C respectively. Crystalline material pre-

cipitated with an exothermal process was considered to be

-38-



phase ]. This phase clecomposed into H-Pb2SiOLI and PbSi0 3

at a relatively higher temperature, but an exothermal

peak co]rresponding to this decomposition process wa$ not

detected. Two endotherrnal peaks at 6990C and 7300C were

attributed to the melting of these two crystalline phases.
(3) 51-62 mo19/o PbO ( in the region between 5PbO.3Si02

     and PbO'Si02 )

     Glass transition occurred at about 4000C. A broaden.

ed exothermal peak was observed at 490-5600C assigned to
                      'crystallization process. The results of X-ray diffraction

analysis indicated that after crystallization there existed

the rnixture of phase X and PbSi0 3. In this system, three

or four kinds of endothermal peaks were observed at higher

temperatures, some of which were assigned to melting

processes.
(4) so mols6 pbo ( pboesio2)

     Glass transition, ery$tallization of PbSiO                                                   and melt.                                                 3
ing of l'bSi03 were observed at 4140C, 5670C and 7530C

respectively.

     Crystallization phenomena of the base glasses during

the isothermal heating were essentially identical with

those observed during the heating at a constant rate.

     In order to make the phase relation clear in this

systern, an attempt was made to determine the chemical

composition and crystal structure of new crystalline phase

of phase X. The 10 po;vdered glass samples with different

compositions ranging from 50C/iPbO.50%Si02 to 66.796PbO'

-39-
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33.37'6Si02 ( in mol ) were heated at about 5500C for 340 hrs,

and the arnounts of products were estimated by the measure-

mento,l' the intensity of the most intense peaks which corres--

ponded to those of 1)hase X, Pb2Si04 and PbSi03. The re-

lation between the amounts of each phases and PbO content

was illustrated in Figure 8". As shown in this figure, in

the range where the PbO content is iess than 62.5Cfo, the

yield of phase X increased with increasing of PbO content,

and in the range svhere the PbO content is rnore than 62.59'6,

the mixture of phase X and Pb2Si04 were observed. The

density of phase X, which was prepared by heating of PS-

62.5 glass at 5500C for 340 hrs, was measured to be 6.79                                                          7
g/cm3 at 3ooc. Assuming that the chemicai formula of phase

X was Pb Si O                , the Z number of this phase was calculated        5 311
to be 8.967 by using the observed density of 6.797 g/cm3

and the calculated voiume of 2839X3. Therefore, it was

considered that Z number was 9. The calculated density
was 6.822 g/cm3 with Z=9, in agreement with the observed
density of 6.797 g/cm3. From these results, the chemical

composition and cheniical formula of phase X were determined

to be 62.50foPbO'37.501iSi02 and PbsSi30n. The powder diff--

raction pattern of phase X synthesized in this way was

quite similar to that of crystalline phase obtained from

5PbO'3Si02 glass and it was not similar to that of lead

barysilite Pb3Si207 reported by Billhardt [16] but to that

of Pb Ge O              as shown in Figure 9. So, on the basis of     5 311
the crystal structure of PbsGe3011, the structure of phase

-42-
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X was deterrnined to be pseud-hexagonal orthorhombie and
                                                oolattice parameters were calculated to be a=9.93A, b=8.31A
and c=34.4,O•x. X-•ray diffraction data of phase X is tabu'

lated in Table vl. Phase X was obtained only through the

crystallization of glass, and all the attempts to synthe-

size phase X failed by the usuai solid state reaction

rnethod nor by the cooling of the melts.

     Phase relations of crystailized phases as a function

of ternperature and composition of the base glass in this

systern are shown in Figure 10.

     As to the system PbO-Si02, there are many literatures

describing cornpounds of PbSi03, Pb2Si04, Pb3Si207, Pb3SiOs

and Pb4SiO6.

     Ito and Yanagase [l7j studied the crystallization of

lead silicate glass using DTA method and reported the

existence of the cornpounds of PbSi0 3, Pb2Si04, Pb3Si207

and two unknown phases. Billhardt [18] reported that three

crystalline phases such as Pb 3Si207, phase A and phase P,

were prepared from lead silicate gla$s. He described that

phase A was an unknown phase and phase B was identified to
  '
natural barysilite with the idealized chemical formula of

PbgSi6021. The existence of Pb3Si207 and four forms of

Pb2Si04 denoted as a, Pl, B2 and y were demonstrated by
Hermann [19.]. Ott and N'clared [20] investigated the phase

relations in the system PbO-SiO                                 and obtained five com-                               2
pounds of Pb4Si06, Pb3SiOs, Pb2Si04, Pb3Si207 and PbSi03

after the crystallizac tion of the lead silicate glass with

-44-
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the coinposition between 4PbO'Si02 and PbO'Si02. According

to the results reported by Argyle and Hummel [a']..], the

both crystalline phases precipitated from 3PbO'Si02 glass

were Pb4Si06 and Pb2Si04, and also a mixture of Pb2Si04

           was obtained after the crystallization ofand PbSiO         3
3PbO'2Si02 glass.

     Xn the present work, four phases were synthesized

after the crystallization of lead silicate glass. Among

them, PbsSi30n has not yet been reported, however,

Pb3Si207 Could not be recognized although its existence

was pointed out by some investigators.

     The existence of Pb2Si04 was recognized by Hermann

[l9] and ett [20]. In the present study, Pb2Si04 ;ifas

obtained by the crystallization of the glass under investi-

gation. X-ray diffraction pattern of this phase well

agreed with that of AST"; card. As shown in Figure IC, in

case when PbO content was more than 63 molf!o, L-Pb2Si04 pre-

cipitAt.ed associating with Pb sSi30u at reiatively lower

temperature, and L-Pb2Si04 changed to a high ternperature
                                                    'forrn at higher temperature. H--Pb2Si04 was stable above

4600C and melted at 7460C congruently.

     PbsSi30n denoted as phase X was prepared as a single

phase by the crystaliization of 5PbO.3Si02 glass. Although

the existence of Pb 3Si207 was reported by many investigators,

the existence of PbsSi30n has not yet been recognized.

     According to the phase diagram of the system PbO-SiO                                                          2
reported by Ott and Niclaren [2o], the erystalline phases
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precipitated by the heat-treatment of the 5PbO'3Si02 glass

were a mixture of Pb 3Si207 and H- or L-Pb2Si04. A Pb3Si20

was obtained as a single phase by the crystallization of

3PbO'2Si02 glass.

