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ABSTRACT
EFFECTS OF 2rO, ADDITIONS ON SINTERING OF

LiF FLUXED BaTiO3 CERAMICS

HYUNG-KOOK YANG
Master of Science in Engineering

Youngstown State University, 1992

The sintering of barium titanate (BaTiO3) ceramics with
1 and 2 wt% LiF was studied. LiF-fluxed BaTiO; compacts were
sintered to near theoretical density at temperatures below
1100°C in 2 hr. The rapid densification was directly
dependent on the LiF content. The crystal structure of LiF
flux phase varies during sintering from tetragonal to
pseudocubic and then to a second tetragonal symmetry.
Microstructure analysis showed a uniform grain size (& 1 um)
with 0.75 wt% ZrO, added to the flux phase as a grain growth
inhibitor. X-ray diffraction studies showed that small-
grained samples indicated the suppression of the tetragonal

symmetry toward a more cubic modification.



iii

ACKNOWLEDGMENTS

I would like to thank my Heavenly God made this project
completed successfully.

I would also like to thank Dr. R. W. Jones, Director,
Department of Materials Engineering, for his technical
guidance and help throughout the studies.

I would like to express a great appreciation to my
parents who have thoroughly supported me all the times.

Special thanks go to my uncle, Mr. Hee S Park, for his
help while staying in the States and Mr. Richard Lee Blosser

for his techincal advice on SEM studies.



iv

TABLE OF CONTENTS

ABSTRACT ii
ACKNOWLEDGMENTS iii
TABLE OF CONTENTS iv
LIST OF FIGURES vi
LIST OF TABLES ix
I. INTRODUCTION 1
II. LITERATURE SURVEY 3
2.1. Barium Titanate 3
2.1.1. Crystal Structure 3

2.1.2. Properties i)

2.1.3. Stoichiometry 13

2.1.4. Effect of Solid Solution Additives 16

2.1.5. Effect of Flux Additives 21

2.2. Preparation of BaTiO; Powders 23
2.2.1. Thermochemical Method 23

2.2.2. Pyrolytic Decomposition 24

2.2.3. Metal Alkoxide Decomposition 25

2.2.4. Comparison of Three Methods 26

2.3. Densification 26
2.3.1. Solid state Sintering 26

2.3.2. Liquid Phase Sintering 29



TABLE OF CONTENTS (cont'd)

2.4. Manufacture of Ceramic Capacitor 33
2.4.1. Principle of Capacitor 33

2.4.2. Processing 35

III. EXPERIMENTAL PROCEDURE 38
3.1. Sample Preparation 38

3.2. Characterization 42

IV. RESULTS AND DISCUSSION 44
4.1. Effects of LiF in Sintered BaTiO3 Ceramics 44

4.2. Effects of Zro, in LiF Fluxed BaTiO3 Ceramics 56
V. SUMMARY AND CONCLUSIONS 72

REFERENCES 74



FIGURE

2a

2b

10
11

12

LIST OF FIGURES

Ideal cubic perovskite structure

Lattice parameter of BaTiO3 as a function

of temperature

Dielectric constant of BaTiO3 as a function
of temperature

Illustrating a cavity dx dy dz away from
dielectric between two charged plates
Charging and loss current for a capacitor
Square lattice with only electro-strictive
properties

A two-dimensional structure with piezoelectric
properties

BaTiO3 fired in air (a) stoichiometric

(b) 1 mol% excess TiO, (c) 2 mol% excess BaO
Phase diagram of BaO-TiO,

Effect of isovalent substitution on the
transition temperature

Manufacturing process of MLCC

X-ray diffraction pattern of pure BaTiO4

Heating schedule of samples

vi

PAGE

14

14

15

17

19

37
39

41



FIGURE

13

14

15

16

17

18

19

20

21

22

LIST OF FIGURES (cont'd)

SEM photographs of pure BaTiO3 (a) at 900°C
(b) at 1000°C

Density vs. sintering time for BaTiOj

with LiF at 950°C

Density vs. sintering time for BaTiOj
withyLiF at 1000°C

Density vs. sintering temperature for

LiF fluxed BaTiO;5

Firing shrinkage vs. sintering temperature
for LiF fluxed BaTiOj

SEM images of as-sintered BaTiO5; at 900°C
for 2 hr (a) with 1 wt% LiF (b) 2 wt% LiF
SEM image of as-sintered BaTiO; with 2 wt% LiF
Grain size vs. sintering temperature for
BaTiO; with LiF additions

Axial ratio vs. sintering temperature for
BaTiO3 with LiF additions

Grain size vs. sintering temperature of

2 wt% LiF fluxed BaTiO3 with or without Zro,

vii

PAGE

45

46

47

50

51

52

53

54

55

61




viii

LIST OF FIGURES (cont'd)

FIGURE PAGE
23 SEM images of BaTiO; (a) 1 wt% LiF without 2Zr0, 62

(b) 1 wt% LiF with 0.25 wt$ 2ro,

24 SEM images of BaTiO; (a) 2 wt% LiF 63
(b) plus 0.5 wt?% Zro,

24c SEM images of BaTiO5 (c) plus 0.75 wt% ZroO, 64

25 SEM images of BaTiO; (a) 1 wt% LiF 65

(b) plus 0.5 wt% Zro,

25c SEM images of BaTiO; (c) plus 0.75 wt% Zro, 66
26 Grain size vs. Zr0O, concentration at 950°C 67
27 Grain size vs. ZrO, concentration at 1000°C 68
28 Grain size vs. Zr0O, concentration at 1050°C 69
29 Grain size vs. ZrO, concentration at 1100°C 70

30 Grain size vs. Zro, concentration at 1150°C 71




TABLE

LIST OF TABLES

Phase Transformation of BaTiOj

Effect of Different Dopants on the Properties
of BaTiOjg

Characteristics of BaTiO; Powders Prepared
by Different Methods

Properties of BaTiO; Powders Prepared by
Different Methods

Percent Flux Additions in BaTiOj

Densities of Fluxed BaTiO3 vs. ZrO,
Concentrations at Different Temperatures
Firing Shrinkage at Various Temperatures

Effect of ZrO, on the Axial Ratio of BaTiO3

PAGE

18

27

27

40

57

58

60

ix



I. INTRODUCTION

Basic ceramic capacitor materials in wuse today are
barium titanate (BaTiO;) and other perovskite materials.l 1In
the perovskite lattice, substitution of compatible cations
such as Ca, Pb, Z2r and Zn provide the necessary control
in the selection of suitable dielectric constants,
temperature-resistance coefficients, and dielectric
losses.? These dielectric materials are normally sintered at
temperatures between about 1300°C and 1400°C, and often
require extended sintering times. Because of the tendency
toward miniaturization of electronic components, ceramics
with high dielectric constants and low sintering temperatures
have become commercially important in order to lower
fabrication costs.3 In multilayer ceramic capacitor
fabrication methods they allow the wuse of base metal
electrode systems such as Ni and Cu, replacing the more
expensive Ag-Pd noble metal systems now used.4'5 1In order to
Prevent oxidation of these base metal systems, the capacitor
must be sintered in a reducing atmosphere and at lower
temperature.

