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I INTRODUCTION

Barium titanate has attained importance as a ferroelectric
material relatively recently., Toward the end of the Second World War
the industrial need for low loss materials of high dielectric constant
led to the thorough investigation of titania and titanate compounds in
this country,(l’2’5) It was found that titania, magnesium titanate,
calcium titanate, and strontium titanate form useful capacitor dielectrics.
Very high dielectric condensers were also manufactured from barium titan-
ate, but, unlike the other dielectrics, they were surprisingly temperature
and. field dependent. A series of measurements showed that ferroelectricity
was the cause of the dielectric anomaly. Dielectric hysteresis loops were
observed on the barium titanate ceramic up to about 120°C, beyond which
temperature the material acted like an ordinary dielectric.

At about the same time as the study on titania compounds was in
progress in the U,S.A., Wul and Goldman<u’5> in Russia independently report-
ed on the ferroelectric behavior of barium titanate.

The material, which in its ceramic form, is piezoelectric when
poled, was soon widely used in the manufacture of electro-mechanical trans-
ducers and dielectric amplifiers. It proved to be a piezoelectric of high
mechanical strength and chemical stability, and a good dielectric.

With the growth of single crystals by the Swiss group of Battner,
Matthias, Merz, and Scherrer,(6> and later by‘Remeika(7) it was possible
to conduct some basic studies on the new ferroelectric. Within a relative-
ly short time, a wealth of optical, electrical, and mechanical data on

barium titanate were gathered. Although barium titanate was not the first

-1-
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ferroelectric to be discovered -- the occurence of ferroelectricity was
first noticed in Rochelle Salt (sodium potassium tartrate tetrahydrate,
NaKCuHhO6«hH20) in 1921(8) and subsequently in potassium dihydrogen
phosphate (KHgPoh) in 1955(9) ~- its relatively simple structure facili-
tated the analysis of the dielectric phenomena associated with ferro-
electricity. Some of the important aspects are: 1) the large polari-
zation in ferroelectric barium titanate, 2) the high dielectric constants
at the phase transitions (barium titanate has 3 ferroelectric phases),
3) the onset of spontaneous polarization at the Curie point, 4) the
changes in polarization at the lower transitions, 5) the formation of
domains in the ferroelectric phases, and 6) the manner in which domain
processes contribute to the changes in capacitance in barium titanate

(lO) and model theories(ll_go)

single crystals. Both phenomenological
have been advanced to account for these and other aspects of ferro-
electricity in barium titanate.

While much fundamental knowledge was gained from the study of
single crystals of barium titanate, research on ceramic barium titanate
and barium titanate-type materials proceeded in a relatively empirical
manner, The industrial interest in ferroelectric ceramics had increased
considerably since the discovery of titania compounds in 1945, Efforts
were made to improve the dielectric and piezoelectric properties of barium

(21'29) New ferroelectric

titanate and barium-strontium titanate ceramics.
ceramics were rapidly being discovered and various solid solutions of
ferroelectric materials, some with "additives," began to appear on the

(30-46)

market, As a result, the manufacturer of dielectric and piezo-
electric devices was able to draw from a steadily growing supply of raw

materials,
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An importent aim in the manufacture of ceramics has been the
production of materials with reproducible electrical and mechanical
properties. It required rigorous standardization of every step in the
manufacturing cycle. Other aspects, such as the "poling" and ”aging"(u7'hg
processes in piezoelectric ceramics were thoroughly investigated. ("Pol-
ing" refers to the cooling of a piezoelectric material in a strong DC
electric field, such that the ceramic has a net piezoelectric vector.

Since a poled ceramic is, strictly speaking, not in an equilibrium state,
its bulk piezoelectricity will change (lessen) with time. This is refer-
red to as "aging").

The literature on ferroelectric ceramics, which is very
extensive, can be roughly classified under:

1. new and improved ferroelectric ceramics,(Zl'u6)

2, the problems encountered in the manufacture and process-

ing of the ceramics,<5o_55) and.

3. the development of devices using these materials,(56-6o)
In comparison, with the developmental work, very little has been written
on the fundamental processes in feroelectric ceramics. The complexity of
the ceramic structure no doubt is in some part responsible for this scar-
city of basic information. One of the important properties of ceramic
ferroelectrics which has had practical applications (modulating devices
and amplifiers), but which has not been thoroughly understood, is the
dielectric non-linearity of these materials, i.e., the ability of the

capacitance to vary with strong, low frequency fields. It was generally

thought that the dielectric non-linearity proceeded by a mechanism of
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domain motion and domain reorientation, similar to those observed in
single crystals of barium titanate,
Relatively recently a theory on the '"variation of permittivity

n(62)

with electric field in perovskite-like ferroelectrics was published.
It proposed that the non-linear dielectric effect is the result of an
induced ferroelectric state in the ceramic rather than of domain motion.
This view was substantiated by electrical déta obtained on (Ba,Sr)TiO3

62)

ceramic materialsa( It appeared to the present investigator that a
dynamic (iqeo, under conditions of varying temperatures and electric
fields), optical study on (Ba,Sr)TiO5 ceramics would enable the direct
observation of the processes associated with the dielectric non-linearity
in these materials. The present thesis describes the results of such a
study, and it attempts to correlate and interpret the numerous optical
observations made on thin sections of (Ba,Sr)Ti05° The aim has been to

obtain some understanding of the mechanism of the field non-linearity in

perovskite-type titanates.



IT BACKGROUND

A. General Structure of Perovskite-type Ferroelectrics

All crystalline materials fall into one of the thirty-two
crystallographic symmetry classes. Of these, eleven have a center of
symmetry, whereas the other twenty-cne are non-centrosymmetric. Materials
belonging to twenty of the non-centrosymmetric classes have been described
as piezoelectric, i.e., they become electrically polarized when subjected
to stress or to a temperature gradient, Of the twenty piezoelectric class-
es, ten are termed the polar or pyroelectric classes. The truly pyroelec-
tric materials are spontaneously polarized in their stressed state., Their
inhereﬁt polarization can be detected by heating or by cooling the sub-
stance uniformly and thereby effecting a change in the existing polarization.

Among the pyroelectric crystals there is a smaller group .in which
the direction of spontaneous polarization can be reversed by applying an
electrical DC field opposite in sign to the polarity of the crystal. Such
materials are described as ferroelectric. Their behavior is illustrated
in the ferroelectric hysteresis loops in Figures 2.,la, 2.1b, and 2,lc,
Hence a ferfoelectric crystal can be broadly defined as having an inherent
polarization along some specified crystallographic direction. In addition,
the direction of polarization in the crystal can be reversed by a large,
external electric field.

In the following the perovskite type ceramic ferroelectrics such
as polycrystalline barium titanate and solid solutions of barium and
strontium titanate are considered in some detail. The adjective
"perovskite-type" has been used for many ferroelectric and antiferro-

electric materials whose structure can be derived from the ideal perovskite

._5'_



Figure 2,la, Schematic Ferroelectric Hysteresls Loop
OP; = spontaneous polarization
OPp = remanent polarizastion

OE, = coercive field

P P
/
R
E A E
o |E, /

Figure 2.1b, Hysteresis Loop of a Barium Flgure 2,1c. Hysteresis Loop of a Typical
Titanate Single Crystal at Commercial Titanate Ceramic
60)cps (after Merz, Reference at 100 cps
78

Flgure 2.1. Some Typical Ferroelectric Hysteresis Loops.
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structure by small modifications in its atomic positions or even by omis-
sions of atoms not essential to the perovskite framework. (The mineral
perovskite, CaTiO5, from which ﬁhe family neme was derived, is ortho-
rhombic, and has the space group Pecmn. It is not an "ideal perovskite,"
but rather a distorted multiple cell perovskite, and it is not ferro-
electric.)

As Megaw(65) has described in some detail, ideal perovskite-

type structures are cubic and have the formula ABO A is a divalent

3
cation, B a tetravalent cation and O the oxygen ion. In addition, the
A cation must be twelve-coordinated and the cation B six-coordinated. The
structure can be considered as a framework of linked BO6 octahedra with
the A cation occupying the interstices between the octsahedra,

Barium titanate, whose structure is shown in Figure 2.2, can
be classified as an ideal cubic perovskite in its non-ferroelectric form.
Its unit cell length is about 4 R and the cell contents is one formula
unit. The lower temperature forms of barium titanate, which are ferro-
electric, have been classified by Megaw(65) as distorted small-cell
perovskite, These forms are no longer cubic but can be derived from the
cubic structure by small distortions in the atomic positions. Their cell
édges, if referred to the original cubic unit cell, are still about 4 R
long and their cell contents remains one formula unit. The three crystall-
ographic transitions of perovskite-type barium titanate are:

1. the cubic t6 tetragonal transition at about 120 °C,

2, the tetragonal to orthorhombic transition near 0°C, and

3. the orthorhombic to rhombohedral transition near -9O°C,(63)



O IONS AT CORNERS
OF OCTAHEDRA

Figure 2.2. Structure of Cubic Barium Titanate.
(After Megaw, Reference 63)
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Only the high temperature transition.which represents the transition from
the cubic, non-ferroelectric, to tetragonal, ferroelectric state is con-
sidered in the present investigation.
In solid solutions of barium and strontium titanate, the upper
transition is linearly shifted to lower temperatures with increasing

64, 65)

amounts of strontium titanateg( Dielectric measurements on solid
solutions of barium titanate and strontium titanate taken at the Electro-
magnetics Materials Laboratory, Electrical Engineering Department, The
University of Michigan, show a similar trend for the tetragonal to
orthorhombic transition temperature of barium-strontium titanate materials.
Similar to barium titanate, these mixed titanate ceramics (the term "mixed"
will be used here for solid solutions of barium and strontium titanate)
likewise occur in the ideal cubic perovskite and distorted small cell perov-
skite form, Due to the substitution of the smaller strontium ion in the
barium titanate lattice, the average unit cell of the mixed barium stron-
tium titanate ceramic is somewhat smaller than that of pure barium titanate,

B. Dielectric Behavior of Single Crystal Barium Titanate and Ceramic
Barium Titanate and Barium-Strontium Titanates

The ferroelectric hysteresis loops shown in Figures 2.la, 2.lb,
and 2.lc are examples of the polarization versus electric field character-
istics of titanate ferroelectrics. Hysteresis loops can be easily observed
on a cathode ray oscilloscope by means of a Sawyer and Tower circuit.(66)
Figure 2,1a shows a schematic hysteresis loop obtained by cycling a ferro-

electric sample with an AC field. P_, the spontaneous polarization, is

g2

obtained by extrapolating the slope of the saturation polarization back
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to the P-axis. P., the remanent polarization, is that polarization which
remains in the ferroelectric at zero field. E., the coercive field, is
the field required to remove the remanent polarization. Figure 2.1b shows
a square hysteresis loop taken on a "good" single crystal* of barium
titanate at about room temperature,

A sudden reversal in the polarization of the crystal occurs
when a sufficiently large field of opposite polarity, i.e., the coervice
field, is applied to the crystal. Poorer crystals and large grained
oriented polycrystalline aggregates will show more rounded loops, indicating
that polarization reversal occurs over a narrow range of fields. (Mater-
ials with square hysteresis loops are applicable to memory and switching
unitsa)

Figure 2.1lc shows a hysteresis loop taken on a fine-grained com-
mercial ceramic material. 180° polarization reversal in the domains of
the ferroelectric ceramic occurs over a wide range of fields, with the
slope of the curve, dP/dE, being steep near coercive fields and relatively
flat at large applied fields. (The narrow loop materials are employed for
modulation and as amplifiers.)