     In this experiment, on the eontrary, PbsSi30n WaS

syrLthesized as a single phase from 5PbO'3Si02 glass and a

mixture of Pb Si O and a small amount of PbSiO                                                   was pro-             5311 3duced by the crystailization from 3PbO'2Si02 glass. A

phase of Pb 3Si207 reported by many workers could not be

detected in this study. Although the existence of the .

same phase has been recently reported by Ott, the X-ray

diffraction pattern given by them was similar to that of

PbsSi30n rnentioned before. Surnrnerizing the present ex-

perimental results of DTA, solid state reaction, X-ray

diffraction analysis and chemical analysis, the presence

Of Pb3Si2e7 would be very doubtful and the existence of

a new compound l)bsSi30n with orthorhornbic systern was

confirmed in this study.

7
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3-3

are

(i)

(2)

(3)

(4)

(5)

. Conclusioi'{

 The experimental results described in this chapter

 sunmiarized as follows;

 Glasses in the system PbO--Si02 were easily formed by a

 rapid cooling of the melts, and they were very homo-

 geneous and yellow in color. On ordinary cooling no

 devitrification was observed.

 The glass t;ansitior ternperature decreased continuously

 from 4140C to 3690C with the ipcrease of PbC cor,tent.

 Four phases could be syrthesized by the crystaliizatior

 of lead silicate glasses. Among theni, PhsSi3011 haS

 never b.een reported so far.

 The r!ew compound PhsSi30n had a pseudo-hexagonal
                                  oo orthorhombic synmietry with a=9.93A, b=g..31A and
       o c=34.4A.

 Although the existence of Ph3Si207 ;vas pointed out by

 some investigators, Pb3Si207 could not be prepared in

 the present study. The presence of Pb3Si207 already

 reported would be very doubtful because the X-ray data

 were very poor and all stronger lines of X-ray diff-

 raction pattern were very resernble to those of the

 new phase PbsSi3011'
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                       JChapter 4. System PbO-GeO                            -sio                           22

     The glass--forming tendency of the system PbO-Ge02 is

inferior to that of the system PbO-Si02 as mentioned in

Chapters 2 and 3. In the system PbO-Ge02, devitrification

were often observed during slow cooling, but there was no

problern in the system PbO-Si02. Because it is expected

that the addition of Si02 to the lead gerrnanate glass
                                                 4+enhances the stability of the base glass and Ge are re-
             4+placed by Si , the investigation is extended into the

system PbO-Ge02-Si02.

     Phase relations and crystallizations of glass in the

system PbO-Ge02-Si02 are investigated by the use of DTA,

X-•ray diffraction analysis and infrared absorption spectro--

photometry, and the results are described in this chapter.

4-1. Glass formation

     The glass cornpositions under the investigation are

given in TableVIX. The molar ratios of Si02/Ge02 were
                                            'varied from O!3 to 3/O, and PbO content was fixed to 62.5

molC/o which is equivalent to that of ferroelectric crystal

   Ge      o.Pb       u  53
     All the glasses were easily formed from the melts, and
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Table VII. Cheniical coniposition of glass

Samp1e

PGS-O

PGS-3O

PGS--50

PGS-•75

PGS-100

})GS-125

PGS-•15O

1)GS-•l75

PGS -• 2OO

PGS-•25O

PGS-3OO

 PbO

78.04

78.78

79.24

79.90

80.6o

81.21

8i.86

82;55

83.24

8!i .6s

86.Io

GeO   2

21.96

19.92

18.s6

l6.83

15.08

13.31

11.51

 9.67

 7.80

 3•97

 o

sio   2

 o

 1e29

 2.19

 3.27

 4.32

 5.49

 6.63

 7.78

 8.g6

11.39

l3.90

        ssio 2/GeO 2

   o/3

 o.312.7

 O.5/2.5

O.75/2.25
       '   l/2

l.25/1.75

 1.5/1.5

le75/l•25

   2/1

 2.5/O.5

   3/O

tii molar ratio

-- 5 O-



the glass forming tendency increased with increasing of

Si02 content. The magnitude of supercooling of the melt

observe.d in DTA traces also increased with the substitu-

tion of Si02 for Ge02. Wrhen the only l/6 of (}e02 was re-

placed by Si02 in amount, the base glass was very stabiliz-

ed. On the other handv substituting a half arnount of Si02

for GeO         no devitrification was observed during the slow       2
cooling of the• melt in a crucible.

     In differential therrnal analysis, the glass transi-

tion and supercooling of the rnelt were observed for each

sampie. The results were iisted in Table vlll.As SiO                                                       2
content increased, the glass transition teniperature

increased continuously from 3340C for PGS-O glass to 3800C

for PGS--300 glass. The magnitude of supercooling increased

with increasing of Si02 content. Therefore, it was consid-

ered that the effect of substitution of Si02 for Ge02 in

the glass composition rnay be explained as follows;

(i) The stability of the glass is increased with the reduc-

    tion of liquidus temperature by Tnaking the cornposition

    more cornplex.
  '
(ii)The crystallization is very difficult iihen the glass

    composition is more complex.

     The sirnilar infrared absorption spectra were obtained

for all glasses in this system. Figure 11 shows the

characteristic value of absorption bands of the base glass

as a function of Si02 content. The results for the glass

transition temperature and infrared spectra strongly

suggest that all the glasses have almost simiiar structure.
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Tab le VZ .u .Characteristic

          by IjTA at the

 temperatures

heating rate

 of

of

 glass determined
100C/n] in .

5ample

PGS--O

PGS-50

PGS-100

PGS-150

PGS •- 200

PGS-250

PGS-300

 ri-g

334oc

350

355

358

369

375

380

 Tc

38ooc

407

415

441

438

459

48o

 Tt TL
4890C 7370C

513 735
523 724
544 714
       695

       710

       730

 Tt  L

7070c

693

681

665

638

6 23

619

ti T[

 30oc
 42
 43

 49

 57

 87

lll

 Tg;

 trc;

 Tt;

 fi"L;

 trL;

A TL;

Glass transition temperature

Crys'tallizing ternperature

Temperature where the phase change from Pb 3Ge
     to }'b Ge                si o                      occurred                 x ll          5             3-x
Liquidus temperature observed during heating

Liquidus temperature observed during cooling

pegree of supercooling ( =TL'T]L )

   si2-y y o 7
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4-2. Crystallization during heating

     The trar}sformations of glass samples during heating

at a heating rate of 100C/min. are illustrated by bTA

traces in Figure l3. All the glasses exhibited an initial

endotherm. This first endothermal step corresponded to

the glass transition due to an abrupt change in specific

heat. A large exotherm was observed at approximately 400

OC. From the results of X-ray diffraction studies, it is

supposed that this exotherm was owing to the crystalliza-

tion. In the composition range where the ratio of

Si02/Ge02 was less than 2/1, xX-ray diffraction patterm of

product after the first exothermic peak was similar to

that of Pb3Ge207 described in Sectien 2-•2 of Chapter 2, and

the product was identified to be a solid solution of

Pb3Ge2-ySiy07. After the first exothermal peak, there was

a smaller exothermal peak at about 5000C, which was essen--

tially id{.•ntical with the exotherrnal process observed with

lead germanate glass. The X--ray diffraction pattern of

crystalline phase after this exothermal process was indexed
                                                     '  'assuming it has the same structure as Pb sGe30u. Therefore,
this exotherm was caused by the recrystallization of

Pb Ge  5 3-xSixOn'
     Zn the region where the ratio of Si02/Ge02 is more

than 21i, a broad exotherrn and two sharp endotherms are

observed in DTA traces. The broad exothermai peak corres-

ponded to the crystaliization and the two endothermal ones
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were clue to the meit of the different crystalline phases.