The lower sintering temperatures have typically been
achieved by small additions of flux agents to promote liquid

Phase sintering.® Even though liquid state sintering lowers



the sintering temperature, a low dielectric constant
intergranular phase, and overall dilution of the dielectric
behavior of the BaTiO; have been observed.’ However, dilution
of the properties can be avoided if reactive 1liquid phase
sintering takes place. In this regard, fluxing agents such
as LiF3'8'9, NaF? and B20310 have been used to greatly lower
the sintering temperature of BaTiO; and preserve the original
dielectric properties. However, very long sintering times
were necessary to obtain proper dielectric properties which
led to large grains and nonuniform microstructures.8

Small additions of 2rO, to BaTiO; have resulted in a
reduction of the grain size and a more uniform
microstructure. At sintering temperatures below 1350°C, the
ZrO, resides at the grain boundaries and acts as a grain
growth inhibitor. The decrease in grain size was found to
increase the permittivity and produce a 1leveling effect on
capacitance versus temperature.ll Sintering with small
additions of 2rO, can develop the fine and uniform grain size
in the microstructure.

The aim of this study was not only to improve the
sintering densification, but also to control the grain growth
©f LiF fluxed BaTiO; compacts at temperatures below 1150°C
with zro,. The effect of 2r0, addition on the crystal

Structure of fluxed BaTiO; compacts was also investigated.



II. LITERATURE SURVEY

2.1. Barium Titanate
2.1.1. Crystal Structure

If large dipole moments are developed with each unit
cell, there may be a spontaneous interaction between the
dipoles of neighboring cells.l2 fThis interaction, which is
called ferroelectric Dbehavior of solids, produces a
hysteresis curve. The best-known ferroelectric material is
barium titanate (BaTiO;) and is representative of the so-
called oxygen octahedron group of ferroelectric materials.l3

Ferroelectric barium titanate is the cubic ABO3 perovskite

structure2

, Figure 1, which occurs between the Curie
temperature (®120°C) and 1460°C.

The perovskite structure is characterized by a network
of corner-linked oxygen octahedra with the smaller cations
filling the octahedral sites and the larger cations filling
the dodecahedral interstices.? Above the Curie temperature,
the Ba?* and 02~ ions combine to form a close-packed cubic
Structure with the smaller, more highly charged Ti%4* ions in
octahedral interstices. Each 02~ is surrounded by four Balt
and eight 02~, each Ba?t is surrounded by twelve 02~. 1In the
center of the

face centered cubic unit cell Ti%4t is

OCtahedrally coordinated to six 02-. When the temperature is



Figure 1. Ion positions in ideal cubic

perovskite structure.

Table 1.

Phase transformations of BaTiOs

Phase Temperature (°C)
Hexagonal > 1460
Cubic > 120
Tetragonal e B8 -
Orthorhombic > =90
Rhombahedral < -90




lowered through the Curie point, the small, highly polarized
7i4* move to less symmetric sites which in turn produce a net
dipole moment. Since each 02~ belongs to two Ti%* ions, a
coupling exists between adjacent octahedra such that the
neighboring Ti4* ions are displaced in the same direction.
This produces spontaneous polarization along the c-axis.
Thus, BaTiO; is no longer cubicl3, but corresponds to a
tetragonal structure. BaTiO; has two other crystal
structures. The orthorhombic structure is achieved at
temperature below 5°C, where the spontaneous polarization
changes its direction from one of the cube edges to a
direction corresponding to a face diagonal. Rhombahedral
structure is achieved at =-80°C, where the spontaneous
polarization changes from a direction corresponding to a face
diagonal to one along a body diagonal. The temperature ranges
for these phase changes is given in Table 1.

Associated with each of these ferroelectric transitions
is a change in the crystal structure of BaTi03.13 These
transition temperatures, reflected in the dielectric
constants and in the lattice parameters, are shown in Figure
2. When selecting the adequate operating temperature to
utilize BaTiO,, it is very important to understand where the

Phase transformations take place and their effect on the

resulting Properties.
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2.1.2. Properties
(A). Relative Permittivity

The principle characteristic of a capacitor is its

ability to store an electric charge. The charge on a

capacitor is :

where Q is the electrical charge, C the capacitance and V the
voltage. For a large plate capacitor of area A and thickness

d the geometrical capacitance in vacuum is given by :

Co = ( A/d) €o (2)

where €, is the permittivity (dielectric constant) of a
vacuum. If a dielectric material of permittivity €' is
inserted between the platesl3, as shown in Figure 3, the

capacitance becomes :

g = Co — =0Cp k! (3)

Where k' is the relative permittivity or relative dielectric

fonstant. It js defined as the ratio of the permittivity of



i

dx

Figure 3. Illustrating a cavity dx dy dz away from a

dielectric between two charged plates.




Figure 4. Charging and loss current for a capacitor.



a medium, €', to the permittivity of free space,

€o-

The relative permittivity of BaTiO; is affected by
temperature, density, frequency, and grain size.l4 The effect
of temperature on single crystal BaTiO3 is shown?, [Figure
2(b)]. The single crystal is strongly anisotropic, therefore,

the permittivity of a dense unpoled sample should be an

average of the values shown.

(B) . Dielectric Loss

For an alternating field the time required for
polarization is indicated by a phase retardation of the
changing current advanced by some angle (90 - §), where § is
the loss angle as shown in Figure 4.2 The electric field and
flux density can be described by complex notation

respectively as :

e}
I

iwt
Eoe

(4)
D = Doei(Wt-a) (5)

From Eqns. (4) and (5) the flux density can be defined as :

ke (6)

is the complex dielectric constant. Mathematical




manipulation of Egns. (5) and (6) leads to an expression of
the complex dielectric constant as :

K* = Kse_i6 = Kg(cosé - isiné) (7)
where Kg = Dy/E, and is represented as the static dielectric

constant. Separation of complex variables gives :

K|

Kgcos$§ (8)

K"

Kgsing (9)
from which the loss tangent can be defined as :
tans§ = K"/K' = E"/E' (10)

Often associated with the loss tangent is the Q factor, a
figure of merit, defined as the inverse of the loss tangent

(Q = 1/tans).

(C). Piezoelectricity

When an applied field induces dipole moments in atoms or
E dions, the dimensions of a specimen undergo slight changes. In
_ﬂﬂﬂt materials dielectric polarization produces a mechanical
ortion, but mechanical distortion does not produce
ization.13 This electromechanical effect, which is

SSent in all materials, is called electrostriction.