The dielectric behavior of ceramic barium titanate aé a function

of temperature and applied DC field is illustrated in Figure 2.3, The

*a good single crystal is mostly strain-free, It has few imperfections
and can easily be poled into an area of uniform polarization by an
electric field. On the other hand, "poor'" crystals are usually highly
twinned., They do not lend themselves to successful poling, or, to the
alignment of all the twin vectors in one direction by means of an exter-
nally applied DC field.( 7:68’69) Twins, or ferrcelectric domains, as
they are termed in the literature, tend to renucleate at imperfections
as soon as the external field is removed.
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incremental permittivity* reaches a maximum of 120°C with zero applied
field, The effect of an increasing electric field on the ceramic is to
steadily lower the peak incremental permittivity and to raise the tempera-
ture at which the peak permittivity is observed.

Figure 2.4 shows a surface relating incremental permittivity,
applied field, and temperature for a mixed barium-strontium titanate
ceramic of composition Ba00658r0055Ti05.(62) Here the paraelectric to
ferroelectric transition occurs at a lower temperature, and the incremental
permittivity peak is somewhat broader than for pure barium titanate. Gen-~
erally speaking, however, both DC field and temperature have a similar
effect on the two ceramics,

C. Proposed Explanation of the Dielectric Field Non-Linearity in Ceramic
Barium Titanate and Barium-Strontium Titanate

It has been observed(69) that whenever a DC field is applied
to a multidomain single crystal, the domains tend to align themselves
in the direction of the field. The incremental permittivity of such a
"poled" crystal, when measured parallel to the field direction, is lower
than that of the crystal before poling. This is a result of the large
directional variation of the small signal permittivity (or incremental
permittivity), €p » in barium titanate. The €, measured parallel to
the c-axis is of the order of 200, the €A Dberpendicular to the axis is

about 4000(70) (see Figure 2.5). A crystal with domains oriented in

* The incremental permittivity €, is the permittivity dP/dE obtained by

measuring the dielectric with a very small, high frequency signal. The
high frequency measuring signal is superimposed on a large, low fre-
quency AC signal or on a large DC biasing field. The data in Figure
2.4, for example, were obtained by sweeping the ceramic from O to 40
kv/cm at a slow, cycling field of 0.5 cps and by measuring it with a
high frequency field of 10,000 cps.
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Titanate, as a Function of Temperature.
(After Merz, Reference T0)
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different directions will have an incremental permittivity somewhere in
between these values. When exposed to a DC field, the domains tend to
orient themselves in the direction of the field°(68’69) This results in
a lowering of the incremental permittivity of the crystal in the field
direction,

It is well known that a DC biasing field also decreases the
incremental permittivity of ceramic barium titanate(7l> or barium-
strontium titanate., Before any work had been published which attempted
to explain the observed dielectric field non-linearity in the ceramic,
McQuarrie<72) proposed three possible explanations for the process. He
suggested that the effect might be caused:

1. Dby a field produced shift of 90° domain walls in the
ceramic, similar to the one observed in single crystals
of barium titanate,

2. Dby a change in the basic polarizability of the material,
and

3. Dby the removal of 180¢ domain walls, assuming that they
did contribute some value to the permittivity of the
ceramic in the unbilased state.

If the first explanation were correct, McQuarrie reasoned, one might
possibly detect a mechanical distortion in the material as a result of
the field produced 90° domain movement, He ruled out the other two
hypotheses as not being significant enough to account for the observed,

large field-produced changes in the dielectric value of the ceramic,
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As mentioned in the beginning of this section, a field produced
alignment of 90° domains in the ceramic would result in a decrease in the
incremental permittivity of the ceramic when measured parallel, and an
increase in the incremental permittivity when measured perpendicular to the
field direction. It can be experimentally shown,(73) however, that in the
transition region of a ceramic, the incremental permittivity €A decreases
with increasing DC fields, regardless of whether the sample is measured
parallel or transverse to the applied field.

A thgoretical model has been developed(62) which provides an
explanation for the field produced dielectric non-linearity in solid solu-
tions of barium-strontium titanate.* The model proposes that the domains
in a fine-grained ferroelectric are not free to move with the applied

' The observed

external field, but that they are essentially "frozen in.'
lowering of the incremental permittivity peak with field in the ferro-
electric to paraelectric transition region is considered due to an induced
ferroelectric state in those grains in the ceramic which are paraelectric.
It is characteristic of the ceramic perovskite ferroelectrics
that their transitions to the paraelectric, isotropic state occur over a
temperature range rather than at a sharply defined temperature. The reason
for this lies in the distribution of Curie temperatures of the crystallites
that compose the ceramic. The tetragonal to cubic transition temperature
is strongly affected by stresses.(7u’75) Stresses occur in the ceramic
at imperfections and also result from the approximately 1% linear contrac-
(76,77) '

tion which occurs when the ceramic is cooled from the sintering

* See section ITI-G
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temperature of about 1400°C to about 120°C, Furthermore, the cubic to
tetragonal transition is accompanied by a 1% change in the axial ratio
of the perovskite-type titanate,(76) Some of the strains are subse-
quently relieved by complex patterns of twinning within the individual
ceramic grains.

In a mixed barium-strontium titanate ceramic, small composi-
tional variations in the grains cause a further spread in the Curie
temperatures and result in a still broader permittivity peak. Within
the region of the peak incremental permittivity, both ferroelectric and
paraelectric grains exist side by side, with more ferroelectric grains
at the low temperature end of the transition range, and more paraelectric
grains at the high temperature end.

The lowering of the incremental permittivity with induced ferro-
electricity can be simply illustrated on a single crystal of barium
titanate. Figure 2.5 represents the dielectric behavior of a single
barium titanate crystal with respect to temperature. T, at 120°C is the
Curie temperature, Ti , an arbitrary point on the curve, is 130°C, ¢

a
and €. represent the incremental permittivities in the two axial direc-
tions of the ferroelectric grain. A crystal of barium titanate at 125°C
is parselectric (see Figure 2.5) and has an ¢, of about 8000. The
formation of a ferroelectric state by applying a field can in a sense be
represented by a shift of the entire curve to higher temperatures.* By

applying a DC field of 7000 volts/cm to barium titanate at 125°C, the

transition temperature is shifted upward by asbout 10°C to 130°C, (These

* Strictly speaking, a field would shift the curve to higher temperatures
and also lower the overall permittivity of the biased ceramic.
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figures are based on calculations by Merz. Merz reports having observed

a field produced shift of the Curie temperature on single crystals of
(78

barium titanate of 1.4 x 10-5 degrees/volt em-1) - ) The field exposed

crystal is therefore ferroelectric at 125°C, with an € of about 1000

c
and an €, of about 4500 or less (see footnote p.17 ). These values are
considerably lower than the incremental permittivity of 8000 for the
paraelectric crystal at 125°C and zero field.

In the following the observations made above on a single crystal
of barium titanate will be applied to the case of ceramic barium titanate
and mixed barium-strontium titanate compositions. The effect of a DC field
on the ceramic at temperatures slightly above its peak incremental permit-
tivity temperature is briefly outlined. Some of the assumptions on which
the model of the field-produced dielectric non-linearity in perovskite-

62)

like ferroelectrics( is based, are thereby illustrated.

The ceramic is simply regarded as an aggregate of crystallites,
At a temperature slightly above the peak incremental permittivity tempera-
ture, most of the grains in the ceramic are paraelectric. However, due
to the distribution of the individual Curie temperatures of the grains
over a temperature range, some grains have remained ferroelectric, At
the temperature in question -- namely, at a temperature somewhat above the
peak incremental permittivity temperature -- a distinction can be made
between not only two, but three possible states of the ceramic crystallites.

1. There are a number of ferroelectric grains in the ceramic

which are considered to be essentially clamped, and on which
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the field has little effect. They contribute to the total
permittivity by a constant fraction,

2, It can be shown from thermodynamic relationships developed
for barium titanate(lo’78’79) that a narrow temperature
range beyond the Curie peak exists in which a ferroelectric
state can be induced in & paraelectric single crystal, i.e.,
12°C for barium-titanate. At higher temperatures, the field
has a comparatively small effect on the incremental permit-
tivity of the crystal. Hence, in the ceramic, the contri-
bution to the total permittivity from these completely
paraelectric grains will be considered another constant.

3. Finally, there remain those paraelectric grains which lie
in the "inducible" range and which are sensitive to an applied
field. As the field is gradually increased, the incremental
permittivity of these crystallites first increases until it
reaches a maximum at the induced '"Curie' temperature. The
phenomenon is illustrated on a single crystal of barium
titanate in Figure 2.5 where the permittivity of the crystal
at TC is higher than that at T; . With larger fields, a
ferroelectric state is induced in the grains, and the incre-
mental permittivity drops considerably (Figure 2.5).

The non-linear behavior of the ceramic can therefore be consid-

ered mainly due to this latter group of grains whose incremental permit-

tivies vary substantially with field. This is very well shown in Figures

2.3 and 2,4, which represent the dielectric behavior of a barium titanate
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and a barium-strontium titanate sample with temperature and field, It
is seen that the largest changes in the incremental permittivity of the
ceramic occur when an electric field is applied to the peak incremental
permittivity of the ceramics. The peak marks the temperature at which
a maximum number of ceramic grains change from a ferroelectric to s
paraelectric state., The farther away from the peak, the more linear
the €pn Vs E characteristics of the material.

D. Optical Investigation of (Ba,Sr)TiO, Ceramic with Varisbles of
Temperature and Electric Field

The model of induced ferroelectricity proposes that the observed
dielectric field non-linearity in ceramic perovskite-type ferroelectrics
is not the result of domain rotation in the ferroelectric grains (the
grains are considered to be essentially clamped), but the result of an
induced ferroelectric state in those grains which are paraelectric in
the region of the ferroelectric to paraelectric transition of the ceramic.

It was hoped that an optical study of ceramic barium-strontium
titanate by transmitted light would provide a direct means of observing
the effect of an electric field in the material. Such an investigation
might possibly reveal whether a biased ferroelectric material differed,
in some fuhdamental way, from a biased single crystal.

The mineralogical technique of thin sectioning was chosen to
prepare several solid solutions of barium and strontium titanate for
Observations under the polarizing microscope, This technique, rather than
the metallographic one of polishing and etching, has the advantage that

it permits detection of any immediate changes which varying temperature
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and/or electric fields may have on the anisotropy of the material. The
ferroelectric to paraselectric transition in the perovskite titanates is
closely connected with their tetragonal to cubic transition. Hence,
when viewed between crossed polars, the changes in the optical aniso-
tropy of the grains can be directly related to changes in the state and
structure of the entire ceramic,

The results of the optical observation on thin sections of

(Ba,Sr)TiO5 are mainly discussed in Section V,



IIT BARIUM TITANATE AND (Ba,Sr) TITANATE MATERIALS

Various experimental and theoretical observations on barium
titanate and barium-strontium titenate materials, which are not essential
to the understanding of the present investigation, have been briefly
treated below, The reader is referred to this section for more exten-

sive information on several aspects discussed in the thesis.