Frorn the results reported by Ott [2o], it was considered

that the first and second endothermal pea!<s were due to

the melt of PbSi0 3 and Pb2Si04 respectively. From the

results of X--ray diffraction analysis, the crystalline

phase which appeared at a temperature near 5500C was

identified as that having the same structure as PbsSi30u,

but around 6000C this phase decomposed into a mixture of

Pb2Si04 and Pb(Si,Ge)03.

     Finally, at about 7200C, an endothermic rnelting

process of crystallized phase appeared in all cases. The

61.?aracteristic temperatures determined by DTA are summariz-

ed in Table Vl[Ifor all specimens.

     I"igure 18 shows the phase relations of crystalline

phases precipitated from the glass during the isotherrnal

heating.

     Zn the system PbO-Ge02-Si02, three solid solutions

                                             Ge O                   Pb Ge                           SiO and Pb Si           si oof Pb Ge                                                     were     5 3-x x 11'                     3 2-y y7                                        5 3-z z 11
obtained by the crystalZization of the glass. Besides, as

shown in Figure 14, a coexistence of two solid solutions

Of PbsGe3-xSixOn and Pb3Ge2-ySiy07 was found. .
     The crystal stTucture of product precipitated froni
                                   'Ge02-rich glasses at relatively higher ternperatures was

identified to be similar to that of ferroelCtriC Pb sGe301ie

A carefui observation on X-ray diffraction patterrt showed

that diffradtion peaks shift to higher angles with the

increase of Si02 oontent. This fact strongly suggests
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that the crystalline phase belongs to a solid solution

                 . The X-ray diffraction pattern of thisof I'b Ge           si o        3--x x ll     5
phase was indexed with a hexagonal sys.temf and lattiee

parameters varied with the SiO                                content of glass as shown                              2
in Figure ls. The calculated lattice paranieters a and c

were reduced by the replacing of Ge by Si.

     Eysel et al. [22] reported that the iattice parameters

Of Pbs(GebxSi.)30n ( OSxSO.6 ) decreased linearly Nith

Si content and at x=O.6 a and c were determined to be 10.IO
         oand IO.53A respectively. Therefore, considering the linear

variation of lattice parameter a with the substitutiQn of

Si for Ge in the present investigation, it seems rnost

Teasonable to conclude that the x value of the solid solu-

                       was defined by the cornposition oftion of Pb                si o           Ge                  x li             3-x          5
the base glass.

                                    appeared at relatively                         Ge     A solid solution Pb                              si o                        3 2-y y7
lower ternperature as shown in Figure ILI. The X-ray diff-

raction pattern of the product of this series was similar

                    in the region where x vaiue of the              Ge Oto that of Pb                27             3
glass composition is less than 2.0. But at x=2.5, the

X-ray diffraction pattern did not resernble to that of

Pb3Ge207 but to that of PbsSi30u. In the hex-agonal sett-

ing, the relationship between the cell constants of this

solid solution series and the composition of the base

glass is given in Figure l6. As shown Å}n Figure l4. there

was the discontinuous relation.ship in the region at x=2.0.

     rvlydlar et al. [23] pointed out the existence of the

-62-



lO.20

lO.IO

s o.oo

9.90

eÅ~
eÅ~

ex
  e N'NX.,.

eXe

s
s

s
'o

x,,,

o

o          1

Å~ of 5PbO•(3"Å~)Ge02

2

•xsio 2

3

Figure l6 Lattice

and Pb     5

 pararneter a

    Ge Osi      z 11 3-z

of Pb Ge    3 2-y si o y 7

-63-



solid solution series 3I'bO'2xGe02'2(l-x)Si02 ( x=O-O.83).

Iioreover, they estimated that the idealized end--member of

the Pb 3Si207 would exist in the temperature region near

the melting point. This result was ineontradiction to the

present experimental results described in Section 3.2 of

Chapter 3. It was considered that the present experirnental

results indicated that the idealized end-member was

Pb Si O          and the solid solution of Pb Si                                             Ge O                                                    was  5 311                                       5 3-z                                               z ll
introduced by the crystallization of the glass with the

composition near 5PbO.3Si02 at relatively lower temperatures.

Calculated cell constants increase with the decrease of

x-value of the glass composition.

     From the results rnentioned before, it was found that

a complete soiid solution between 1'bsGe30u and PbsSi30n

was not observed. As sh'own in Figure l4, the stable

regions of Pb                   Ge O                          and Pb              si                                       si o                                 Ge                                             were obviously             5 3-z zll 3 2-y y7
divided by the straight line. However, each phase of

Pb3Ge2-ySiy07 and PbsSi3-zGezOll precipiatetd from the

glas$ as a primary crystalline phase at relatively lower

ternperatures during the heating process.

     There have been many studies on the fabrication of

glass-ceramics in the system of solid solution. For ex-

ample, solid solution such as Nal-xSrx12ts'b03,

BaxSryPbzNb206, NaxKyLizTa03 and so on were obtained by

the crystallization of multi-components silicate glasses.

However, a control of chemical composition of product was

very difficult [24]. In the systern 5PbO.(3-x)Ge02'XSi02,
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4- 3

(!)

(2)

(3)

(4)

(5)

.  Conclusion

The above mentioned resuits are summarized as follows ;

All the glasses were easiiy forrned from the Tnelts and

the glass forming tendency increased with increase of

Si02 content.

The glass transition and supercooling of the melts

were observed for each glass. The glass transition

temperature increased continuously from 3340C for

PGS-O glass to 3800C for PGS-300 glass. The magni-

tude of supercooling increased with the increase of

Si02 content.

The Substitution of Si02 for Ge02 enhanced the glass

forming tendency and completelt took place in the

whole region in this system.

                       --sio                              three kinds of solidIn the system PbO--GeO                           2'                      2
solution series such as Pb Ge                                 si o                                          Pb Ge                                                  si o                           5 3-x x 11'                                               2-y y7                                            3
       Si Ge oand Pb                    were obtained by the crystalliza-               z 11      5         3-z
tion of the gla$s. A coexistence of two solid solu-

tion series of Pb Ge Si O                                            si o                               and Pb                                       Ge                                                  was                  5 3-x xll 3 2-y y7
found.