In pure electrostrictive materials, the mechanical
deformation produced by a polarization in a given direction
is the same as that produced by a polarization in the

opposite direction.13

Figure 5 shows a simple example of a
material with only electrostrictive properties. Application
of a field along the positive x-direction produces the same
mechanical deformation as a field along the negative x-
direction. The dashed square is the basic unit and has a
center of symmetry.

There are solid dielectric materials, however, for which
the sign of a mechanical deformation produced by a
polarization changes when the direction of the polarization
is reversed. These materials are polarized upon application
of a mechanical stress and are called "piezoelectric." They
are of practical importance because they permit conversion of
mechanical into electrical energy and vice versa. A two-
dimensional example of such a material is represented in
Figure 6. The basic unit from which this material can be
built lacks a center of symmetry, and this is a requirement
for a piezoelectric material.l3 If a tension along the x-
direction is applied in Fig. 6, the angle © will increase,

9iving rise to a polarization in the positive y-

.rection.

12




13

But if the unit is compressed along the x-direction, 6
will decrease and the polarization will 1lie along the

13 However, application of tension or

negative y-direction.
compression to the basic wunit in Fig. 5 produces no

polarization at all, because of the symmetry of the unit.

2.1.3. Stoichiometry

The sintering behavior, microstructure and dielectric
properties of pure BaTiO3 are greatly affected by the
relative cation concentrations or stoichiometry.15 Figure 7
compares stoichiometric BaTiO3 (a) to samples containing 1
mol%¥ TiO; (b), and 2 mol% excess BaO (c).1% 1t is found that
TiO, enhanced grain growth while BaO acted as a grain refiner
Oor grain growth inhibitor. Titania enhanced grain growth can
. be explained by examining the Ti rich region of Ba0-TiO,
‘Qﬂhase diagram, Figure 8. This region indicated the formation
'Q! a liquid phase above 1322°C, which results in enhanced
diffusion during sintering.
Negas et al.1l® identified the crystalline compound in

Ti rich region as BagTi;7040. Smaller excesses of either

€leCtric behavior of BaTiOj. However, large increases in

chationiC ratio result in increased enclosed porosity,




14

Figure 5. A two-dimensional square lattice with

only electro-strictive properties.

;‘Figure 6. A two-dimensional structure with

) Piezoelectric properties.



Figure 7. BaTi0, fired in air (a) Stoichiometric

(B) 1 mol% excess TiOz (c) 2 mol% excess Ba0.l5
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grain texture changes, finer domain patterns, and grain

refinement.16

2.1.4. Effect of Solid Solution Additives

Additives are used to influence the dielectric
properties of the ferroelectric materials. Small additions
of additives to BaTiO3 can increase the density, homogeneity

18 Pure barium titanate ceramics usually

and axial ratio.
show partial secondary crystallization with grains in excess
of 10 um before open porosity disappears. The secondary
crystallization can be inhibited by various additives such as
] Nb,Og, TajOg, Laj03, Smy03, Dyy03, TiOy, SmO, and Zroz.19
 Ehble 2 lists the data on the effect of dopants on the
ﬁroperties of the BaTiO3 ceramics. For a small percentage of
additives, high values of dielectric constant are obtained
ainly because of the fine grain size and partly due to the
lowering T. by LayO3 and Nb,O3 but not by Dy,03.

In BaTiO3, if the additives do not enter the lattice,
trinsic properties such as the Curie temperature and
-tice spacing remain unchanged and the additives reside at
® grian boundary which influences grain growth.

Wu et a7.20

showed that formation of a substantial solid

0N depended on at least limited solubility of the
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Table 2. Effects of different dopants on the properties of

BaTiO5. (sintered at 1200 - 1400°C for 0.5 to 4 hours)

wt% Dielectric constant

Dopant addition at R.T. 1KHz Te(°C)
Ta205, SiOz 0.50 2100 40

Ta5 053 1.50 4400 90

Dy503 0.80 2600 123

Sc,04 0.34 4500 ~10

Laj04 0.20 4000 (at 50°C) below R.T.

Nd,04 0.20 4000 (at 50°C) below R.T.
‘r Nb,0, 0.20 78001200 ~95

18




igure

9. Effect of isovalent substitutions on the

transition temperature of BaTi03.14
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additives on either the A or B site of BaTiO3. The condition
for this occurrence is when the ionic radii of the additive
ion are not too much different (*15%) from those of the ion
it replaces.14 Figure 9 shows the effect of isovalent A and
B site substitutions on the transformation temperature of

BaTiOj3 ceramics.14

A-site substitution by Pb2% changes the lattice constant
only slightly, but increases the Curie temperature and lowers
the room temperature dielectric constant. ca?t additions
have little or no effect on the Curie temperature at = 120°C,
but small additions greatly lower the orthorhombic-tetragonal
transition temperature. Sr2' additions cause a decrease in
the Curie temperature to nearly 0°C with addition of =30 atom
~ percent.

B-site substitution of 2zr4*, Hf%* and sn%* for Ti4t
qincrease the lattice constant. Buchananll found that small
.?ﬂditions (2.0 wt%) of unstabilized 2ZrO, to BaTiO; resulted
lgrain growth inhibition and suppression of the Curie peak.
These result from the introduction of the larger ions such as
gt into the octahedral sites, resulting in a reduced Curie
emperature dielectric constant.

Substitution by similar size ions such as Y3* ana Bi3*
Crease the Curie temperaturel? and are the only ions which

besides Pb2* and cu2?t. Of these additives which lower

20



the Curie temperature some shift the dielectric peak, while
others broaden the peak. Additives which cause broadening to

occur are Nb°t, Ta®t, 1n®t and La5t.14

2.1.5. Effect of Flux Additives

In general, the 1lower sintering temperature has been
achieved by adding to the ceramic powder small amounts of
flux agents, or a quantity of a low melting glass powder
which promotes densification by 1liquid phase sintering.
There are a number of fluxing additions such as LiF,318'9
3203,7'10 Cu021 and V20521 that have been used to lower the
sintering temperature of BaTiO; ceramics. The use of LiF has
successfully led to dense compacts at temperature below

1000°C with preserving the dielectric properties. However,
very long sintering times were required to obtain the
original dielectric properties.

Walker et al.? found that LiF aided densification of
‘»B&Tio3 at temperature as much as 500°C lower than without
additives for both sintering in air and hot pressing. It was
\lso observed that a combination of 1 wt% LiF and 2 wt$ MgO
ulted in an increase of almost 100% in strength of BaTiO5.
1S increase caused much 1lower internal stresses. The
fects of several other halides on hot pressing of BaTiOj

t€ also studied. It was found that rapid densification

21



began at 650°C when FpiNaK (mp = 450°C) or NH4F was added,
800°C -900°C with BaF, and 1000°C - 1100°C with additions of
most other halides such as LicCl, MgF, and NaF.