A, Structural and Optical Data

Barium titanate can occur in five modifications, hexagonal

(80,81) (82) (82)

C6B/mmc, cubic Pm3m, tetragonal Phmm, orthorhombic
BmﬁQ,(85’84) and rhombohedral RBm,(85’8h) The transitions occur at
1460°C, 120°C, 0°C, and -90°C respectively. The high temperature tran-
sition between hexagonal and cubic is slow, non-ferroelectric, and
reconstructive. (The term reconstructive implies here that the transi-
tion proceeds by a break-down of the old structure and a subsequent
reassembling of the crystalline network to form the second structure.)
All other transitions are displacive, i,e.,, they involve small displace-
ments of the atomic network°(85) The transition at 120°C occurs between
a non-ferroelectric and a ferroelectric phase. The remaining two low
temperature transitions take place between ferroelectric phases.,

In the cubic form, barium titanate has the ideal perovskite
structure. The titanium ion is situated at the center of an oxygen octa-
hedron. Hence it is six-coordinated. The oxygen octahedra are linked

together at their corners,(63) The barium ion, which is 12 coordinated,

lies in the large interstices between the oxygen octahedra (Figure 2.2).

-20.
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Alternately the barium ion can be visualized as being at the center of
a cube, with the titanium ions at the eight corners and the oxygen ions
at the midpoint of the twelve edges.

All ferroelectric transitions in barium titanate occur with
only small displacements in the ionic positions. A slight stretching of
one of the crystal axes of the original perovskite cube gives rise to
the tetragonal modification, with the c-axis forming the polar axis
(c/a =1,01). An elongation along the cubic face diagonal yields an
orthorhombic form, with the orthorhombic a-axis now representing the
ferroelectric axis. Finally, a displacement along the cube body diagonal
leads to the rhombohedral, low temperature ferroelectric modification,
with [111] being the polar direction.

The refractive index of barium titanate is np = 2.46 at the
Curie point. Below 120°C the birefringence of the crystal is strongly

\(84)

dependent on temperature (Figure 3,1 and wavelength.(87) Tetragonal

barium titenate is optically negative. At 110°C e-w = (nc - ng) ¥ -0.03
for sodium light, and at room temperature € - ® = (n, - ng) =-0.055.(
The variation of the cell dimension with temperature is shown in Figure

502.(8&)

B. Domain Structure and Twinning

Many studies have been made on the very colorful and intricate
twinning or domain patterns in ferroelectric, tetragonal barium

(67,88-96)

titanate, There are essentially two types of twins, the so-
called 180° domains and the 90° domains. The 180°:domains represent

areas of anti-parallel polarization. (Figure 3.3). The c-axis of the
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Figure 3.3. Schematic 180° Domain Pattern in
Barium Titanate. (After Kaenzig,
Reference 97)
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twin individuals are oriented at 180° with respect to each other, with
(100) forming the composition plane. In 90° domains the c-axes lie at
almost 90° to each other in a head to tail arrangement, so that no
surface charge is built up at the domain walls. The "90° wall" is a
(101) composition plane<9l) (Figure 3.4). Combination of the two types
of twins occur frequently and lead to complicated domain patterns(92>
(Figure 3,5)a Twinning in the orthorhombic.and rhombohedral structures

have been reported by Kay(9l) and Forsbergh.(88)

C. ZElectrical Data

METZ,(78) Cross,(98) and Drougard and Young<99) have reported
values for the spontaneous polarization of tetragonal barium titanate,
taken on almost perfect single crystals. The room temperature value is
2L-26 microcoulomb/cmg. The spontaneous polarization decreases steadily
to 16-18 microcoulomb/cmg, as the crystal is heated to the Curie tempera-
ture, where it falls off sharply. The coercive force at room temperature
is about 500 volts/cm at 60 cycles/sec.(78)

The variations of the dielectric constants with temperature,
measured perpendicular, €, and parallel, €, , to the c-axis are shown
in Figure 2.5. Above the 120°C transition, at which the crystal is no
longer ferroelectric, the permittivity follows a Curie-Weiss law of the

form
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€ 1s the dielectric constant, e, the electronic contribution to the
dielectric constant, C the Curie constant, T the absolute temperature,
and T, the extrapolated Curie temperature.

The Curie point in barium titanate is easily varied by inter-
nal strains, pressure, electric field, and solid solutions, Hydrostatic
pressure tends to decrease the temperature of the cubic to tetragonal
transition,(7u> whereas pressure parallel or perpendicular to the‘c-axis
raises the transition temperature,(75) An applied DC electric field also
shifts the Curie point to higher temperatures. MErz,(78) Kaenzig and

Maikor£(79) and Kawabe(190) nave calculated the shift to be 1.43 x 1073°C/

volt/em, 1.2 x 1072°C/volt/em, and 1.6 x 1079°C/volt/cm respectively.

D, Domain Motion

In their study on the dynamic behavior of domains in single

(68) and Little(69) have shown that

crystals of barium titanate, Merz
polarization reversals proceed by the nucleation and growth of spike
like domains., When an electric field of opposite polarity to the direc-
tion of the polar vector is applied along the c-axis of a single domain
crystal, 180° domains nucleate at the electrodes and grow across the
crystal in the form of thin wedges until the polarity of the original
crystal is completely reversed. The growth is rapid‘and stable, the
domain wall is thin (around two lattice constants in width(68)), and

there is little sideward motion of the domain wall. The widening of

the wedges proceeds by a series of dipole flips parallel to the polar
axisa<69>
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When an electric field is applied along the a-axis of a tetra-
gonal crystal, 90° domains nucleate at one of the electrode surfaces,
mostly the cathode. They subsequently propagate diagonally across the
crystal, (Figure 3.6). Unless a spike of this type has traversed the
entire crystal, it is usually not stable and is forced out by internal
stresses when the field is removed, The stresses arise from the
pseudocubic, tetragonal nature of the crystal.(69) Little has shown(69)
that the direction of the polar axes in neighboring 90° domains deviate
slightlj from 90°. Hence the (101) composition plane cannot be‘strictly
considered a 90° domain wall, The formation of "90° domains" is there;
fore accompanied by electrical-mechanical distortions in the crystal,

The latter tend to revert the crystal back to its original state, once
the field is removed. Existing 90° domain walls are many lattice spacings
thick and sidewise motion of the walls has been observed,

When a sufficiently strong DC field is applied to a crystal
having & complex pattern of both 90° and 180° domeins, the domains tend
to align themselves in the direction of the field, .It is not possiﬁle
to reverse the overall polarization of & crystal by 90° domein formation
alone. The mechanism by which this switching process takes place consists
of a complex sequence of interactions between domein walls, as explaingd
in some detail by Little.(69) Mbre recently studies on domain walls have

(101-104)

been continued by several Japanese and other workers.(los'lo7)

E, Solid Solutions

Ionic substitution in the perovskite structure of barium titanate

has a considerable influence on the paraelectric to ferroelectric transition
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temperature, The direction of the shift depends on the particular ion
substituted. In the solid solution of barium-strontium titanate the
transition temperature decreases linearly with increasing concentration

of strontium,(6u) In solid solutions of barium-lead titenate, on the
other hand, the Curie point increases up to h9o° for 100% lead titanate,(ém
Solid solutions of these and other perovskite-type ferroelectric ceramics
have been found very useful in industry because they permit some control
of the transition temperature as well as the dielectric values of the

final product.

F. Theoretical Considerations

Several theories of ferroelectricity have been advanced to
explain the wealth of information obtained from barium titanate ceramic
and single crystals. Among them are the model theories of Slater,(la)
Jaynes,(lB) and Mason end Matthias,(ll) and a phenomenological theory
by Devonshire.(lo) The latter has perhaps been the most successful of
all. Since much of the theoretical treatment on ceramic barium-strontium
titanate materials is based on Devonshire's thermodynemic description of
single crystal barium titenate, some essential points of his theory are
outlined below, The present description is restricted to the tetragonal
end cubic phases of barium titanate.

In general, a plezoelectric solid can be described by the equa-
tion:

dA = EQP - Xdax - sar . (3.2)
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A is the Helmholtz free energy, E +the applied electric field, P the

polarization, X the stress, x the strain, S the entropy,.and T the
temperature of the system. Devonshire assumes that all phases of barium
titanate can be considered as strained forms of the cubic structure. He
then develops a free energy expression for barium titanate as a function
of temperature, polarization and stress. Two cases are considered;

first, the case of a free, unstrained crystal, and secondly, that of a
strained crystal, For the unstrained crystal, the differential free
energy at zero stress becomes

dA = E4P - 84T . (3.3)

The free energy of the system, which is considered to be zero for the
unstressed, unpolarized crystal, can be expanded in terms of Increasing
powers of polarizetion. O0d4d powers in polerization are omitted in order
that the free energy function remain the same for any reversal in sign

of a polarization component.,

A(R,T) = 2 (p2+ P2 +P2) + .llzbll(PX“ + PylL + 24
1 2, 2 2 2 op 2
+ 2b12(Py P +P P+ P Py )
c, 6 6 6
+ 6<PX +P° + P )

1 bk by b ho by L oue 3.4
+ 58 (P P, + PP T+ BBy 4 . (5.4)

P P are components of polarization in the x, y, and =z .directions.

X2 Py} z
The coefficients a, b, c, d, are taken at constant stress (i.e., the

crystal is free to deform). The coefficients are strictly speaking
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temperature dependent. For the transition from the cubic to tetragonal

phase, Equation (3.4) can be simplified to

2

A(P,T) = = P° + % PT 4 = P° 4 eon (3.5)

e
2
since the polarization vector in the tetragonal phase lies along the
z-axls, Hence Py = Py =0, and P, =P,

At the upper transition temperature, a barium titanate crystal
goes from an isotropic to a ferroelectric state, that is, it becomes
spontaneously polarized, At this transition, both the cubic and tetrag-
onal states are thermodynamically stable forms, as seen from the free
energy vs polarization curves (Figure 3.7). Figure 3.7 shows two equal
minima in the free energy function at 124.5°C, the transition temperature.

For the unstrained, cubic crystal, the free energy, as a function of

polarization, is defined as zero.

P Spb - 6)
+ z 0 (3.6)

Py is the spontaneous polarizaetion. The free energy of the tetragonal

form of barium titanate at the Curie transition is also zero.
Hence

%% = 8P + BP0 + cPg’ = O (3.7)

From (3.6) and (3.7) Devonshire obtained the relations

b
P2 - - % = (3.8)

S

and

a =~ — (3.9)
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Having determined the experimental values for PS and a,(from the
dielectric behévior of barium titanate which follows the Curie-Weiss
law above the tetragonal to cubic transition temperature), he was able
to determine the coefficients b and c¢ . He extended his theoretical
analysis to the low temperature forms of barium titanate and was able
to determine correctly the transition temperatures of the tetragonal to
orthorhombic and orthorhombic to rhombohedral forms,

Devonshire has also discussed the case where barium titanate
is measured under constant strain, He finds that the strains are propor-
tional to the square of the polarization. Furthermore, he predicts that
the ferroelectric to paraelectric transition in a clamped single crystal
ié of the second order rather than the first order, (i.e., the tempera-
ture aependency of the polarization is continuous at the transition
tgmperature; whereas it shows a sharp discontinuity for the unstressed
crystal).