In the solid solution series of Pb Ge                                                  the                                          si o                                    5 3-x x ll'
lattice parameters decreased linearly with Si02
         'content. The change of lattice parameters as a func-

tion of Si02 content in glass-cerarnics were well agree-

ment with that of single crystals reported by Eysel.

Therefore, the x-value of PbsGe3-xSlxen was defined
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(6)

(7)

by the composition of the base glass.

A solid solution series Pb3Ge2-.ySiy07

lower temperatures. In the hexagonal

cell constants as a function of SiO                                   2
lineariy from x=O to x=2.0, but there

tinuous change at x=2.5.

When the ratio of Si021Ge02 was above
       '
soiution series of Pb Si                           Ge O                                  was                        3-z z                               ll                     5

 appeared at

 setting, the

content decreased

 was a discon--

2.0f a new

found.

solid
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Chapter 5. Effect of addition of oxide

     The Åíabrication of new glass-.ceramic system by the

crystailization of lead gerrnanate glass with the composi-

tion near 5PbO'3Ge02 involved sorne problerns to be solved.

One was an improvement of stabUity of the base glass

during cooiing of the melt. Next one was an expianation
  '
of the crystallization mechanisrn as mentioned in Section

2-3 of Chapter 2.

     A srnall amount of third component oxide was added to

5PbO'3Ge02 glass which was $uitable for fabrication of

traiisparent ferroelectric glass-ceramics. Effects of

added oxides on stability of the base glass and the cryst-

allization of the base glass during heating were examined

by DTA and X-ray diffraction analysis, and the results are

mentioned in this chapter.

     Added oxides are ciassified into the following three

groups ;
                                      '
     (a) Si02, B203 and A1203 as network-ferrner.

      (b) Ti02 and Zr02 as nucleating agent.

      (C) Fe203 and Nb20s as intermediate.

     The compositions of glasses under investigation are

listed in Tabie IX . The crystallization process was
                                                        '
examine by DTA. Figure 17 represents the DTA traces of

the glasses tabuiated in Table Ix with a heating rate
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      'r }--b1e

  Sample

  PGSi-O.5

  PGSi-1
--- P .G. Si- 2

  PGB-1
  PGB -- 2

  PGB-3

  PGAI-l

  PGAI-2.5

  PGA1--5

  PGTi-O.5

  PGTi-1

  PGTi-2
  ]pG-z,r-O.5

  PG tr-1

  PG6r-2

  PGFe-O.5

  PGFe-1

  PGP'e-2
r-  - p-.' , 6-o.s

,1 PGts'b-l

i pGA7"b-2

IX

I
 l

l

g
{
l
l•

ll

i
!

1
i

i•

i

i
i
l

 Che ri'] -' ca1
.

 PhO wtc,,i       i

  77.69

  77.24

  76.s6

  77.15

  76.4g

  75.72

  77.22

  76.Io

  74e10

  77.67

  77.25

  76.52

  77.6s

  77.28

  76.53

  77.61

  77.21

  76e52
t- tt tt-t.t t

  77.68

  77.10

  76.47
    tttt

•)ii-

composition$ of

GeO2 igtSi•6ff

 22.05

 2i.74

 21.54
  .. tt
 21.71

 21.53

 21.31

 21.73

 21.40

 20.90

 21.86

 21.74

 21.53

 21.85

 21.74

 21.54

 21.84

 21.73

 2.1 .53 -

 21.86

 21.70

 21.52

 glasses.

RO t,-t9S
 mn ..... .
  o.44

  1.02

  l.90
  , . ,'4'

  l.98

  2.97

  1.05

  2.50

  5.00

  o.47

  1.01

  1.94

  o.49

  O.98

  1.93

  o.s4

  l.06

  1.94

  o.47

  i.20

  2.01

ER o]
 mn

 sio   2

B 20 3

Al20 3

TiO   2

zro   2

Fe O  23

Eb20s

fi; }:olar ratios of PbO/GeO.
         L

are 5/3 in al1 sarnples .
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of IOOC/min.

(a-1) B203 .
     The addition of small amount of B203 enhanced the glass

forming tendency of the melt. On thermal properties of the

base glasses, the addition of B203 led to a reduction of

the giass 'transition ternperature. However, when the amount'

                           'Of B203 was above 2 weight9'o, the glass transition tem-

perature increased. On the other hand, the temperature of

crystallization rapidly increased, but that of phase change
          'frOrn Pb 3Ge207 tO PbsGe3eu slightly changed and above 2

weight9o of B203 exotherrnal peak due to the phase ehange

disappeared. Niloreover, in 5PbO'3Ge02'B203 glass, a crystal-

lization did not occurred during the heating up to 7000C.

(a-2) si02 and Al203

     'rhe addition ef a small amount of Si02 or A1203 strOng-

ly stabilized the base glass. In the 5PbO.3Ge02'Si02 glass,

no devtrification was observed during the heating up to

7000C. Ali characteristic temperatures observed in I)TA

traces increased with the increase of these oxides content.

M'oreover, the exothermal peak caused by the crystailization

of the base glass were broadened by the addition of these

oxides.

     In the case of Si02, the X--ray diffraction patterms of

precipitated phases are almost similar to those Of Pb3Ge207

and PbsGe3eil, but srnall shifts of peaks were observed.

Therefore, the cry$taliine phases were identified to be

Pb3Ge2.ySiy07 and PbsGe3-xSixOu already discussed in

Section 4-2 of Chapter 4.
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(b) Ti()2 and Zr02

     The addition of less than 2 weight9o' of Ti02 or Zr02

to the base glass was well effective for a advanaement of

stabilization of the glass. By the addition of above 2
       'weight9•b of these oxides, liquidus ternperature was rapidly

raised up above 10000C and glass forrnation became very

difficult. Above IOOOOC volatUization of PbO and GeO                                                       2
took place.

     Effective action as a nucleating agent was not observ-

ed with the addition of these oxides.
(c) )"e203 and ptb20s

     The base glass was colored to brown by an addition of

Fe203. The effect of addition was similar to that of Ti02.

In this system, when these oxides were added by above 2.5

weight9e, quenched glasses always involved undissolved

inclusions. The inclusions may be those added o)(ides.

     The results rnentioned above were shown in Figure 18.

As shoxm in this figure, although the added oxides played

a role either as a nucleating agent or as a glass.stabiliz-

er, effects on the crystallization of the base glass were

quite sirnilar. This fact suggested that homogeneous nucle-•

ation process took place spontaneously and rapidly in

5PbO.3Geo           gla$s.         2
     An attempt to determine the growth rate did not succeed

because the growth rate was so large and subsequently

particle size of cry$tals was too srnall to be detected

under a rnicroscope.
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Chapter 6. Properties of glass-ceramics

     As mentioned in Sections 2.2, 3-2 and 4-2, glass-

ceramics were forTned by the crystallizations of lead

siiicate glass, lead germanate glass and lead germanosili--

cate glass. In this chapter, the properties of these

giass,-ceramics are described.