Anderson et al.?2 concluded that sintering of SrTiO,
with LiF to near theoretical densities was dependent on the
cationic ratio, the LiF content, and the temperature. It was

observed that Li substituted for Ti in the SrTiO; crystal

structure. Grain boundary analysis showed proof of a Ti rich
amorphous phase.

Haussonne et al.® studied the effect of LiF and the
cationic ratio on the microstructure and dielectric
properties of BaTiO3. It was found that the Li and F content
decreased with temperature leaving a single phase structure.

castelliz et al.l0 found that B,03 was an effective flux
- agent at up to 20 mol% addition. It was found to lower the
sintering temperature and improve the mechanical properties
Oof mixed ceramic bodies. The dielectric constant decreased
3 the flux additions increased above 10 mol%, while
lectric loss and insulation resistance decreased with

easing flux content.

22




2.2. Preparation of Barium Titanate Powders

The dielectric properties' dependence on particle size
can be reduced if powders can be prepared with an average
crystallite size of <1000 A. The three important methods for

preparation of BaTiO; powders are reviewed here.

2.2.1. Thermochemical Method

This is based on the solid state reaction between BaCOj;

and TiO,. With an equimolar mixture of BaCO; and TiO,,
Ba,TiO,, BaTizO; and the hexagonal BaTiO; are as likely to
form as BaTiO; depending on temperature,23'24 incomplete
mixing or reduction, disequilibrium, and impurities.
Formation of Ba,TiO, is particularly harmful since it is
hygroscopic and decomposes with swelling which results in
cracking or crazing of the ceramic, in addition to having
poor loss characteristics.l4 A temperature for the formation
of BaTiO; powder is generally 1350°Cc.24 The reaction rate
tween BaCO; and TiO, was found to decrease with increasing
ial pressure of CO, or N,, but to increase with increase
l the oxygen partial pressure. This behavior was attributed
€quilibrium defects in the oxide and interfacial reactions

€en the participating species.

23




2.2.2. Pyrolytic Decomposition
Fine powders of high purity BaTiO; are synthesized by
the pyrolytic decomposition of certain coprecipitated

25 26 and carbonate-

products such as oxalates, citrates
hydrooxide mixtures. The decomposition temperature is
extremely important since it determines the particle size and
sinterability of the powders. For example, the decomposition

of barium titanyl oxalate tetrahydrate BaTiO(Cy,H4),°:4H,0 at

temperature varying from 550° to 1150°C results in particle
size variation of 400 to 3000 A.

The product of low temperature decomposition was found
to give agglomerated porous particles of low density and high
surface energy causing low green and fired ceramic densities.
The product of high temperature decomposition, on the other
hand, was found to be 1less active and  higher density
particles with a wide distribution of particle sizes. These
Characteristics lead to exaggerated grain growth and to lower
fired densities. The optimum temperature of decomposition
recommended to be around 900°C.

For the coprecipitation of citrates of barium and
4 anium, Mulder has used a method in which the aqueous
lutions of atomized citrates are sprayed as droplets in an
€ohol meqium.26 The coprecipitation takes place by the

WWdration of jindividual droplets by alcohol. Since each

24




drop gives rise to one powder particle, it is possible to
maintain stoichiometry. The optimum decomposition temperature
was 700 - 800°C. The resulting powders are dense, coagulated
globular or rod shaped particles of 3 - 10 um size, which

results in a ceramic density of 99%.

2.2.3. Metal Alkoxide Decomposition

In this method a simultaneous hydrolytic decomposition
of a mixture of the respective metal alkoxides yields a
stoichiometric, high purity and ultrafine powders (55 -1504).
Mixing of very small concentrations of dopant material is
possible at nearly the molecular 1level. Thus, using
appropriate metal alkoxide mixtures, barium titanate powders
with various dopants such as Sc,03, Lay03, Nd,03 and Nb,Og
with dopant concentrations varying of 0.1 to 0.34 mol% were
prepared. Calcining these powders at temperature greater
- than 500°C is found to significantly change their
>wtactivities. From these powders, highly dense, fine grained
‘bodies of uniform microstructures having better physical
Properties are achieved than are obtained by using

quentional cold pressing and sintering methods (Table 3 &

25
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2.2.4. Comparison of The Three Methods
Among the three methods, the thermochemical method is
the least expensive and is most commonly used in the industry

despite the lower purity and not-so-fine particle size of the

powders. The coprecipitation, although it yields higher
purity powder, is more expensive and does not give as good
piezoelectric properties as does the thermochemical method.
Moreover, higher purity makes sintering more difficult. The
alkoxy synthesis is the most sophisticated and expensive
process, and yields stoichiometric powders of high purity and
fine particle size which are 1likely to have potential
applications in special microwave and electrooptic devices.27

Powder stoichiometry can be better maintained by this method

than by the other two methods.

2.3. Densification

2.3.1. Solid State Sintering

Sintering process is composed of three basic steps:
ifder removal, densification, and grain growth.22 Solid
tate Sintering involves material transport by diffusion.
{iusion is characterized by movements of atoms or vacancies
‘ Surfaces, grain boundaries or through the volume of

i.naterial-zs Surface diffusion, 1like vapor - phase



Table 3. Characteristic of BaTiO; powders prepared

by different methods

Powders
Characteristic
Alkoxide Chemically pure| Commercial
Surface area
(m? /gm) 57 3.5 1.3
Crystal size
(um) 0.025. 0.3 1.5
Agglomerate size
(um) 0.25 1 1
Ratio BaO:TiOz 1.000 1.000 1.01

Table 4. Properties of BaTiO; powders prepared

by different methods

Method and % Theoretical |Average grain| Dielectric
sintering schedule density size (um) constant
Thermochemical
1400°C >96 1 -5 1500
Oxalate derived
1300°C -- 2 hr 84 > 1 2100
1350°C -- 2 hr 95 2 2600
‘ 1400°C -- 2 hr 95 300 1500
k’Citrate based
1300°C -- 2 hr 91 3 1400
1350°C -~ 2 hr 97 0.3 1300




transport, does not result in shrinkage. The driving force

for solid-state sintering is the difference in free energy or
chemical potential between the free surfaces of particles and
the points of contact between adjacent particles.