Subsequently additional coefficients in Devonshire's equations,
(e.g., coefficients b, c), were determined by other investigators. Kaenzig
and Maikoff(79) published a series of free energy curves of barium titanate
as a function of polarization (Figure 3.7), and Merz<78> showed curves of

the variation of polarization with electric field.,

G. Ceramic Perovskite Ferroelectrics

Ceramic ferroelectric materials can be crudely visuelized as a
tightly bonded. aggregate of rather imperfect and randomly oriented single

crystals., The interaction of the crystallites in the ceramic is compli-

cated by the occurrence of stresses, internal strains, and in the case of
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mixed titanate compositions, by small compositional variations among the
grains, This results in a ceramic having properties which differ sub-
stantially in some respects from that of a single, unclamped crystal.

For example, the transition temperature of the ceramic does not occur

at a well defined temperature, but rather over a narrow temperature range
because the crystallites themselves have slightly differing Curie tempera-
tures. The value of the permittivity peak in the ceramic is not as high
as it is in the single crystal.

There are other notable differences. A ferroelectric crystal
of BaTiO5 responds to an externally applied DC field by orienting its
polar axis 1in the field direction.(69) This occurs within the entire
ferroelectric temperature range.(69)

A ceramic barium titanate or mixed barium-strontium titanate
type ceramic, however, responds to the field mainly in the region of its
tetragonal to cubic transition. It is quite insensitive to the field at
lower temperatures where the ceramic is actually composed of a larger

(62)

number of ferroelectric grains (see Figure 2.3, 2.4). Diamond has
developed a theory of non-linear processes in mixed titanate ferro-
electric ceramics which provides an explanation for the observed behavior
in the ceramics. He demonstrates that the change in permittivity with
electric field may be explained as an induced ferroelectric state ip
grains which are paraelectric at zero bias rather than due to domain
orientation, The ferroelectric ceramic is represented as a collection

of individual grains whose permittivities depend on composition, field,

and temperature, The net incremental permittivity of the material
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<:§(T,E):> is teken as a statistical average of the permittivities

e(T, T.*, E) of the individual grains composing the ceramic., Hence

[0} Tc-yE-Tr 2
A * _(_———57——0 *
“/ e(T, T, , E) e aT,
{e(T,E)) =2 (3.10)
To' -yE-Tp 2

T i ey
u/\ e @ dTC*

T, is the temperature of the peak incremental permittivity, T. the Curie
temperature of the crystal at zero field. T, is approximately related
to T.%, the Curie temperature of the crystal with field, by the equa-
tion T. = TC*-yE . T is the temperature, and « 1s the variance of
the statistical distribution. o« is largely determined by the history
of the ceramic, i.e,, how it is prepared, how well it is fired, and how
complete the solid solution, etc.

Basing his assumptions on Merz's data on the dielectric behavior
of barium titanate single crystals(7o) (Figure 2.5), Diamond(62) has set
up three conditions to describe the permittivity contributions of the
ceramic crystallites to the total incremental permittivity of the ceramic

in the tetragonal to cubic temperature range. They are:
[ :

BC o por puT %
-0

* _ for field ' M
(7. ¥ 7.E) = €a L for T <T<T. * (3.11)
(Te™, T, %) ¢, for s field e STLTCN (

r

eam for T<TC
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Equation (3.11) states that (1) for T:>TC* the grains follow a Curie-
Weiss law as for single crystals; (2) for chST:ETC%, the grains which
were non-ferroelectric in the absence of an electric field now have a
ferroelectric state induced in them in accordance with the free energy
function. It is assumed that the polar axis of the induced ferroelectric
state lies in the field direction; (3) for any grain in which T<Tc s

€ 1s presumed to be €,,., that is, all ferroelectric domains are con-
sidered to be frozen in. Evaluation of the integral leads to results
which are in excellent agreement with the experimental dielectric data.
The optical examination of ceramic barium-strontium titanate
ceramics discussed in the following sections represents an observational

check of the non-linear processes with field in the ceramic grains at

their ferroelectric to paraelectric transition.

H. Optical Observation of Ceramic Ferroelectrics

A number of investigators(108“115> have gathered much illumina-
ting information on the twinning structure of ferroelectric titanates by
employing the metallographic techniques of polishing and etching, and
then by examining the surfaces with petrographic as well as electron
microscopes. 90° domains have been found in abundance as well as 180°
domains. By renewed polishing and etching of a sample after exposure to
high DC fields, DeVries and Burke(llg) were able to transform some anti-
parallel 180° domains into a region of uniform polarization. They found
however, that the 90° domains had only been very little affected by the

field. This seems to bear out similar observations made on single crystals.



IV EXPERIMENTAL PROCEDURE

A, Preparation of Samples

Seven compositions of mixed barium—strontium titanate ceramics
were chosen for optical observation and capacitance measurements., They
are listed by their compositions in Table 4.,1. The ferroelectrics all
have peak incremental permittivities at or above room temperature, so
that they can be observed at the temperature of their tetragonal to
cubic transition by simply using a heating stage.

In order to prepare a sample for microscopic observation by
transmitted light, a thin slab is imbedded in a thermosetting resin and
then ground flat on a metallurgical wheel, using a series of graded
silicon carbide papers. Subsequently the material is polished with coarse
and fine diamond paste, until & minimum of pits and scratches are observed.
The sample is then removed from the plastic, is cut into the desired size,
and is glued to a microscope slide with the polished side down. Eastman
910(ll6> adhesive, & strong, colorless polymerizing cement of index
n = 1,45, has proved to be satisfactory for this purpose. The mounted
sample is then reimbedded in plastic, with the rough ceramic side exposed,
and is ground and polished to 30 - 40 microns thickness. After removing
the plastic, the sample is electroded along its edges (Figure L4.1) with
evaporated silver or silver paint, Aluminum foil leads are attached to
the electrodes, and ﬁhe sample 1s then ready to be measured,

Unfortunately, thin sections of the dimensions described,
namely approximately 1 cm x .1 cm x ,004 ecm (Figure 4.1a), have electrical

capacitances of less than luuf. Any variation in sample capacitance with

-38-
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TABIE 4,1

COMPOSITION AND DIELECTRIC DATA FOR SEVEN
BARTUM-STRONTIUM TITANATE CERAMICS

Sample Composition, mole % Approximate Peak, Curie Temp., °C

1 75% BaTi0
25% SrTi0% 3100 L9

2 75.0% BaTiOz
2k, 9% SrTi0%
1% U0,(N0z) 5 4500 51

3 73 .5% BaTi0%
2k,5% SrTi0%

2,0% Cdo 5500 52

L 85% BaTiO%
15% SrTi03 1110 83

5 Aerovox Corp. Formula 1950 20

6 85% BaTi0z
14% SrTi03
1% Feg03 1200 48

7 7h.25% BaTiOz
2L, 75% SrTi0%
1.00% Nbx0s5 (6000)* (20)*

¥ Value obtained from a larger ceramic sample of the same composition,
The Sample 7 used for transmitted light intensity measurements had
too low a capacitance for accurate determination.
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(a)

Direction of Applied Field

PP

Electrodes

Direction of Trans-
mitted Light

(b)

Figure 4.1. Semple Configuration of a (Ba,Sr)TiOs Ceramic.

(a)

Figure L4.2.

(a) Uniform Thin Section

(b) Wedge
ample, Thin End
Asbestos Silver Paint
Mica Aluminum Foil
Slit Thermocouple
Beneath Sample
Posts

. icroscope Slide
Nichrome Wire

(v)

Heating Stage (a), and Mounted Sample (b),Used in
the Observation of a Ceramlc Thin Section by
Transmitted Light.
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field or temperature can only be detected with great difficulty because
of stray capacitances in the circuit and surrounding media., It was
therefore necessary to resort to a new, wedge-shaped geometry. The
modified sample is thin enough at one end to allow observation by trans-
mitted light, yet it has a sufficiently high total capacitance to enable
accurate electrical measurement (Figure 4,1v). The wedges~prepared‘were
approximately .8 cm long, .1 cm wide and had a thickness of around .1 cm
at one end and ,004% cm at the other. They were mounted on a glass slide

as before, provided with electrodes, and placed on a heating stage.

B. Measuring Equipment

1. The Heating Stage

A simple stage was devised to observe the ferroelectric to
paraelectric transition in the samples. Nichrome wire wound around a
strip of mica is attached to an asbestos disk (Figure 4.2a). A slit in
the center of the disk allows passage of light to the sample which is
placed over the slit (Figure 4.2b). Metal posts on the disk keep the
sample in position and act as contacts for the electrical circuitry.

An iron-constantan thermocouple is placed in a notch directly beneath

the thick end of the sample and the temperature is obtained from the
potentiometer readings of the thermocouple voltage. The heating rate

of the stage during the course of an experiment is manually regulated

by a variac., The entire holder 1s placed on the stage of a Leitz Panphot

microscope (Figure 4.3),



=Lo.

CERAMIC THIN SECTION OBSERVED THROUGH
A POLARIZING MICROSCOPE

OBSERVER,CAMERA
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FERROELECTRIC ’/////—SYSTEM
SECTION =
LEADS TO HEATING STAGE
Q- METER
AND VOLTAGE T il
SOURCE CONDENSING LENS

SYSTEM

LIGHT SOURCE POLARIZER

|

Figure 4.3, Ceramic Thin Section Observed Through a Polarizing Microscope.
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2. Capacitance Measurements

Capacitance measurements were taken at 1600 KC on a Bontoon
Radio Corporation Q-Meter. A 1300 volt battery box supplied the DC field
applied to the ferroelectric wedge. Figure 4.4 shows a schematic of the
circuit. A stendard resistor, Rgigngara = 10 megohm and a standard
capacitor, C.i..3arg % 110 uuf are introduced as protective measures,
The resistor prevents a large current flow through the sample, and the
capacitor isolates the Q-meter from the large DC voltage source. The
capacitance of the sample holder, Ch, is approximately 24 pupf, the
capacitance of the sample, Co , is about 15-60uuf.

The actual sample capacitance can be easily computed by deter-
mining the capacitance C, as measured across the Q-meter terminals and
the capacitance of the sample holder (microscope slide with foil leads,

heating stage posts, and coax cables leading to the Q-meter, Figure 4.2

and 4.3). CStandard Bstandard
0 C o—f | * :
I |
I
Co : 1
g C C —
i Holder -~ Sample —_—
I e ———————
I
I
I
I
l J
oD f
{
Q-meter = | B

Figure L4.4. Circuit for Capacitance Measurements

Let C, Dbe the measured capacitance across the Q-meter terminals C-D,
let Cgp be the standard capacitance,

Cy the capacitance of the sample holder,



Lk

and Cg the actual capacitance of the sample,

Let the impedance across the Q-meter terminals be

= -d - -d k.1
ZcD wCq ZAB wCST ( )

Then the impedance across AB (see Figure 4.L4) is

= _d
ZAR W . (h.2)

After combining Equations 4.1 and 4.2,

-J - -] -J_ I
wCy, w(CH+CS) @Cqm (+.3)

Therefore
1 1 1
i S (b.4)
Co CH+CS CST
and
C + Cy + C
1 ST H S (4,5)

Q

o Cgr (Cg + Cg)

Hence the actual capacitance of the sample is given by
€y (Cgp + Cg) - Cgy Cy
Cst - Co

Cg . (4,6

Prior to taking measurements, the sample is heated and cooled
a number of times through its peak permittivity temperature, Capacitance
measurements are then taken on the sample at zero field and three differ-
ent voltages. Simultaneously, the thin end of the material is observed
optically and measurements of light transmission are taken with a cadmium

sulfide photocell placed directly over the microscope eyepiece (Figure 4.3).