6-l. Transparency

     In every systenis under investigation, the base glass

was transparent and yellowish in color. After the crystal-

lization, gla$s-cerarr.ics were easUy forrned. Sorne of them

were transparent or transluscent, and the others were opaque

in compliance with heating conditions and glass composi-

tions. Transparent glass-ceramics were obtained only in

case when the crystallin.e phase precipitated as a sigle

phase from the base glass.

     For instance, a ferroelectric glass-cerarnics with high

transparency was prepared by the crystallization of ferro-

electric Pb sGe30u from 5PbO.3Ge02 glass. Figure lg shows
the PG-62.5 glass ( 5PbO.3Ge02 glass ) and a transparent

crystallized body produced by the crystallization at 530

OC for 1 hr. From the result of observatien on tran$-

parent body as shown in the figure, particle sizes of
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precipitated crystal Pb sGe3011 were dp.termined to be about
    o3000A usjng the eiectron microscope. Therefore, the trans-

parency observed in this system would be attained by the

spread of smail particles whose sizes were less than the

wave length of visible light.

6-2. Dielectric property

     Zn the present investigation, two ferroelectric

crystalline phases were obtained. One was Pb sGe30u and

the other was a solid solution series Pb                                          Ge                                                si o                                                  x 11                                             3-x                                          5
( OExS-l.75 ). Dielectric properties of glass-cerarnics

were measured with the frequency of lo3 IIz. The ternperature

dependency of permittivity of glass-ceramics of

  s 3-xSixOn ( X=O, O•5 and 1.0 ) was measured in thePb Ge

temperature region from 2000C to room ternperature. The

resuits are shown in Figure 20. As shown in this figure,

maximum peak in permittivity was found at :a.bout l750C for

glass--ceraniic of 5PbO'3Ge02, 1150C for 5PbO'2.5Ge02'O.5Si02

and 650C for 5PbO'2Ge02'Si02 respectively. These values

were in good agreeraent with those of single crystals re-

ported by Eysei et al. [22]. Iv'hen the SiO                                              content                                            2
inereased, Curie temperature and peak perndttivity decreased.
                                                         '     On the other hand, it was expected that new cornpound

PbsSi30n Obtained in the present study exhibited a ferro--

electric property because of a structural similarity with
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ferroelectric Pb sGe30n. IIowever, the glass-ceramic

specimen including Pb sSi30n, which was prepared by

                               glass at 5500C for 333crystallization of 5PbO'3SiO                             2
had a constant permittivity of 17 in the temperature

region from 7 K to room temperature.

the

 hrs '
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Chapter 7. General consideration

     ert. the basis of the present experimental results, the

process and distinctive features of crystallization of
                                                    '
glass to yield a metastahle phase are discussed in this

chapter.

     The crystallizatiort of glass is generally viewed as

a two-step process. The first step involves the foramation

of a stable nucleus and the second one does the growth of

the riucleus to form a crystal.

     Nucleation is very important even in case when a

crystalline phase precipitates from the glass with the

sanie composition. ",ucleation is classified into either

homogereous or heterogeneous. When nucleation occurs

within a pure phase with no interface, the process is

defined as honiogeneous. Heterogeneous nucleation involves

the forniation of a nucleus at an interface such as con-

tainer wallsf bubble surface, or particle surface of a

second phase which serve to catalyze the reaction. The

classification of nucleation processes are schematically

showri in Figure 21.

     Ns'e corsider the forrnation of a spherical particle
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fron] a homogeneous supercooled liquid at a constant tem-

perature-pressure through a homogeneous nucleation pro-

cess. The free energy change 'tvhich occur$ in the process

to form the praticie can be expressed as follotv's;

          aGr= 4yr2\Ls +grr34Gv .e. (o

where r is the radius of particle, yLs is the liquid-

solid interfacial energy andAGv is the free energy change

per unit volume accompanying the liquid-solid phase trans-
formation. Gr can posses the rr]aximum value AGr*

( = l67Vyl:.s/3AGv2 ) at r=r* ( = 2\Ls/nGv ). Particles with

a radius greater than r* are called "nuclei" and are

stable since growth is accompanied by a'decrease in free

energy. From Isoltzmann's law, the number of nuclei with
a given size r* at a temperature T is given by

          Nr'=K exp< --6Gr*' /kT ) ''' (2)

where K is a constant and k is the Boltzmann's constant.

     On the other hand, the formation of a stable nucleus

needs a diffusion of atoms frorn a liquid to a nucleus
         'through the liquid-solid interface. Thus, the rate of

nucleation is given by

          Z= K' exp[ -( Gr'+ Q )/kT ] ''' (3)

where Q is the activation energy of diffusion process at

the liquid-solid interface.

     AGv , at a tenperature near the liquidus temperature
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TL, is approximately gi'ven by

          AGv =A(TiL-T)/TL ••• (4)
where 7 is the heat of fusion. I;y using equation (4),

equation (3) can be written finally as follows;
          i . K,, ..p (/ . fT [i6 'r3 Yis 72(Tiii)2 + Q] )1

                                              ••• (5)

Therefore, the rate of nucleation is defined by the

degree of undercooling (TL-T) and Q related with the

diffusion process.

     The rate of nucleation with a heterogerteous process

is g-'ven by

          1' = K'" exp[ -( AGr*•f(e) + Q)/kT ]
                                             e•• (6)

where f(g) is a function of the contact an.gle e.

     On the other hand, the growth rate of nuleus is

given by the followinf formula,
                                           '
          u = K"" exp(-Q'/kT) 1-exp(AGv/RT)l ...(7)

                               '
where Q' is the activation energy of diffusion process at

the liquid-crystal interface artd AGv is the free energy

change per unitvolume. This equation indicates that the

rate of crystal growth depends on both values of therrno-

dynamic ard kinetic barriers.
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(i) System PbO--Ge02
                                                       '     As mentioned ip section'2-2, in this system, 1'b3Ge207

precipitated as a metastable phase at a relatively lower

teruperature and transformed to PbsGe30u at 4890C duripg

the heating of 5PbO.3Ge02 glass.