Kingery et al.?® derived the following equation for the

mechanism of transport of material by lattice diffusion from

the line contact between two particles to the neck region :

§L 20 7 a3 p2/5
= x~ P g2fo (11)
) v2 k T
where: 6L/L, = Fractional Shrinkage

D = Self diffusion Coefficient

r = Particle Radius

k = Boltzmann's Constant

T = Absolute Temperature

a3 = Vacancy Volume
T = Surface Free Energy
t = Time

tions for other volume diffusion mechanisms of sintering
* quite similar.2%® In each case the rate of shrinkage

Feases with increasing temperature and with decreasing
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particle radius and decreases with time. Control of
temperature and particle size is extremely important in
sintering process, but control of time is less important.

When grain growth begins, the average distance between
pores increases. As grains grow the pores are dragged by the
moving grain boundary. The numerous small moving pores tend
to coalesce into fewer large pores. Thus, the average pore
size increases through coalescence, even though the total
volume of pores may be decreasing. This pore growth further

reduces the driving force for sintering.?8

In the final stage of sintering, when closed pores are
present, grain growth can trap the pores within the grains.
The energetically favored structure is that in which the
closed porosity occupies four-grain corners.3% An alternate
final stage takes place when discontinuous grain growth

occurs before all porosity is removed.

2.3.2. Liquid Phase Sintering
- A number of ceramic materials can be prepared from
Powders by 1liquid-phase sintering. In this process,
ditions of temperature and powder composition are chosen
30 that 3 quantity of 1liquid, usually small (a few volume

Cent or less), is formed between the remaining grains of
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the powder. Microstructure changes result from three steps
in liquid-phase sintering: (i) rearrangement, (ii) solution-
precipitaion, and (iii) coalescence.?? Dpuring sintering, the
liquid fills the pores and capillaries and draws the
particles together, causing the voids to disappear and the
volume to decrease. The presence of the 1liquid phase

markedly increases the densification rate over that of solid-

state sintering and near-theoretical densities are routinely
achieved in a short sintering time.22 The rate controlling
factors in 1liquid phase sintering are viscosity, surface
tension of the 1liquid-vapor interface, and the initial
particle size of the powder.

Assuming a system where the particles are spherical and
perfect wetting occurs, the surface energy relationships for
wetting of the solid and complete penetration of the liquid

between the grains require that:?2°

Tgy > TIv > Tgs > 2TSL (12)

here Tsyr Try, Tgg, and 7Tgp, are the surface energies
associated with the solid-vapor, liquid-vapor, solid-solid,
v%‘ Solid-liquid phases respectively. Upon melting, the
19uid completely coats the solid particles, eliminating Tsy-

,{.s are formed in the liquid phase which cause a decrease
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in the liquid-vapor pore surface area. It is this decrease in
area that is the driving force for liquid phase
densification.

A negative pressure is acting on each pore, given by the

relat:ion,z9

-ZTLV
PP — 8 — (13)

o

where rp is the pore radius. This pressure is equivalent to
the consolidating pressure on the compact by placing the
entire system under a hydrostatic pressure. This pressure
initially tends to rearrange particles to give maximum
packing. In a two-sphere model the spheres are held together
by the capillary pressure given as:

P = =Try/r (14)
where r is the radius of curvature of the liquid miniscus.
The capillary pressure is balanced by substantial compressive
*orces at the contact points. This capillary pressure results
in an increase in the chemical potential and activity of the

0lid phase at the contact areas according to the

B = o =RT In — = 6PV, , (15)
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a K271vVo
1n = (16)
- rpRT
where V5 = Molecular volume
K = Contact relating the maximum contact area
| pressure to the overall hydrostatic pressure.
pu, a = Chemical potential and activity of the solid
phase in the liquid within the contact area.
Bho: g = Chemical potential and activity of the solid

phase in the 1liquid near the free surface.
The major change in free energy that occurs during
densification is due to the decrease in surface area of pores
in the liquid phase, and provides the driving force for
sintering.

The rearrangement process,29 the initial stage of
E}iquid phase sintering, involves the formation of a liquid
Phase leading to particle movement giving maximum packing and
inimum porosity. This is taking place due to particles'
,;%ding over one another. The initial step corresponds to a
'igcous flow process and is followed by resistance to further
€arrangement corresponding to plastic flow with some
é??ctive yield point. Rearrangement occurs rapidly and is

i Principal mechanism for shrinkage during liquid phase

ﬂering.



Solution precipitation leads to densification by
material transport from the contact point to free surfaces of
the solid phase.29 The solubility of the solid phase at the
contact areas is larger than that of other solid surfaces and
results in material transport away from the contact area to
free surfaces. Accompanying this transport process is a
decrease in the center-to-center distance of the particles.

; In the third stage of the liquid phase sintering, coalescence

of grains takes place.?? Along a line between grain centers

material is solid and in order for densification to occur,
material must be transferred within the solid phase.
Consequently, rapid densification corresponding to 1liquid
phase processes is stopped, and the densification rate

decreases. 29

2.4. Manufacture of Ceramic Capacitors
2.4.1. Principle of Capacitor
The first capacitor, called Leyden jar, was invented by
‘the English astronomer and physician John Bevis in 1746.31 A
Leyden jJar is a glass jar lined with metal foil and covered
On the outside with a second piece of metal foil. A metal rod
ushed through a rubber stopper in the neck of the jar makes

Ntact with the inner foil. Both foils act as electrodes,
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but they have no net charge other than what is supplied by an
external source. If the source of charge is touched to the
metal rod in the Leyden jar, electrons move freely from the
source into the jar. A net negative charge is transferred to
the inner electrode. Because the storage capacity of the jar
is limited by the mutual repulsion of electrons, electrons
eventually stop flowing. Similar principles apply to the
storage of a net positive charge, generated by the removal of
electrons from the inner electrode. The ability to store

charge is known as capacitance.

There are two obvious ways to increase the capacitance
of a Leyden jar.32 One way is to increase the surface area of
the electrodes, giving the charge more room to spread out and
reducing the repulsion force between electrons. The other way
is to reduce the thickness of the glass separating the stored
inner charge from the neutralizing outer charge. If the glass
becomes too thin, however, electrons can be pulled through
it, creating a spark that dissipates the charge.31

The charge generated on the glass or insulator helps to
Neutralize the charges on the electrodes, and some insulators
€an bear charges that are nearly as large as those on the
lectrodes themselves. Neutralization reduces repulsive
TCes and allows more charge to reside on the electrodes,

easing capacitance. The degree to which this phenomenon
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occurs is reflected in a property of the insulator called the
dielectric constant.l? The glass used in a Leyden jar has a
dielectric constant of about 5. New insulators in capacitors

now used have dielectric constants of close to 20,000.31

2.4.2. Processing

The multilayer ceramic capacitor (MLCC) is a compact

Bt

version of Leyden jar. In actual manufacturing practice,
Figure 10, ceramics consisting of barium titanate and small
amounts of other oxides are generally used as the insulator.
Fine powders having particles a few micrometers are dispersed
in a solvent in which organic binders that will hold the
particles together have been dissolved.31 The resulting
slurry has the consistency of paint. This slurry is cast in
thin sheets onto a paper or stainless steel belt. Sheet
thickness is controlled by a blade that resides a few
. thousandths of an inch above the belt. The slurry dries as
- the solvent evaporates, leaving a cohesive "green" (unfired)
.&ﬁpe that is smooth and limp like fine cloth. The tape is
Cut into sheets from six to eight inches. Squares, and
thousands of electrodes are printed on each sheet through a
i N SCreen that delineates the electrode patterns. The
lectrodes are made of Ag-Pd ink, a mixture of finely divided

*tal particles in an organic binder.