-45-

5., Intensity Measurements

Intensity measurements of the light transmitted by a thin section
between crossed polars give an indication of the integrated birefringence
of the ferroelectric grains under observation. The measured intensities
can be empirically correlated with the proportion of ferroelectric grains
in the mixed titanate samples, as shown in Section VI.

While observing a barium strontium titanate ceramic, the follow-
ing assumptions are made:

1. A total extinction of the optical field indicates a complete-

ly isotropic, paraelectric material.

2. Maximum brightness of the optical field indicates an exten-
sively ferroelectric material in which all grains are
tetragonal.

3, In the region of the peak permittivity the percent of light
transmitted by the thin section can be correlated with the
percentage of ferroelectric grains in the sample,

The light measurements were taken with a cadmium sulfide photo-
cell, Microammeter readings of thelight transmitted by a sample were
compared with readings obtained from a calibrated Kodak density film strip.
For this purpose the strip was pléced in the same position as the sample,

During the measurements of both film strip and sample,.the inten-
sity of the light source was held as nearly constant as possible. The
graded densities of the film yielded successive microammeter readings which
were then converted to a calibration curve of percent transmission vs

microamperes. (See Appendix B).
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The entire light detecting device consists of the cell, a
75 volt battery, a microammeter, and several resistances (Figure 4.5),
The light source of the microscope, a tungsten filament lamp, appeared
to have a steady light output. As a precaution, a regulating transfor-
mer was introduced between the main line and the microscope. At times
a slight drift was observed in the voltage output of the mains over a
period of several hours. To correct for this change, the photocell
was calibrated against the density strip before and after every run,
and appropriate adjustments were made in the intensity values of the

samples measured. (See Appendix B.)

2 meg., 1 meg.

Cell

Figure 4.5, Circuit for Light Intensity
Measurements by a Photocell,



V DATA AND OBSERVATIONS

The material in this section has been classified under two
main headings: 'Data" and ”Observationsaf

"Data," taken on ceramic wedges of mixed barium-strontium
titanate compositions, contain the results of the capacitance versus
temperature and the percent light transmission versus temperature
measurements, with voltage as a parameter., A distinction is made between
large-grained (50 - 150u) and fine-grained (3 - 15u) ceramics because of
some important differences in their dielectric as well as optical behavior,
(None of the investigated samples consisted of grains of an intermediate
size, i.e., approximately 15 - 50 u.) The data are analyzed with respect
to two proposed explanations of the field produced non-linear dielectric
effect in ceramic titanate ferroelectrics., They are:

1. Nonlinearity due to the alignment of ferroelectric domains

in the direction of an applied DC field, and
2. Nonlinearity due to a field induced ferroelectric effect
in the peak permittivity region of the ceramic,

"Observations" include all optical phenomena that were observed
in individual grains during the course of this investigation. They are
confined to the thin section end of large-grained ceramic wedges where the
grains are readily visible by transmitted polarized light. The fine-grained
"thin sections" are almost opaque in transmitted light due to the light
scattered at the many grain boundaries in the ceramic.

The changes produced in the large-grained samples with varying

temperature and field have been classified as (1) short term and (2) long

-L47-
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term effects. They are defined in the following manner:

1. Short term effects occur instantaneously when a sample is
exposed to a change in temperature or to an applied DC
field. As soon as temperature and field are returned to
their initial condition, the ceramic reverts to its ori-
ginal state,

2, Long term effects are also brought about by an applied
voltage or by a temperature change, but they persist for
some time after the original values of external condition
have been restored.

Both effects are discussed.in some detail and interpretations

have been provided wherever possible.

A, Dsata

1. Presentation of Data

Figures 5.1 - 5,13 illustrate the data taken on ceramic wedges
of barium-strontium titanate compositions., They represent the capacitance
versus temperature of the Samples, with a DC field as a parameter, For
the sake of visual clarity, no data points have been shown on the curves,
The points lie close together, especially on either side of the peak incre-
mental permittivity temperature, where they tend to crowd the figures,
The data for each sample is tabulated in Appendix A.

Furthermore, to facilitate comparison of the figures, the heat-
ing and cooling curves obtained for each set of measurements have been

averaged into a single curve, This is considered permissible for the
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following reasons:

lb

Although a temperature hysteresis is observed in the samples,
the effect is relatively small., Depending on the composition,
it ranges from O - 3° between heating and cooling cycles,

The peak incremental permittivity in all samples is somewhat
larger during the cooling cycle than the heating cycle,
regardless of whether a field is applied to the sample or
not. Condensing the heating and cooling curves into a

single curve therefore does not change the relative dielec-
tric behavior of the samples with respect to each other,

The light transmission data do not show any consistent
hysteresis effect. The differences in the heating and cool-
ing curves lie within the range of the estimated experimental
error. The percent light transmission data is therefore
presented as the best curve drawn between the points of

measurement,

Appendix A shows tables of the point by point capacitance and

percent light transmission measurements taken on the ceramic samples.

Appendix C contains a sample calculation which illustrates the metbhod by

which the data were reduced.,

2. Analysis of Curves

From the permittivity versus temperature curves with voltage as

a parameter it can be seen that an applied DC field has the effect of:

1)

reducing the value of the peak incremental permittivity,

and
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2) shifting the peak incremental permittivity to higher tem-

peratures.

The effect of the field on the percent light transmission of
the ceramics, the large grained samples in particular, is

1) a considerable increase in anisotropy, especially in the

region of the tetragonal to cubic transition,

2) a shift of the curve of percent light transmission toward

higher temperatures.

The samples measured can be divided into two categories: one
containing ceramics with large grains, the other containing fine-grained
material. Thin sections of the first category in which the grain size
varies from 50 - 150u are composed of a monolayer of grains. Thin sections
of the second category made from the fine grained material with grain sizes
ranging from about 3 to 15u, consist of several layers of grains. Both
groups show a similar trend in the dielectric and optical behavior with
temperature and field. However, the light transmitted by the fine-grained
samples 1s substantially reduced due to the large amount of scattering
that takes place in the fine-grained complex.

Sample 1 (see Figures 5.1 and 5.2), Sample 2 (see Figures 5.3
and 5.4), Sample 3 (see Figures 5.5 and 5.6), and Sample 4 (see Figures
.507 and 5.8) belong to the first large-grained category. Sample 5, a
commercial barium-strontium titanate ceramic (see Figures 5.9 and 5.10),
Sample 6 (see figures 5.11 and 5.12), and Sample 7 (see Figure 5.13) repre-
sent the fine-grained category. For a listing of the chemical composition

of the samples see Table 4,1,
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a, Large Grained Ceramics

Figures 5.1 - 5.8 represent the capacitance and percent light
transmission data taken on four largefgrained ceramic samples, It is
seen in Figures 5.1, 5.3, 5.5 and 5.7, that large fields applied to the
samples markedly reduce their peak permittivities, The permittivity and
percent light transmission curves also experience a shift to higher tem-
peratures with increasing fields,

Two mechanisms have been proposed in the literature to account
for the field produced, non-linear dielectric behavior in perovskite-type
ferroelectrics, such as solid solutions: of barium-strontium titanate (see
Section II-C and Section IinGa They will be briefly discussed here as

1) +the mechanism of domain alignment, and

2) the mechanism of induced ferroelectricity.

According to the mechanism of domain alignment, the polar
vectors in domains of ferroelectric ceramic grains tend to orient them-
selves in the direction of an applied field., In this respect, the ceramic
is thought to behave similar +to a single crystal of barium titanate, A
twinned barium titanate crystal, for example, can be ideally transformed
into one of uniform polarization by applying sufficiently large fieldsa(68’69>
As a result of the proposed "alignment'" of the polar vectors in the field
direction, a pronounced decrease in the permittivity of the ceramic can be
expected throughout the tetragonal, ferroelectric region. This follows from
the dielectric anisotropy of the material., The permittivity along the
c-axis of a single crystal of barium titanate permittivity € ~ 200, and

and the permittivity along the a-axis ey ~ 4000,
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The second model attributes the lowering of the ceramic peak
permittivity to a field induced ferroelectric state in the paraelectric
grains in the ceramic., The domains in the ferroelectric grains are con-
sidered relatively static. 90° domain alignment does not occur according
to this theory, although the existence of 180° domain alignment, i.e., a
180° reversal of the polar vector in the domains is recognized. 180°
domain switching has been actually observed in ceramics by DeVries and

Burkeg(llg)

However, a 180° reversal of the polar vectors in the ceramic
does not change the permittivity of the ferroelectric. 180° domain
alignment alone therefore does not explain the observed field non-linearity
in the ceramic,

According to the second mechanism, the Curie temperatures of the
grains composing the ceramic are distributed about the peak permittivity
temperature in a Gaussian distribution, the exact shape of which is deter-
mined by the history of the material. The grains do not all have the .
identical transition temperature; their transitions occur over a tempera-
ture range. Within this range, both ferroelectric and paraelectric grains
can be found side by side, and a large external field produces a ferro-
electric state in the paraelectric grains. The polar vector formed in
the graiﬁs is considered to lie in the direction of the applied field. It
can be shown that the total imcremental permittivity of the.ceramic drops
as a result of the applied field in this temperature region. The model
also predicts the observed sﬁift in the peak permittivity temperature
with field. This shift has a parallel in the increase in the tetragonal
to cubic transition temperature of a single crystal of barium titanate as

a result of a large external field.(78)
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In the following the dielectric and optical results obtained on
the large=-grained samples are examined in detall with respect to any
evidence of either domain alignment or an induced ferroelectric state in
the ceramic grains.

In order to compare the four different ceramic compositions, a
reference point, namely the peak incremental permittivity temperature of
each composition, is chosen. Criteria are set up at temperature inter-
vals both below and above the peak incremental permittivity temperature.
These aim at distinguishing between the possible effects of domain align-
ment and/or induced ferroelectricity on the behavior of the ceramics.
They are compared with the actually observed changes in the incremental
permittivity and percent light transmission data that has been brought
sbout by an applied field. The temperature points at which the ceramics
are examined in detail are:

1) 50°C below the peak incremental permittivity temperature

2) 25°C below the peak incremental permittivity temperature

3) 6°C above the peak incremental permittivity temperature

L) 25°C above the peak incremental permittivity temperature

5) 50°C above the peak incremental permittivity temperature

1. 50°C Below the Peak Incremental Permittivity Temperature

At 50°C below the peak incremental permittivity temperature, it
may be safely assumed that almost all grains are ferroelectric., It has
been estimated that at least half of the crystallites composing the large-
grained samples have transitions that occur within T 15°C of the peak

incremental permittivity temperature of the ceramic.
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If the domains tend to reorient themselves in the direction of
the field as a result of 90° domain motion, a substantial increase in
the percent light transmission of the thin section can be expected, The
increase in the percent light transmission is the result of a rotation
of the crystallites into a position of maximum anisotropy with respect
to the crossed polars.* On the other hand, if the domains are sufficiently
clamped so that 90° domain alignment with the accompanying mechanical

strains cannot occur, then the effect of the field would be very small,

2. 25°C Below the Peak Incremental Permittivity Temperature

The ceramic compositions here are largely ferroelectric. However,
as a result of the distribution of transition temperatures of the individual
crystallites, there may be a smaller number of grains that are paraelgctric,

For the case of domain orientation, the same arguments as above
hold. For the case of induced ferroelectricity, a small overall decrease
in the incremental permittivity and increase in the percent light trans-
mission of the ceramic can be expected, due to the effect of the field on

the paraelectric grains.