     Crystallizatien of metastable phase has been observed

in many glass systems. For example in the system with one

component oxide glass, it is well knorm that cristobalite

is formed after the devitrification of fused silica above

IOOOOC in splte of the fact that cristebalite is not stable

below 14700C. This phenomenon was explained by the assump-

tion that the structure of fused sUica is "cristobaiite-
                            'like", so that the formatior of cristobalite nuclei

requires the least drastic rearrangement of the $tructure
                                            '[2s]. For multi--components system, the same phenomenon

could be found in case of woilastonite ( CaO'Si02 ) with

two modifications ( the Jt--hexagonal form is stable from

11500C to the melting point and the B-orthorhombic form

is stable below 11500C ). Norey [26] suggested that

a-CaO.Si02 could be obtained frorn the glass even below

11500C. In other systerns, crystallization of metastable

phase from the glass was often observed and the structure

of the glass was identified to that of the metastable
                                                '
crystailine phase which is usual a high temperature

modification. On the other hand, in the multi-component

systems such as Li20-Si02, the crystallization of meta-

stable phase was enhanced by the phase separatiort [27].

Therefore, it is sufficient to understand that

--
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crystal!ization of a Tiietastable phase is induced by the

structural similarity betvgeen the glass and the high

te!nperature modification or by the phase separation as

kinetic treatTnent. In 5Pbe'3Ge02 glass, however, Pb3Ge207
         '
hras not only stable at relatively higher temperature but

aiso phase separation was recognized. A new mechanism
                '        'shouid be proposed for the crystallizatiOn of Pb3Ge207

fro rn 5Pb O ' 3GeO                glass.              2
     The crystallization mechanism has been investigated

by various methods including X-ray diffraction technique,

electron microscopy, sniall angle X-ray scattering, light

scattering, differential therma1 analysis and infrareC

absorption spectrophotometry. Recer)tly, Gregory and

Verssey [28] reported that infrared absorption spectoro-

photometry is useful for the examination of crystallization

processes. In this study, crystallization process of the

glass is investigated by infrared absorption analysis.
        '     In I"igure 22, the spectra of PG-62.5 glass ( 5PbO'

3Ge02 ) and its crystallized products are shotwrn. According

to the results of phase relation described in section 2-2

of Chapter 2, the PG-62.5 glass crystallized at 3870C

and phase change of the crystallized phase took place at

4890C. In the PG-62.5 glass, the existerce of crystalline

phase of Pb 3Ge207 was observed after the heating at 3750C

for 50 hrs, and the crystallized product exhibited sharp

absorption peaks in the infrared spectrttm at 720, 520,
413, 383 and 34s crn'l ( Figure 22 ). The crystallized

glass containing a crystalline phase of PbsGe30ll, which

-- 88-



o2
-o
-.--

E
2
9
F

Glass

37se Ohr

s2ooc•-3ohr

l

i
i
l

l

l

;

;

l200• 800
  Av-  J-)/cm"

'

400
i
f

Figure 22;
  lt

Infrared absorption spectra

iymd crystallized products

of PG-62.5 glass

-89-



was heat-treated at 5200C for 30 hrs, displayed sharp

absorption peaks at 799, 755, 734, 708, 673, 493, 429, 413,
                    -l                       ( Figure 22 ).397, 352 and 327 crn

     The infrared absorption spectra for crystals of

Pb Ge O  3 27, PbsGe30n and Pb3GeOs obtained by slow cooling

of the melts are shown in Figure 23. As showri in this

figure, they are composed of two absorption bands around
               -1730 and 380 cm                  and one characteristic absorption at
about soo cm-1. characteristic ahsorptions of the glass,

crystallized products and crystals are listed in Table X.

     To assign absorptions of each spectrum in detai!, the

contrihution of Ge04 tetrahedron to infrared absorptions

was exaniined in cornparison with the results of Si04

tetrahedron. Infrared spectra of silicatg minerals have

been stu(h'ed by many investigators and infrared active

frequencies were calculatecl for several structures as

1isted in 1"able Xl.

     The crystal structures of Pb3Ge207 and Pb3GeOs are

not still determined, but that of PbsGe30u was deterrnined

by Newrnham et al. [29], which consists ef an isolated Ge04

tetrahedron and Ge207 unit as iliustrated in Figure 24.

     I'or Ge207 group in minerals, calculated infrared

active frequencies of 764, 741, 701, 686, 395, 352 and
      -1325 crn         were reported with the assuming that Ge207 had
C2.( Ge-O-Ge=1400) symmetry.[30]. Absorptions at 755,
       '734, 708, 673, 397,352 and 327 crn'l of PbsGe30il observed

in the present experinient agree with the caluculated

values. Assignments of absorptions are tabulated in

-90-



co

2
-o
---E
ut
ceLF

l200 800
  iv  J•)1cm"

4oo

1
r

}
i
i

l
l
l
i

I
l

i

!

i
l

l
l

I
l
l
l

i
i

i

I

l
!

i

Figure 23 !nfrared

   PbsGe3011

absorption

 (b) and Pb

spectra

3Ge207

 oC

(c)

Pb3GeOs(a)y

-9l-



o
Ge  Pb o

  a

t

i

l
f
i
l

l
l

i

i
i

l
l
l
I

l
l

l
l

!
l
l
l
i
I

l
l
l
l
i

l
i

Fig'ure 24. Prototype

  ( after

structure

ptewnham )

of ferroelectric Pb Ge O  53       11

-92--



Tab!e X. Characteristic absorption at about       -1500 cm

pG-62.5

PG•-b62.5

pG-62.5

Pb 3Ge 20

PbsGe.30

 Sample

 glqss

 glass containing

 glass contaÅ}ping
     '
  crystal7

ll crystal

   GePb  3
   GePb  5

207

30ll

peak position

 525

 520

 493

 524

 493

( cmny1 )
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Table xl  Calculated infrared
,

 various silicates.

actlve frequencies for

                 OJh

Cyclosilicates D4h

           , 06h
             '

Sheet struetures

Chain structures

Si2g7 $tructures

lsolated Si04

  structures'

1082 1045 904

il06 1043 910

1114 1045 949

1128 1007

U49 1057

ll07 1030

     10 5l

766

684

6e2

650

800

774

770

567 470

566 564

567 589

62g 529

580 523

    493

404

2,ii

344

439

479

473

205

245

182

l
l
i
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Tab1e .""II. tNssignrnents of

  rL."  ?')observed

   799

   755

   734

   708

   673

   493

   429

   413

   397

   352

   327

infrared absorptions

     assignment

2)3 Ge04,

2'>3 GeO4,

)')3 GeO4,

Z-)3 GeO4,

•L)1 Geo

      4
2'>4 GeO

      4
't')

 4 GeO      4

A 1 Ge207

B2 Ge207

A 1 Ge207

Bl Ge o
     27

A 2 Ge207

B 2 Ge207

A l Ge207

of Pb 5Ge O  3 ll •
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T'able Xl!.

     In the cases of Pb3Ge207 and I'b3GeOs, $ince the

structure$ of these phases are not still determined, an

attempt to assign irsfrared absorptions.