After the electrodes have been printed, 30 to 60 sheets
are pressed between several 1layers of unprinted sheets to
form a stack, which 1is then diced into thousands of
individual capacitors. The electrode patterns are offset in
opposite directions on successive sheets so that when the
sheets are stacked and diced, electrodes on alternating
sheets are exposed at both ends of the stack. The green
capacitors are fired in a furnace by slow heating to
temperature between 1,100 and 1,400°C. The metal particles in
the electrodes also sinter during firing, forming continuous
metal sheets.

Terminations are applied by dipping the ends of each
capacitor in another Ag-Pd ink. The ink is fused by a second
firing. Terminations are then plated with Ni to prevent the
silver from leaching out, and wire leads can be attached to
the terminations for subsequent soldering into a circuit.
Frequently the finished MLCC is embedded in plastic to seal

out moisture.32
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III. EXPERIMENTAL PROCEDURE

3.1. Sample Preparation
The BaTiO; powders with a Ba/Ti atomic ratio of 1.0 were
prepared by dry-mixing BaCO; [Aldrich Chemical Co. Inc.,
Milwaukee, WI] and TiO, [Aldrich Co.] using a glass mortar
and pestle and by calcining these mixtures in the Al,0;
crucible [Chang Won Co., Pusan, Korea] at 1150°C for 1 hr.
. The X-ray powder diffraction method was used to identify the
phase of the calcined powders. The diffraction pattern

) obtained for calcined BaTiO; powders is shown in Figure 11.

The powders contained tetragonal barium titanate and small
amounts of unidentified phases. The calcined powders were
mixed with 1 to 2 wt% LiF [Aldrich Co.] as a flux agent and 0
to 1 wt% unstablilized 2Zr0O, [Aldrich Co.] for grain size
control (Table 5). Mixing was carried out with isopropyl
alcohol as a binder in a glass mortar and pestle. After
:nixing, the slurries were air dried and dry powders were cold
Pressed at 136 MPa (20,000 psi). All pellets (0.5 in.
‘diameter) were fired in air on ZrO, setter [Chang Won Co.].
_fhe Pellets were heated at 10°C/min to sintering temperature
and soaked for 0 to 2 hrs, Figure 12. Fired samples were

N air quenched. The optimum sintering temperatures and

S Were based on fired density and microstructure.
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Table 5. Percent Flux Additions in BaTiOj

Composition (%)
Sample # Additives
wt % mol % vol %

LiF 1.0 8.33 2.55
1

Zro, 0 0 0

LiF 1.0 8.31 2.55
’ 2r0O, 0.25 0.44 0.26

LiF 1.0 8.29 2.55
s Zr0, 0.5 0.87 0.53

LiF 1.0 8.27 2+585
! 2r0, 0.75 1.31 0.79

LiF 1.0 8.26 2.55
° Zr0, 1.0 1.74 1.05

LiF 2.0 15.51 5.01
6 Zro, 0 0 0

LiF 2.0 15.48 5.01
: Zro, 0.25 0.41 0.26

LiF 2.0 15.45 5.01
; Zr0, 0.5 0.81 0.52

LiF 2.0 15.42 5.01
. Zro, 0.75 1.22 0.78

LiF 2.0 15.39 5.01
10

Zro, 1.0 1.62 1.04
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Figure 12. Heating schedule used to sinter fluxed BaTiOs.
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3.2. Characterization
Two methods were used to determine the density of
sample. The geometric density of as-fired sample was
determined using ;
4 M
D= — (17)
a2tn
where D is the density of the sample, M is the sample mass,
d is the diameter of the sample and t is the thickness of the
sample. Archimedes (immersed) densities were also calculated
as ;
Wa Dy = Wy Dy

D = (18)

Wa = Wy

where W, is the sample mass in air, W, is the mass in water,
Dy is the density of water and D, is the density of air.
Shrinkage along the diameter of sample was also measured

by mechanical method ;33

Fired diameter - Die diameter
Firing shrinkage = (19)
Die diameter

As-sintered surface microstructure was observed using a

(Hitachi S-450] Scanning Electron Microscope (SEM). Sintered



samples were mounted on Al stub with colloidal graphite and
then coated using an Au sputter [Polaron Instrument Inc.].

The grain sizes were measured from SEM photomicrographs using

the line-intercepted method. The grain size was calculated
as :34
1.56 L
G = — (20)
N M

where G is the average grain diameter, L is the length of the
line segment, N is the number of the grain intercepts and M
is the magnification.

Some fired compacts were crushed to a fine particle size
for X-ray diffraction analysis. The diffraction analysis was
performed on the (100) (001) and (200) (002) peaks to
determine the axial ratio (c/a) of fluxed BaTiO3. The crystal
structure of calcined BaTiO3 powder was found to be
tetragonal with lattice parameter (a = 3.9759 & and c =
4.0198 R). Therefore, the axial ratio (c/a) of starting
powder was found to be 1.011. The lattice parameters were
calculated by using the relation given as :35

sin? @ = A(h? + k2) + c12 (21)

where A = ?2/4a2 and C = >~.2/4c2

h, k, 1 = Indices



IV. RESULTS AND DISCUSSIONS

4.1. Effect of LiF in Sintered BaTiO; Ceramics

Pure barium titanate compacts were sintered at
temperatures below 1150°C. As discussed in Chapter 1, the
normal sintering temperature of BaTiO; is between 1350°C and
1450°C. Substantial densification of BaTiO; without LiF did
not occur at below 1150°C [Figures 13 (a) and (b)]. SEM
photomicrographs in Fig. 13 revealed a porous structure
similar to the starting materials. However, Fig. 13(b) showed
that small grains were appearing to sinter.