3. 6°C Above the Peak Incremental Permittivity Temperature

Slightly beyond the peak incremental permittivity temperature,
the greater part of grains composing the ceramic are in the cubic state,

If 90° domain Qrientation occurs with field, it is restricted
to a small, ferroelectric fraction of the grains. As a result, the capa-

citance of the sample is expected to decrease and the percent light trans-

mission is expected to increase by a small amount. On the other hand, if

* The direction of the applied DC field is at about 45° with respect to
the privileged directions of the polars.
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ferroelectricity is induced in the paraelectric grains, it will be seen
as optical anisotropy in the formerly cubic grains., This will result in
a large increase in the percent of light transmitted by the thin section
as compared to the zero field case., The overall incremental permittivity
of the sample is generally expected to decrease with strong applied fields,
The above anticipated results from the mechanisms of both domain
alignment and induced ferroelectricity differ from each other mainly in a
matter of degree. It may therefore be difficult to interpret the data in
terms of either one or the other postulate, In the latter part of this
section some microscopic observations on individual grainé are described,
which provide a useful aid to»the analysis of the incremental permittivity

and light transmission curves.

Lk, 25°C Above the Peak Incremental Permittivity Temperature

The ceramic is composed mostly of cubic grains at this tempera-
ture,

The process of domain alignment can hardly take place., In
terms of induced ferroelectricity, the effect of the field is also moder-
ate, since ferroelectricity can no longer be induced in a large number of
grains. (The range within which a ferroelectric state can be induced in
a single crystal of barium titanate is derived from the thermodynamic

relationships of the system (see Figure 6.12).

5. 50°C Above the Peak Incremental Permittivity Temperature

At this temperature, almost all grains are isotropic. A strong
field is expected to produce little change in the optical and dielectric

properties of the dielectric.
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In the following paragraphs the dielectric and optical data
obtained from the large-grained samples are analyzed, particularly with
respect to the criteria established for distinguishing between the pro-
cesses of domain alignment and an induced ferroelectric state in the
ceramic grains.

The curves of the incremental permittivity versus temperature
and DC field are shown in Figures 5.1, 5.3, 5.5 and 5.7. There is a
relatively small decrease in the incremental permittivity with field at
50°C (Figure 5.7), and at 25°C (Figures 5.1, 5.3, 5.5 and 5.7) below
the peak incremental permittivity temperature. The change at 6°C (Figures
5.1, 5.3, 5.5 and 5.7) above the peak incremental permittivity temperature
is very large. Changes at 25°C and 50°C above the peak incremental per-
mittivity temperature are respectively small and very small (Figure 5.1,
5.3, 5.5 and 5.7). From these observations it can be concluded that the
incremental permittivity data taken on the large-grained ceramic composi-
tions approximates the requirements proposed for the mechanism of induced
ferroelectricity. The data show little evidence of any large field pro-
duced changes in the strictly ferroelectric region of the incremental
permittivity curves. Such a result would be expected from the mechanism
of domain alignment. At no point are the changes in the incremental
permittivity very large except at the permittivity peak.

In Table 5.1, the percent increase in light transmission is listed
for thin sections of the large-grained ceramic at several temperatures. In

general, the greatest change in light transmission with field occurs slight-

ly above the peak permittivity temperature, in which case the samples are



-70-

TUSTT & U3} JO SPTS OTJID9TI04I9] SU31 938OTPUT gsaanyeiadway SATABISU YT

ewom «@om «.Jom «Ncm

SoINBTI 298 °opIs OTJjoaTorIed oYy 93BOTPUT saanjieaaduwad 2ATATsod Sy °S9AJIND UOTSSTWSUBIG

°(,0) eangexsdwoy

oousIsIsl €17 seB uayey ST oTdwes yoes Jo L3TAaTijTwasd Tejuswagoul ead oayj Jo aangeasdwal oYL, x

- f° ¢ ¢ f° 0 0¢ 009°0T ¢Q H

G* z2°2 9°Q 8°¢ - a9 00L‘0T A4 ¢

T g° 9°¢ 0°2 --= 49 006 °0T TS g

AN G ¢ 9°9 6°2 --- ot 000°LT 64 T

006 + | 562 +] o9 +| oS3~ | L06- SUOIDTW | wo/S3TOA Do | oTdueg
‘ssauyoTYg ‘preTd ‘sanqeasduag,
woanqeasdus, V> ¥BSJ oY} JO SPTS JOULTH STdureg 0Q °Xel | £3TAT3ATUIS]
uo ssanqexadws] 38 USATH ‘pTeTd ays £Lq peonpoad poTTddy UMWTXBR

UOTSSTUSUBIL, JUSTI ¢ °3NTOSAY Y3 UT 9SBIIOUT
STIHETA od

DNOALS Ad QHADNAOEd SNOTIISOAWOD HIVNVIIL THXIW
TENTVED ~HDYVI NI NOISSTWSNVAL IHOIT LNHDHHd NI HSVHYONI

T

°$ HIAVL




-T1-

largely optically isotropic. This is seen very.well in the light trans-
mission curves (see Figures 5.2, 5.4, 5.6 and 5.8). The increase in
light intensity with field in the ferroelectric region of the compositions
is distinctly noticeable, except for Sample 4, in which the effect is
small, In this connection it was observed that strong fields have little
effect on the birefringence of a pure barium titanate ceramic at room
temperature (barium titanate has a tetragonal to cubic transition at
120°C), Changes were noted only when barium titanate was heated to about
90°C. Sample 4, which has a peak incremental permittivity temperature at
85°C, is similar to barium titanate in that a field produces few optical
changes at temperatures well below the peak incremental permittivity
temperature (Figure 5.8).

In the region of the tetragonal to cubic transition the effect
of the field on the percent light transmission is large. The optical
data indicate the existence of an essentially isotropic ceramic at 6°C
above the peak incremental permittivity temperature. After applying to
a strong field, however, the percent light transmission approaches that
of the ceramic in the ferroelectric region. Photographs taken on Sample
3 (Figure 5.14) show the field effect on the ceramic at room temperature
and at 55°C, At the lower temperature (Figures 5.lbka, 5.15b) the ceramic
is ferroelectric, at the higher (Figures 5.1kc, 5.14d) it is at its peak
incremental permitivity temperature. The field induced optical anistropy
makes the sample appear as bright at 55°C as it had been at room tempera-
ture.

At temperatures considerably above that of the peak permittivity,

the field effect is very small,



.

ero applied field a) 55°¢, 12000 volts/em

Figure 5,1k, Effect of a Strong DC Fleld on the Optical Anisow-
tropy of a Yerroelectric Cevamlc, Sample 3, Peak
Incremental permittivity at 55°C, sample between
erossed polars, (Mag, o4 335X)
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At 25°C below the peak incremental permittivity temperature, a
small, distinct field produced increase in intensity transmitted by the
ceramic leads one to believe that the anisotropy of the ferroelectric
grains is affected by strong fields.

The influence of a field on the optical behavior of individual

grains is discussed in the latter part of this section.

b. Fine-Grained Samples

The fine-grained Samples 5 and 6 (Figures 5.9 and 5,11) are
characterized by very broad incremental permittivity peaks and a fine-
grained structure., Incremental permittivity data for Sample 7 are lack-
ing. Accurate capacitance measurements could not be made on Sample T,
since the only sample available was a thin section, not a wedge. Sample
7 is nevertheless included in the data because it represents one of the
few fine-grained ferroelectric ceramics prepared at the Electro-Materials
Laboratory, Electrical Engineering Department, The University of Michigan.
In many ways 1t resembles the commercial ceramic Sample 5,

The dielectric data of the fine-grained ceramics show the
typical lowering of the incremental permittivity with field and a discern-
ible shifting of the peak permittivity to higher temperatures. However,
the percent-transmission data at best only give a small indication of the
actual optical behavior of the ceramic, since the light traversing several
layers of the ferroelectric is absorbed and scattered in the material.
This explains the very low percent transmission values measured,

No evidence of domain structure can be observed in the individ-

ual grains in the ferroelectric region, In Sample 6 which '"peaks" around
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1L8°C.g entire anisotropic patches covering large areas of the sample can
be seen Figure 5,15a), These patches are greatly enlarged when a field
is applied (Figure 5.15b), As the thin section is heated, the number of
patches gradually decreases, but the sample never extinguishes completely,
(It appears that a strain-induced anisotropy exists in the fine-grained
ceramics which is independent of temperature.) When a strong DC field
is applied to Sample 6 at 78°C, 30°C above its peak incremental permit-
tivity temperature, the microscope field becomes brighter, although not
to the same degree as at the peak incremental permittivity temperature.
At about 110°C the field induced anisotropy can no longer be detected,
The strain anisotropy, however, still persists. OSamples 5 and 7 behave
in a similar manner.

In an x-ray and electron diffraction study on barium titanate,
composed of colloidal particles, Anliker, Brugger and Kaenzig(ll7) have
found that the ferroelectric to cubic phase is increasingly spread out
over a wider temperature range as the particle size decreases, They
report that the spontaneous strain, which is normally observed in the
tetragonal phase, does not vanish completely even at several hundred
degrees above the Curie point of the microscopic crystal. They attribute
the anomalous effect to a highly strained surface layer of about 100 gg
The spontaneous tetragonal strain in this layer is independent of tempera-
ture and larger than the spontaneous strain in the interior of the small
particle, Fatuzzo and Merz(llS) have recently investigated the surfaces

of single crystals, and have found a thin, electrically biased and mechani-

cally strained layer which has a much smaller permittivity than the bulk



a) Peak incremental permittivity b) Peak incremental permittivity
temperature, zero applied field

15000 volts/em

¢) 30° above the peak increments,l d) 30° above the peak Incremental.
permittivity temperature, zero permlttivity temperature,
applied fleld 15000 volts/cm

Figure 5.15, Effect of a Strong DC Field on the Optical Aniso-
tropy of & Fine-Gralned Ceramic, Sample 6. Sample
between crossed polars. (Mag. e 335X)
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of the crystal. I. I. Ivanchik(119) mentions that ferrcelectricity dis-
appears completely if the thickness of a particle grain is less than 200 Ea
This seems to contradict the findings of Anliker g}_g£°<ll7>
who report the persistence of the Curie point in fine-grained particles
upto very high temperatures. The high spontaneous strain at the surface
of the small particles gives rise to their anomalous ferroelectric
behavior, It is possible that the discrepancy arises from a difference
in terminology. Ivanchik may not have chosen to describe the observed
anomalous dielectric behavior as '"ferroelectricity.,"

The fine-grained, mixed titanate materials investigated here are
composed of grains 3 - 15u in diameter. They consist of considerably
larger particles than would be considered colloidal, However, the broad
peak in the dielectric data and the observed strain anisotropy seem to

suggest that surface effects are responsible for their anomalous ferro-

electric behavior,

B, Observations

In the search for some indication of domain alignment and/or
induced ferroelectricity in the compositions investigated, many field
produced phenomena were observed in individual grains which could not be
isolated by the integrated 1light measurements of the photocell. They
are discussed in some detail below., The effects are classified as short

term and long term.

l, Short Term Effects

Optical changes in ferroelectric thin sections which are pro-
duced by a short exposure to an external DC field and disappear when the

field is removed are considered short term effects,
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As mentioned previously, the effect of a strong DC field on

the optical behavior of a ferroelectric titanate thin section at tempera-

tures substantially below that of the peak incremental permittivity

eappears to be negligible, The room temperature observations on ceramic

barium titanate and Sample L4 which "peak" at 120°C and 83°C respectively

show no distinct changes in birefringence or in crystallographic orienta-

tion with field. However, in the temperature range approximately 25°

below the peak incremental permittivity, a number of field induced effects

are observed in the large grained compositions:

1)

The field noticeably increases the interference colors in
some grains. In Sample 1, LOu in thickness, the field
changes a first order yellow into a first order red-blue.
(This corresponds to a change of birefringence of ,010 to
.015 with field.) Similarly, in Sample 3, 35u thick, a
first order yellow changes to a second order blue-green
with field. (The corresponding increase in birefringence
is almost ,010.)