     The spectra of all the glasses are quite similar in

shape. As shotsn in Figure 22, the spectrum of PG--62.5

glass (5PbO.3Ge02) is essentially identical with that of

Pb3Ge207 Crystal. Especially the broad band of the glass
at about s2s cm-1 is rquivalent to the weak peak of

                          -lPb3Ge207 crystal at 524 cm . The broadening of the

absorptions of glass is due to the variety of Ge-O bonds

in the glass. Therefore, it is considered that the giass

has a structural unit similar to that of Pb 3Ge2e7 crystal.
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     To obtain the information on the nucleatior and

crystal growtht microscopic observation was carried out

for Ts}ar,y specimens. On microscopic examination of the

base glass under the investÅ}gation, neither bubbles nor

undissolved refractory inclusions were observed. The base

glass did not involve an additional nucleating agent.

}ioreover, it was founcl that the crystallization occured

uniformly on the whoie body in every specimens. These

results suggest'that the nucleation proceeds with a

honiogeneous process and a large number of nulei are

spreaded throughout the body.

     It is expected that nucleation takes place when the

melt sn'th the composition of 5PbO'3Ge02 is cooled from

the liquidus temperature to roorn temperature. At a tem-

perature near the liquidus temperature TL, first, nucle-

ation of a crystalline phase is very difficult due to the

smail nucleation rate I caused by the smal! degree of

undercooling (TL-T) and the fast cooling rate. Secondarily

at temperature near the glass--transition ternperature

and/or at lower temperature, Q of equation (5) possesses

a very large value and the nucleation rate falles down

remarkably. Therefore nucleation does not occur. On the

other hand, since the (TL-T) is relative!y large and Q

is adequately small at a temperature suitable for nucle-

ation, the nucleation rate is determined by the interfacial

ener6TY YLs. In this case, yLs is affected by the differ-

ence of coniposition betweer, nucleus and liquid matrix and
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by incoherency of atorns at the interfaces.

     Consequently, for the discussion of metastable

crystallization of I'b 3Ge207 in prior to the crystalli-

zation of Pb sGe30n in the present investigation, it is

sufficient to consider the interfacial enegy between the

matrix and each crystal.

     As mentioned above, it is expected from the results

of infrared absorptÅ}on rneasurernents that the structure of

glass is similar to that of Pb 3Ge207 crystal. This

structural similarity induces the smaller interfacial

energy between the nucleus of Pb3Ge207 and the base glass.

Therefore, when the melt was quenched frorn the liquidus

temperature to the room temperature, the formation of

nurnerous nuclei of Pb3Ge207 occurs easily and rapidiy

through a homogeneous nucleation process.

     Crystallization process during the heating of the

base glass including the numerous nuclei of Pb 3Ge207

crystal is considered as follows.

     As sho"rn in Figure 2, the exothermal process caused

by'the crystailization gave rise to a sharp peaks in

DTA trace and completed in a narrow temperature region.

And crystal particles precipitated from the glass are too

small to deternine the shape ar!d particle size hy a
                     'optical microscope. These results suggest that the
                                               'crystallization proeess completely finishes in a short

time. 'rhe fact that the crystallizatiOn Of Pb3Ge207

occurs quickly at a temperature higher tharr the' glass
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transition temperature by about 500C suggests that this

crystallization does not proceed by the rearrangements of

structural units such as Ge04 tetrahed]ra, Ge207 and Pb04

groups, but by the migrations of lead ions as network

modifier.

     However, the phase transformation froTn Pb3Ge207 tO

PbsGe30n gave raise to a broade exotherinal peak in a

DTA trace. At the ternperature where this broad exothermal

process was observed, the migrations of network-forming
                4+                             2+atoms such as Ge                                ion rnust be possible.                   ion and Pb

Phus, it seems that this process is also attended with
                    4+                             2+                       and Pb ions as network-formers.the migrations of Ge
 'The rate of this process involving the rearrangements of

network depends on the viscocity of residual glass matrix,

and the boundary betsveen the stable region of Pb3Ge207

and that of PbsGe3Un ( or +Pb3GeOs ) is set up as a

function of temperature and glass cornposition.

     Ip the pG-62.5 glass, both phases of PbsGe3011 and

Pb3GeUs were precipitated as primary crystalline phase

sin]ultaneously. 5ince, in the composition of this glass,

it is considered that the tempearture region where the

asseniblage of Pb 3Ge207 and glassy phase existe as meta-

stable will be lower than the glass transition temperature,

Pb3Ge207 can not crystallize. If PbsGe30n appears as a

primary crystalline phase, the residual glassy phase
        '
becornes richer in PbO content and consequently glassy

phase can not exist as a stable phase, but crystallization

Of Pb3GeOs would occur at once.
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<ii> system PbV-SiU2

     As discussed in section 2--2 of chapter 2, during the

heating of 51'bO.3Ge02 glass the crystallization process

took place as foUows;

          Glass ---->- Glass + Pb3Ge207 -PbsGe30n

!n case of 5I)bO'3Si02 glass, however, the following reac--

tiorL process was observed;

          Glass ' PbsSi30n --"' Pb2Si% + PbSi03

Therefore it is considered that in the glass of 5PbO'3•Si02

and 51]bO'3Ge02 analogous crystallization processe$ do not

take place. And each crystalline phase precipitated from

the glass are in equilibriurn states.

     In lead silicate systeni, the structural similarity

between the glass and each crystal was also examined by

mear)s of infrared absorption spectorophotometry. Infrared

spectra of the glass and the crystallized products cortain-

Å}rig 1'b s5i30nare Ulustrared in Figure 25by KBr method.

     In the 5PbO'3Si02 glass heated at 5500C for 333 hrs,
                                                       'the existence of crystalline phase of Pb sSi30u was reCOg-
nized and crystallized product exhibÅ}ted sharp absorption '

peaks in the infrared spectrum at 1055, 990, 935, 880, 845,
                                       -1820, 790, 660, 600, 510, 465 and 425 crr} . On the other
                                         '
hand, after the heat-treatment of 5PbO•3Si02 glass at

4580C for 45 hrs, absorptions were observed at 930, 875,
84s, 660, 605, 510, 46s and 42s cm-1 in the infrared
     '
spectrum of the crystallized product. Sarnple obtained by

slow cooling of the melt with the compositiort of 5PbO.3SiO                                                           2
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exhibited strong absorptior)s at ll15, 1075, 1030, 930,

880, 855, 835, 680, 645,620, 610, 585, 520, 510,and 460
  -lcrn as shown in Figure25. From the X-ray diffraction
                          '
analysis, the existences of H-Pb2Si04 and PbSi03 recog'-

nized in this sarnple. The infrared spectrum of this

san}ple suggests that there are many kinds of chernical

bonds between lead, silicon and oxygen atorns. Especially

the existences of several kinds of environrnents for lead

ions are surmised by the characteristic aborptions at
about 6oo-7oo cm'1.