BaTiO3 compacts doped with 1 wt% LiF were sintered at
950°C and 1000°C. Samples were held at the sintering
temperature for 0.5, 1 or 2 hr, and then air quenched. A
same heat treatment was performed on BaTiO; compacts doped
with 2 wt% LiF. Figures 14 and 15 show densification
behavior of LiF fluxed BaTiO; as a function of sintering
time. The maximum density as shown in Fig. 15 was achieved
97% theoretical density (Th.D) with 2 wt% LiF sintered at
1000°C for 2 hr. Compacts with 1 wt% LiF, sintered at 1000°C
for 2 hr, resulted in the second highest density (Th.D =
95%). The optimum sintering time (2 hr) was, therefore,

chosen as the sintering time for further studies.
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Figure 13. SEM photographs of pure BaTiOs (a) sintered at

900°C [X4000] and (b) sintered at 1000°C [X4000, bar = 5 um].
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Figure 14. Density as a function of sintering time for BaTiOa

modified with LiF at 950°C.
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Figure 15. Density as a function of sintering time for BaTiOa

modified with LiF at 1000°C.



At temperatures below 900°C, BaTiO3 compacts with either
addition of 1 or 2 wt% LiF required very long sintering times
to achieve maximum density of the fired samples. However,
densification of the compacts was enhanced as the LiF content
increased at temperatures above 950°C. The influence of LiF
content on densification and shrinkage is shown in Figures 16
and 17. In the temperature ranges of 950°C - 1050°C, the
maximum density for 1 and 2 wt% LiF compacts was achieved at
1050°C for 2 hr and 1000°C for 2 hr respectively. The maximum
shrinkage along the diameter of both 1 and 2 wt% LiF
occurred at the temperature of maximum density. In Fig. 16,
the density was increased by further addition of LiF at 950°C
for 2 hr. Above 1050°C, the density of both 1 and 2 wt% LiF
was similar. However, below 1050°C, the density of BaTiO;
compacts increased as the LiF content increased. It seemed
that LiF played an important role in the rapid densification
of BaTiO; at temperatures less than 1050°C. Microstructures
of both 1 and 2 wt% LiF compacts sintered at 900°C for 2 hr
are shown in Figures 18 (a) and (b). Most of grains are cubic
in habitat [Fig. 18(a)]. This indicates that 1liquid phase
transport takes place during sintering. A liquid phase was
observed in the microstructure of 2 wt% LiF compact sintered
at 900°C for 2 hr [Fig.18(b)]. Average grain size (AGS) of

both 1 and 2 wt% LiF compacts sintered at 900°C for 2 hr is
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about 3 - 5 um and 7 -10 um respectively. This indicates that
a liquid phase in the microstructure leads to bigger grains.
Above 900°C, grain size became larger as LiF content
increased. Microstructure of 2 wt% LiF compact sintered at
1050°C for 2 hr showed almost bimodal structure (AGS = 18 um)
(Fig. 19]. Figure 20 shows grain size as a function of
sintering temperature. It was found that the LiF content was
the key factor to influence the grain size.

X-ray analysis of undoped BaTiO; powders showed only
those peaks characteristic of the tetragonal phase at 25°C.
Its axial ratio (c/a) was found to be 1.011. Figure 21 shows
the results of axial ratio obtained by x-ray diffraction as a
function of sintering temperature. Above 800°C, both 1 and 2
wt% LiF compacts became tetragonal to pseudocubic perovskite
phase. The axial ratio of 2 wt% LiF samples was 1less than
that of 1 wt% LiF compacts. This indicates that increasing
amounts of LiF suppress the tetragonal phase above 800°C.
The pseudocubic phase appeared more rapidly as the LiF
content increased. Based upon X-ray analysis, BaTiO; compact
with LiF undergoes phase transformations from tetragonal to

pseudocubic to tetragonal structure.
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Figure 16. Density as a function of sintering temperature for

LiF fluxed BaTiOa compact.
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Figure 17. Firing shrinkage along the diameter as a function

of sintering temperature for LiF fluxed BaTiOa.
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(a) (b)

Figure 18. SEM photographs of as-sintered BaTiOs at 900°C for
2 hr (a) with 1 wt% LiF and (b) 2 wt% LiF, [X2000, bar = 5

um] .



Figure 19.

SEM photograph of as—sintered 2 wt% LiF

BaTiOs at 1050°C for 2hr, [X1000, bar = 5 um].

fluxed
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Figure 20. Grain size as a function of sintering temperature

for BaTiOa with LiF addition.
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4.2. Effects of ZrO; in LiF fluxed BaTiO3 Ceramics

Unstabilized ZrO5 (0 - 1 wt%) was added to 1 and 2 wt%
LiF fluxed BaTiO3, labeled A and B respectively. Table 6
gives compositon and density data as a function of sintering
temperature for A and B systems. As the Z2ZrO, addition
increased, the sintering temperature in both A and B systems
was increased to achieve the maximum density. Moreover,
firing shrinkage was decreased as 2rO, content increased
(Table 7). It was also found that densities of samples B (2
wt% LiF + X wt% Zr0O,) were greater than those of samples A (1
wt% LiF + x wt% ZrOy). This indicates that 2rO, increases
the sintering temperature of LiF fluxed BaTiO3 compacts.

The apparent grain size of 2 wt% LiF and 2 wt% LiF plus
0.75 wt¥% 2ZrO, modified BaTiO3 compacts as a function of
sintering temperature is shown in Figure 22. The grain size
was greatly reduced by ZrO, addition. The microstructures of
both Zr and non-Zr pellets sintered at 1000°C for 2 hr are
shown in Figure 23. The existence of Zr0O, in the
microstructure reduced the average grain size, retarded the
exaggerated grain growth and became a more uniform
microstructure. In Figure 24 (a), a bimodal microstructure
(AGS = 12 um) for 2 wt% LiF fluxed without 2ZrO, sample
sintered at 1000°C for 2 hr is shown. Added ZrO, gradually

suppressed the bimodal grain growth and reduced the grain




Table 6. Densities of fluxed-sintered BaTiO; as a function of
added ZrO, concentration at different sintering temperatures

held for 2 hr.

Density (% Th.D)

Additives
950°C 1000°C 1050°C 1100°C 1150°C

1 wt% LiF

plus 90 > 95
0.25 wt%

Zr02 91 91.3 90.3 92.4 93.6

A 0.5 wt%

Zr02 81 90.2 89.7 86.4 90.8
0.75 wt%

Zro, 82.1 86.2 74.2 83.5 93.3
1.0 wt%

Zro, 80.1 81.4 69.7 78.8 87.8
2 wt% LiF

plus > 95
0.25 wt%

Zro, 97.4 97.8 > 97

B 0.5 wt%

Zro, 95.4 97.5 97.1 93.1 95.0
0.75 wt%

Zr02 89.7 89.7 87.7 81.9 84.4
1.0 wt%

Zro0, 88.6 84.9 84.4 85.4 80.8




Table 7. Firing shrinkage along the diameter at various

sintering temperatures held for 2 hr.