Twinning striations tend to disappear when the sample is

heated close to its peak incremental permittivity tempera-
ture, These gtriations are due to 90° domains or twinning
across the (101) plane. On heating, the parallel twin lines
gradually become less well defined, and then disappear com-
pletely. Often the area which the striations have occupied

at low temperatures appears to be of uniform color when

heated. The color is usually a first order white or yellow,



4)

-78~

Then, when a high DC field is applied to the sample, the
twinning striations may reappear in their original direc-
tion and number. When heating the biased ceramic further,
close to its transition temperatures, the field produced
striations disappear. They are similarly replaced by areas
of uniform interference color,

The reverse effect, an actual disappearing of twin
lines with field, is very rarely observed, In Figures
5,16a and 5,l6e,grain 1, the twinning striations are faint
lines which do‘not all extend across the grain. As seen
in Figure 5,l6b, they disappear completely with the applied
field. 1In the neighboring grain, Figures 5.16a and 5.16e,
grain 2, where the striations are at 90° to the former, the
field seems to lengthen the twinning lamellae.
Although the field tends to increase the overall light trans-
mitted by a sample, some isolated grains become dark when a
field is applied.
In some instances the '"brightening" of a grain is not instan-
taneous, but seems to saturate over a time period that is
noticeable by eye, The period is about .3 to 1 second., Also,
a movement of dark, irregular lines within a grain has been
frequently observed. Field induced effects of this latter
type are very difficult to analyze since they are not repro-.

ducible. A detailed discussion of the above effects follows,



a) Before poling. Room temperature, b) Before poling. Room temperature,
no field applied field applied

—
L
.

¢) After poling. Room temperature, d) After poling. Room tempersture,
no field applied fleld applied

Figure 5.16. Effect of Poling on the (101) Pwinning Struce
ture of' a PFerroelectric .Ceramic, Sample
Sample between parallel polars. (Mag. oz




N84

ARROW SHOWS DIRECTION OF APPLIED FIELD

e) Outline of grains in photographs
5.16 a, b, c, and 4.

Figure 5.16. (Continued)
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a. Discussion of Observed Phenomena

The optical observation on ferroelectric, ceramic thin sections
seems to indicate that their optical anisotropy is both a function of
temperature and of an external DC field.

Unfortunately, no experimental data has yet been published on
the optical properties of good barium-strontium titanate crystals, con-
taining more than 10% strontium titanate. It is therefore necessary to
rely on the observations made on ceramic materials in the course of the
present investigation, Because of the nature of the material, these
observations can only be descriptive. Nevertheless, it is possible to
make some general statements about the optical behavior of the mixed
titanate ferroelectrics with respect to temperature and electric field.

(1) Birefringence as_a Function of Temperature

The birefringence in mixed barium-strontium titanate composi-
tions appears to be lower than in pure barium titanate (Figure 5.17). For
barium titanate it increases from approximately .025 at 120°C, the tetrag-
onal to cubic transition temperature, to .060 at O°C.(8u) (Meyerhofer<120)
reports an increase from .040 to .075 for the same range.) The highest
interference color observed on the ceramic Sample 4, at room temperature,
is a first order green for a thin section 30y thick° The highest inter-
ference color observed at 83°, in the region of the tetragonal to cubic
phase transition, is a first order white. Hence the change in birefrin-
gence is about .022 for a 60° range. In Figure 5.17c the curve of Sample
L has been shifted along the temperature axis so that its transition

temperature at 83°C coincides with the transition temperature of pure

BaTiO..
ali 3
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(2) Birefringence as a Function of DC Field

Observations on ceramic barium titanate and Sample 4 indicate
that the field has very little effect on the birefringence at temperatures
substantially below the transition temperature; but within a range of about
20°C to 25°C of the peak incremental permittivity temperature, the field
increases the optical anisotropy of the ceramic grains. At this point it
should be mentioned that the electric field across the sample was placed
at 30 to 45° with respect to the analyzer and polarizer. Any changes in
the ceremic which the field might produce would in this way be readily
ébservable°

The increase in enisotropy results in a general brightening of
the entire thin section. Closer examination of the anisotropic effect
seems to indicate that this is partially due to an induced anisotropy in
a few paraelectric areas, It is also due to an increase in birefringence
in some ferroelectric greins, when a strong DC field (of about 11,000
volts/cm for Sample h), is applied to the ceramic. Higher interference
colors appear with field than are observed at zero bias. In an aggre-
gate of randomly oriented grains which show a first order grey, white, yel-
low end red at zero field, a second order Llue caun Le detected
when a field is applied. The higher order colors are not due to a more
favorable orientation of the polar axes in the field direction, since
they represent a birefringence which is larger than that of the highest
interfence color found among the ceramic grains at zero field,

The estimated change in An of ,005 with field corresponds to

a change of temperature of about 14°C (see Figure 5.17c),
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(3) The Effect of a Field on the Twinning Lamellae

Some areas which show twinning lamellae become areas of uniform

interference colors at a temperature close to that of the transition,

When a strong DC field is applied to the sample, the lamellae reappear.

As Little<69) has pointed out, large mechanical as well as electrical
stresses exist at 90° domain boundaries. This is the result of twinning
along the face diagonal of a pseudocubic, tetragonal crystal. The result-
ing mechanical distortion explains why a 90° domain wall is readily visible
in transmitted light.

Close to the transition temperature, a barium-strontium titanate
ferroelectric very nearly approaches the cubic structure. The stresseg
are greatly reduced and the twin lamellae fade away, The twinned area‘
then appears as & uniform region of first order white., It is possible
that a strong field applied in a favorable direction will greatly stress
one axis and thereby restore the anisotropy and mechanical distortion
which led to the original 90° twin formation. In addition, field-induced
twinning seems to be very temperature sensitive., A heating of only 2 to

3°C will again change the area into one of uniform polarization.

(4) Increase of Light Intensity with Time

In some samples, the initial field-induced change in anisotropy
seems to increase with time. After several seconds, the observed trans-
mitted light intensity saturates.

An interpretation here is difficult., Perhaps the initial stress-
ing of the optical axis is followed by a small degree of orientation in

the field direction.
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On the other hand, the observed phenomena may be somehow or
other associated with space-charge effects., For example, it is well
known from classical electrodynamics that in a dielectric medium the

space charge will diffuse according to

where p is the space charge density, s the initial density, o

the conductivity, € the permittivity (e = €p €5 , With €, the rela-

tive permittivity and ey the permittivity of a vacuum). In BaTiO5,

v 10° and e, ~ 10-11 fareds

o 1is of the order of lO"‘8(ohm°m)_l and €,
m.

s0 that % (the time-constant for space-charge effects) becomes

103x10-11

10'8 ‘
effects,

~1 sec , This is of the same order as the observed transient

In order to examine this and other possibilities a more extensive

study of these materials would have to be conducted.

(5) Domain Rotation

Domain rotation is difficult to detect. An increase in inten-
sity with field may be either due to a rotation of the optic axis into the
field direction (assuming that the field direction lies at about 45° to
the privileged directions of the polars), or due to a field produced
increase in the birefringence of the ceramic grain (Section V-B-2), On
the other hand, a darkening of a grain with field, at constant temperature,
seems to indicate that the field has rotated the optic axis to coincide

more nearly with the privileged directions of the polars (Figure 5.18a).
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Figure 5,18a, Schematic: Rotation of the Polar Axis in a
Ferroelectric Domain Produced by an Applied Field.,

MErz(68)

was able to show the existence of anti-parallel 180°

walls by applying a strong field perpendicular to the direction of the

spontaneous polarization (Figure 5.18b). The small rotation of the optic

axes into the field direction produced a strain anisotropy at the domain

boundaries which made 180° domains visible,

direction of applied field

\ / — ferroelectric vector at O field

3
\ / -—— ferroelectric vector with field

Figure 5,18b. Field Produced Rotation of the Polar Axes in

Anti-parallel Domains.
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It is felt, from‘observations on the ceramic grains, that the
isolated occurrences of '"domain rotation' are not the result of a field
produced nucleation and growth of domains. They seem to arise from a
small field-produced distortion of the optic axes, similar to the one
produced in Merz's experiment.<68) This is illustrated in Figure 5.19,
grain 5., An area is shown which appears relatively bright on zero
field, but is dark at 18,000 volts/cm, The grain has been almost stress-
ed into an extinction position by the field,

In Sample 2 and Sample 4, areas become light as well as dark
when a field is applied. These samples are highly twinned and also have
pronounced '"domain movement.'" Rotation was not readily detected on any

other compositions,

(6) "Domain Motion"

The movement observed in mixed titanate ceramics, again near the
transition temperature, is confined to black, irregular lines which are
sometimes distributed over the grains (Figure 5.19 grain 4). The lines
do not necessarily adhere to grain boundaries. They have been observed
only in a few compositions and seem to be affected by humidity, frequency
of exposure to the field, and proximity to the electrodes. Under the
influence of a DC field, they rearrange themselves into new patterns
within a second or less. Sometimes they delineate bright areas which
either increase or shrink as the field is switched on and off. This type
of "motion" has constituted one of the most perplexing problems in the

present study, mainly because of the total lack of reproducibility. It



a) 35°C, zeyo applied field

¢) Grain b - Yight grain with irreguler
dark lines, located approxi-
mately in center of photographs

Greln 5 - Position as indicated in sketch,
upper right hand corner of grain k.

Figure 5.19. Extinction of an Anisotropic Aves in a Ferrvoelectric
Grain of Sample 1, Upon Applying a Strong DC Fleld,
Semple between crossed polars, (Mag. =+ 320X)
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is now felt, that space charges are responsible for the movement, Space
charges build up at the electrodes and in the interior of the ferroelectric
when DC fields are used. The charge accumulation is especially serious
near the Curie point. It depends largely on the type of electrical con-
tact made to the crystal. MEyerhofer(lgo) has found that crystals with
tin oxide electrodes have less space charges than those with evaporated
metal electrodes. A permanent space charge layer in the cubic state has

been described by Chynoweth,(lgl)

He reports that a cubic barium titan-
ate single crystal carries a small degree of surface polarization, al-

though its spontaneous polarization is zero. At times the space charge

is even large enough to induce birefringence in a cubic crystal,

2. Long Term Effects

Optical and structural changes which are produced in a ferro-
electric by the prolonged exposure to an external DC field, and which
remain after the field is removed are described as long term, or '"poling"
effects.