     The infrared absorption spectra of the 5PbO.3Si02

glass and of Pb sSi3011 crystal are aimost similar in shape
                                                '    '
and the eharacteristic absorptions of both the glass and

crystal appeared at same wave number within art experimental

error. Therefore, the structure of the glass is idealized

to that of l'b Si                     crysta1.                 (J                  11             53
     As discussed above, the structural similarity between

the glass and Pb sSi30n crystal induces a lower interfacial

energy yLs for the interface between the glass matrix ard

nucleus of Pb Si O                     , and caused the crystallization of             5 3 11
Pb Si O  s 3 u frOM the 5PbO.3Si02 glass to be easy.

     In this system, as cornpared with the case of the system

PbO-Ge02, a broad exothermal process eaused by a crystaili-

zation of Pb Si O                    is observed at a relatively lower tem-            5 311
perature in DTA traces. Therefore, it is concluded that

this exotherrnal process involves the nucleatior process.

During the rnelt is cooled to roorn temperature, narnely,

nucleatior} merely occurs.
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(iii) System PbO-Ge02-Si02

     In this system, the crystallization process is ex.

plained with a comb. ination of those of systems PbO-Ge02

and PbO.Si02. As shown in Figure14,, the stable region

                  was in contact with the stable region ofof Pb Si           Ge O     5 3-z z ll
Pb3Ge2-ySiy07. "Ioreover, Pb3Ge2-ySiy07 or PbsSi3ezGezOn

precipitated from the gZass as a primary crystal"ne.

phase at relatively lower temperaSure during the heating
                                           '                                                    '
                                                          '     To elucidate the crystaliization process in this

system and the phase releltion between Pb3Ge2.yS,iy07 and

PbsSi3..zGezOll, infrared absorption spectra of crystaliized

products were measured. The absorption bands as a func-

              content in the composition of base glassestion of SiO            2
are shown in Figure 12. As shown in this figure, two

characteristic features for'infrared absorptions were
                                                          '
observed in this systern. First was that there is a sharp

discontinuity at X=2.0 on the D3 vibrations of Si.O bond.
Zn t' he solid solution series PbsSi3..zGezOn ( z=O.5 and O),

P3 si-o Splits into five Zines observed at thg region of

820-ggo crn" l But in the region below x=2.0 ( X-vaiue shows

the glass cornposition ) where the solid solution series

Pb3Ge2eySiy07 appeared, there are three lines Of 2>3 sieo
at 830-930 cm'l This phenornenon would be explained by the

different tetrahedral environments due to the structural
symmetries of PbsSi3ezGezOn and Pb3Ge2..ySiy07. Therefore,

this result weli agrees with that of X.ray diffraction
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analLysts. In X--ray diffraetion a"alysis, when ratio of

Si02/Cce02 was less than. 2.0, the product belonged, to

hexagonal symmetry and wherL the ratio was more than 2.5t

the product belonged to orthorhombic symmetry.

     On the other hand, second one is that Dl vibrations

caused by Si-.O and Ge-O bonds are independent of the

chen}ical cornposition of the base glass. As mentioned

above! L) 1 vibration is very sensitive for the environ--
ment of lead ion, and no change of L)l vibrations of two

solid solution series strongly suggests that the environ-

                                    was similar to thatrnent of lead ions in Pb Si                             Ge O                       5 3-z                               z ll
                 . Noreover the wave number of 2)in'Pb Ge           si o

vib.ratiop observed on solid solution series are quite

equal to that observed on the base glass.

                                                     si o     l'lowever, infrared absorption spectra of Pb                                                Ge                                                          11                                                   3-x x                                                5
are different fron} those of another two kinds of solid

                            'solution series.

     Consequently, it is '•concluded that there exist the

structural similarities between the ba$e glass and both

phases of Pb3Ge2.ySiy07 and PbsSi3-zGezOu. On the basis

of the experimental results such as DTA and infrared ab-
                                                   '             'sorption measurements, in the region where the ratio of

Si021Ge02 is iess than 2.0, it is concluded that the
                       '
crystallization proceeds as same manner as in the case of

the system PbO--GeO                    and same process with the case of                  2
the systeni PbO-Si02 occurs in the region where the

Si02/Ge02 ratio is more than 2.0.

-- 1O6-



     Of course, in this system, lower irterfacial

between the glass and these crystal is induced by

structural sirnilarity between the glass and these

enegy

the

crystals.
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as

(i)

(2)

(3)

                Summary

  Results and considerations in this paper are

follows ;

summarized

The yellowish transparent glass with homogeneity 'tvas

easily formed in the present experiment. The substi-

tution ef Si02 for Ge02 enhanced the glass forming

tendency.

The glass•transition temperature decreased continuously

                                                   arxdwith the increase of PbO content in the PbO-•GeO                                                 2
PbO-Si02 systems. However, the glass transition tem-
                                                  4+                           4+                              were replaced by•Siperature increased when Ge

in the system PbO--Ge02-Si02.

A ferroelectric glass-ceramic with high transparency

was easuy prepared by the crystallizatiOn of Pb sGe3011

from 5PbO'3Ge02 glass. The Curie temperature Tc of

glass-ceramics of Pb sGe30n was determined to be 175

OC. Increasing the Si content lowered the melting

point and Curie temperature. The value of Tc were
            'determined to be l150C and 650C for the glass-ceramics

of Pb Ge     s 2.sSio.sOu and Of PbsGe2SiOn. Frorn the
results of change of Tc and lattice parameters of

PbsGe3.xSixOn as a function of Si content, it is
                                                    '
indicated that the composition of the glass defines

the x--value in this solid solution system.

-I08-



(4)

(5)

(6)

(7)

(8)

(9)

Effects of added oxides on the crystallization of the

           were quite similar whether they behaved as5PbUe3GeO         2
a nucleating agent or as a glass stabilizer. This

fact suggested that homogeneous nucleation took piace

sponteneously and rapidly.

A new phase of Pb3Ge207 was synthesized. The crystal
                                               ostructure had a hexagonal symmetry with a=IO.l6A and
       oc=19.37A. This phase was paraelectric.

                  GeOA new phase of Pb                       with orthorhombic systern was                 35
prepared and its lattice parameters were deterndned

            oe oto be a=4.85A, b=l5.52A and c=11.77A.

A new phase of Pb sSi30u had a orthorhornbic system

           oo owith a=9.93A, b=8.31A and c=34.4A. This rnaterial

was paraelectric dosm to 7 K and its value of per-

mittivity Mras 17.

Considering infrared absorption spectra of giasses and

their crystallized products, it is confirrned that

structural sirnilarities exist between the glass and

metastab1e crystaliine phases.

The preferential crystallization under present investi-

gation was due to the easy rearrangement of structure

produced by the structual similarity between the giass
                     'and crystals.
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