Shrinkage (%)
Additives
950°C 1000°C 1050°C 1100°C 1150°C

1 wt% LiF

plus -17.56 - 18.3 -18.74 -18.5 -18.2
0.25 wt%

Zr02 -18.90 -18.89 -17.32 -17.32 -17.52

A 0.5 wt%

Zr02 -15.75 -16.14 -16.54 -15.35 -15.75
0.75 wt%

Zr02 -12.99 -16.54 -10.94 -12.6 -13.78
1.0 wt%

ZrOZ -12.99 -11.61 -12.60 -10.63 -12.80
2 wt% LiF

plus -18.31 -18.90 -18.56 -18.5 -18.41
0.25 wt%

Zr02 -17.26 -17.20 -17.11 -17.50 -17.56

B 0.5 wt%

ZrOz -17.24 -16.93 -16.14 -16.54 -15.75
0.75 wt%

Zr02 -14.17 -15.35 -14.96 -13.98 -13.39
1.0 wt%

Zr02 =15.75 -14.57 -14.76 -13.39 -13.39




size (AGS = 5 um), [Fig. 24(b)]. A uniform grained (AGS = 2
pm) microstructure with 0.75 wt% 2rO, plus 2 wt% LiF added
compact sintered at 1050°C for 2 hr is shown in Figure 24(c).
A similar progression is found with the 1 wt% LiF fluxed
compacts which again show [Fig. 25(a)] a bimodal
microstructure (AGS =~ 5 um) with 0.25 wt% 2rO,. With 0.5 wt%
added ZrO,, the grain growth was suppressed [Fig. 25(b)] and
grains became the sphere in habitat. This indicates that
zr4t ions diffuse into the BaTiO; lattice, resulting in
inhibiting the grain growth. Figure 25(c) shows a uniform
microstructure with 0.75 wt% 2rO, sintered at 950°C for 2 hr.
The microstructure of Fig. 25(c) was found to be porous and
a liquid phase was observed. This confirms again that Z2Zro,
increases the sintering temperature of BaTiO3 compact.
Figures 26 - 30 show the variation of the grain size of
sintered compacts with the composition of 2Zr0, at the
sintering temperatures. It was found that, with 2ro,
addition, the grain size of 1 wt% LiF fluxed compacts was
smaller than that of 2 wt% LiF fluxed compacts.

X-ray analysis of 2rO, additions to LiF fluxed BaTiO,
shows suppression of the tetragonal structure in favor of a
more cubic modification, [Table 8]. Without 2rO,, LiF fluxed
BaTiO; compacts undergo the phase transformation from

tetragonal to cubic to tetragonal. However, further
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additions of ZrO, in LiF fluxed BaTiO; compact result in a

pseudocubic perovskite phase.

Table 8. Effect of ZrO, on the axial ratio of BaTiO3.

Sample Sint.temp. (°C) c/a Phase
BaTiO4 1.011 tetragonal
Plus 1 wt% LiF 1150 1.008 tetragonal
Plus 2Zr0, (wt%)

0.25 1100 1.008 tetragonal
0.5 1100 1.007 tetragonal
0.5 1150 1.006 tetragonal
0.75 1100 1.005 tetragonal
1.0 1150 1.003 pseudocubic
Plus 2 wt% LiF 1150 1.006 tetragonal
Plus ZrO, (wt%)
0.25 1050 1.006 tetragonal
0.25 1150 1.005 tetragonal
0.5 1150 1.003 pseudocubic
0.75 1100 ~ 1 pure cubic
1.0 1100 =~ 1 pure cubic
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Figure 22. Grain size as a function of sintering temperature

of 2 wt% LiF fluxed BaTiOa with Z2rOz or without ZrO2.



62

(a) (b)

Figure 23. SEM photographs of as—-sintered surfaces of BaTiOa
modified with (a) 1 wt% LiF without Zr0O2> (1000°C) and (b) 1
wt% LiF plus 0.25 wt% ZrO=z (1000°C); socaked for 2 hr [X4000,

bar = 5 um].
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Figure 24. SEM images of as—-sintered surfaces of BaTiOa
modified with (a) 2 wt% LiF (1000°C) and (b) plus 0.5 wt%

added ZrO2 (1050°C); soaked for 2 hr, [bar = 5 um].
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Figure 24(c). SEM photograph of as—-sintered surface of BaTiOs
with 2 wt% LiF plus 0.75 wt% added ZrO2 (1050°C) scaked for 2

hr, [bar = 5 um].
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Figure 25. SEM images of as-sintered surfaces of BaTiOs with
(a) 1 wt% LiF (950°C) and (b) plus 0.5 wt% added ZrOz (950°C)

soaked for 2 hr, [bar = 5 um].
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Figure 25(c). SEM image of as-sintered of BaTiOs with 1 wt%

LiF plus 0.75 wt% ZrOz (950°C) socaked for 2 hr, [bar = 5 um].
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Figure 26. Grain size as a function of added Z2rOz

concentration at 950°C for 2 hr.
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Figure 27. Grain size as a function of added Z2ZrOa

concentration at 1000°C for 2 hr.
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Figure 28. Grain size as a function of added 2rOj;

concentration at 1050°C for 2 hr.
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Figure 29. Grain size as a function of added 2r0Oa

concentration at 1100°C for 2 hr.
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Figure 30. Grain size as a function of added 2ZrOax

concentration at 1150°C for 2 hr.



V. SUMMARY AND CONCLUSION

In summary, this work has shown that small amounts of
LiF flux additions to BaTiO3; can significantly reduce the
sintering temperature. The rapid densification of BaTiO;
with LiF resulted from sintering in the presence of a
reactive liquid (LiF). The solution and reprecipitation of
BaTiO; by LiF addition give increased grain size and density.
Accompanied by rapid densification, LiF additions to BaTiOj
resulted in crystallographic transition of the perovskite
phase from tetragonal to cubic to tetragonal.

Small additions of unstabilized ZrO, to BaTiO; resulted
in grain growth inhibition and suppression of the tetragonal
distortion. However, sintering temperatures were increased
to achieve the maximum density.

Based upon the results of this study, the following

conclusions are made:

1. Added LiF (1.0 wt%) as a flux phase to BaTiO; reduced

the sintering temperature to < 1100°C.

2. Further addition of LiF (2.0 wt%) resulted in a

larger grain size and pseudocubic phase.
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3.

Additions of ZrO,, as little as 0.25 wt%, to the flux
phase reduce the diffusion of the flux agent (LiF)
into BaTioO;. Therefore, the sintering temperatures

were increased to achieve the maximum density.

The existence of 2r0, at the grain boundaries
resulted in suppression of grain growth and finally

led to the uniform and fine microstructure.

Further additions of Zr0O, (<1.0 wt%) to the fluxed
BaTiO3 led to smaller grain size (<1.0 um), a pure
cubic phase, higher sintering temperature and more

uniform microstructure.
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