Sample 1 provides a good example of the poling effect. A series
of photographs were taken of the composition between parallel and crossed-
polars, at different temperatures, and different applied electric fields.
Repeated.heating and cooling of a ceramic through its peak incremental
permittivity temperature does not essentially change the original domain
patterns. In some ways these patterns conform to an existing structural

mold. Perhaps domains in single crystals nucleate at impurities and

imperfections, and they are produced by the stresses existing at these
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imperfections. Ceramic crystallites are, in addition, geometrically con-
fined by their grain boundaries. The photographs of Figure 5.16 Sample
1, show that the repeated exposure of the ceramic to a field has produced
some permanent changes, although the wedge was heated 20°C beyond its
peak incremental permittivity temperature in the process., The areas in
which poling can be detected are primarily in grains 1 and 2, Parallel
twin lines are faintly visible. The grains are about to become isotropic,
given another five degrees of heating. Twinning in grain 2 is perpendicular
to the twinning in grain 1, When the field is applied, twinning completely
disappears in grain 1 and is enhanced in grain 2, After exposing the sample
intermittenfly to the field for a total of about 30 minutes, photographs
Figure 5.16c were taken. Now grain 1 hardly shows any twin lamellae at
zero field and the ones in grain 2 seem more pronounced, Grain 1 in
photographs b and ¢ have become almost identical. A high applied DC field
does not alter the picture substantially, except that it increases the
lines in grain 2, Figure 5.16d. No visible poling has occurred in grain
6, In grain 7, all twin lines seem to have been poled in one direction.
Another example of poling is illustrated in the sketches drawn
from Sample 1 before and after a 20 minute exposure to a field of 17,000
volts/cm at room temperature (Figure 5.20). Aside from changes in direc-
tion of the twin lamellae, an increase in the interference colors of the
grains was observed., These, unfortunately, cannot be recognized from the
black and white photographs of Figure 5.16. Poling on other samples has
not been observed to this extent; Sample L4 in particular seems insensi-
tive to the field in its ferroelectric state. The reason for the vari-

ation in behavior of the different samples is not known.
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Figure 5.20.
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Poling in Semple 1. Thickness LOu.



VI. CALCULATION OF THE LIGHT INTENSITIES TRANSMITTED
BY (Ba, Sr) TITANATE CERAMIC THIN SECTIONS

Several aspects of the percent light transmission versus
temperature data taken on the ceramic barium-strontium titanate thin
sectionsare examined more closely in this section on calculations.

First, the following basic question is posed: Given a ferro-
electric barium-strontium titanate thin section, what percentage of the
incident light can be theoretically expected to emerge from the analyzer
if the section is placed between crossed polars? The ceramic section is
considered to consist of a single layer of randomly oriented crystallites,
all of which are in the ferroelectric, anisotropic phase, and have the
same valge of maximum birefrigence.

Secondly, the percentage of light transmission versus tempera-
ture of a barium-strontium titanate thin section is calculated from theo-
retical considerations. It seems areasonable assumption that the transi-
tion temperatures of a large aggregate of crystallites composing some
barium-strontium titanate composition should be distributed about the
peak permittivity temperature of the ceramic in a Gaussian distribution.
The distribution of transition temperatures results from the cdmpositional
inhomogeneities in the ceramic as well as from internal strains in the
material which affect the Curie temperature of the crystallites.

The percent of light transmitted by a thin section of a barium-
strontium titanate ceramic through crossed polars is closely related to
the number of anisotropic, ferroelectric grains in the thin section. The

number of ferroelectric grains existing at some temperature, T , may be

-92-
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derived by integrating over the distribution curve of transition tempera-
tures from the lower limit up to the desired temperature (Figure 6.6).
When the integration is performed for all temperatures, one obtains a
relationship of the percentage of anisotropic grains in the ceramic with
respect to temperature. It will be subsequently shown that such a curve
is of the form (l-erf) , where erf is the error function (Figure 6.7).
The shape of the experimental percent light transmission curves,
as shown in Figures 5.2, 5.4, 5.6, 5.8, 5.10, 5.12, 5.1%, closely seem to
resemble the function (l-erf) . In order to make an exact comparison of
the predicted and experimental percent light transmission data, theoretical
light transmission curves have been calculated for four large grained sam-
ples, samples 1-4. The shift of the transmission curves with field, as
predicted theoretically and determined experimentally have been compared
in Figures 6.8, 6.9, 6.10, 6.11. The agreement between the theoretical and
experimental curves for both samples is good.
The calculations in this section fall under the following three
headings:

A. Fraction of light transmitted by a (Ba, Sr) TiO5 ceramic thin
section at some temperature, T , in the ferroelectric region.

B. Change with temperature in the relative amount of light trans-
mitted by a barium-strontium titanate thin section.

C. Change with temperature and applied DC field in the relative
amount of light transmitted by a barium-strontium titanate thin
section.

D. Comparison of the relative theoretical and experimental light

transmission curves.
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The temperature.range of interest and the one considered here
lies between 20°C and 140°C. This range includes the tetragonal-ferro-
electric to cubic-paraelectric transition only. None of the ferroelectric
transitions which occur at lower temperatures (for barium titanate, the
orthorhombic to tetragonal occurs at about 0°C, and the rhombohedral to
orthorhombic at -80°C) have been taken into account here.

The calculations are based on a rough physical model which does
not fully describe the structural complexities in the actual ceramic.
However, the model is a starting point for an analysis of the optial ani-
sotropy which exists in these ceramics, and should provide at least a pre-
diction of their qualitative behavior.

A. Fraction of Light Transmitted by a (Ba, Sr) Ti0z Ceramic Thin Section
at Some Temperature, T, in the Ferrcelectric Region

The intensity of anuemerging ray passing through a crystal section

(122)

between polars has been given by Johannsen as

L= Io[0032@*Siﬂ2(9-¢)sin2@sin2(“(nE;nl>m>]
A

(see Figure 6.1) (6.1)

P! P

Ul

A?

Figure 6.1. Orientation of the Privileged Directions of
a Crystal in the Optical Field of a Polarizing
Microscope.
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AA'", PP' are the privileged directions of the analyzer and polarizer,

uurt, VV' are the privileged directions of the crystal examined,

P is the angle between the privileged direction of the analyzer
and polarizer, and

S] is the acute angle between the privileged direction of the
polarizer and one of the crystal directions.
In Equation (6.1) I represents the intensity of the emerging
light, and IO the intensity of the incident light. np, and
n] are the indices of the crystal for the privileged directions
U and V , m 1is the thickness of the crystal, and A the

wave length in air of the incident light.

When the polars are crossed, ©® = 90°. Then Equation (6.1)

reduces to

I =1, sin 2@sin2(£(—r—1_2-%131—>—@)3 (6.2)

The relative intensity R of a monochromatic ray passing through

a crystal thus becomes

= sin22®»sin2(—jr_)o (6°5)

o
t

O

In order to estimate roughly the relative light intensity that
is transmitted by a monolayer of randomly oriented grains, a simple physical
model 1s substituted for the more complex ceramic thin section. The thin
section is replaced by an "equivalent" crystallite with a maximum birefrin-
gence of €-w (ncuna) of about -.015, as experimentally determined from a
large grained thin section, illustrated in Figure 5.17. The "equivalent"

crystallite lies at some angle © with respect to the polars, which ideally
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transmits a percentage of light equivalent to the amount which is transmitted
by a multitude of randomly oriented crystallites. For purposes of calculation,
the light passing through the "equivalent" crystallite is arbitrarily chosen
to be composed of wavelengths between 5200 X and 6200 X only. This band
approximately represents the range of maximum sensitivity of the photocell.
It corresponds roughly to the area under the relative sensitivity curve of
the photocell bounded by 4800 2 to 6400 & (Figure 6.4).

The relative transmitted light intensity is correlated with the
thickness of the equivalent crystallite. Intensities for a crystal varying

from 20 to 60 p have been calculated. The results are given in Table 6.1.

1. Calculation of ©

@ represents the acute angle of one of the privileged directions
of the "equivalent'" crystallite with respect to the privileged direction of
the polarizer (see Figure 6.1). When © = O or 90°, the privileged direc-
tions of the tetragonal crystal coincide with the privileged directions of
the polarizer and analyzer, and the crystal is at extinction. When © = 45°,
a maximum of light is transmitted by the anisotropic crystal. To find an
average value for the transmitted light intensity for the entire collection
of randomly oriented anisotropic grains in the thin section, the relative
transmitted light intensity is averaged over all angles © from 0° to 90°.
From Equation (6.3), the relative transmitted light intensity

g(nénm)

R = f; = sin229 sin -

Then the average relative transmitted light intensity Rq of the equivalent



_97-

crystallite, as a function of birefringence An , crystal thickness m ,

and wave length A of the incident light is represented by

n/2

[ sin 20de
Ry (An,m,2) = sin?(ZEED) Oﬂ/e : (6.4)
[ ae
0

Equation (6.4) can be reduced to

11 1 . w2
=[=(20) - i sinke]
R (fn,m,)) = sin2(flnmy 272 I o
A /2
= % sing E%?@ . (6.5)

From Equation (6.5) it is seen that the relative intensity of the equiv-

alent crystallite Rl can be represented by a sine squared function of x ,

where x = ﬂin , the phase difference angle. This is shown in Figure 6.2,
It is interesting to note that the maximum value of the function is 0.5.
This means that in a randomly oriented aggregate of anisotropic crystals
the distribution of the crystallites alone limits the emerging light
intensity to one-half of the incident light intensity. This is true for

the most favorable values of birefringence, crystal thickness, and wave-

lengths of transmitted light.
1.0t

Ry 0.5F

Y

0 T 21
b'd %

Figure 6.2. Relative Intensity R, of the Equivalent
Crystallite with Respect to x , the Phase
Difference Angle (see Equation 6.5).



-98-

2. Calculation of the Birefringence of the Equivalent Crystallite

As previously described, the "equivalent" crystallite is substi-
tuted for the actual grains that compose a ferroelectric thin section in
order to facilitate the calculations of optical light transmission.

From experimental observations, the maximum birefringence of a
barium-strontium titanate grain is known to be .015 at about 20° below
the peak incremental permittivity temperature (Figure 5.17). The bire-
fringence of the equivalent crystallite is obtained by estimating the
average of all observed values of birefringence in the randomly oriented
crystallites of the ferroelectric thin section. The birefringence of the
"equivalent" crystallite can also be obtained by averaging over all values

of birefringence in the uniaxial indicatrix, having w - € or ng-n.= .015.

Figure 6.3. Ellipsoid of Revolution.

The equation of an ellipsoid of revolution or of a biaxial indicatrix is
given in polar form, by

2 2 2 2 . 2 2 2, 2
n cos y cos B L nsiny cos B + n sin B
n

= 1 (6.6)

O P

nb nC
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where n m, , and n, are the principal indices of the indicatrix, and

a’

n 1is some index which is related to n ny , and n, by the angles 7

a’ C

and p , (see Figure 6.3). For ng = m, # n, , as is the case for the uni-

axial inditrix, the equation condenses to

! \
- . 2q ) -1/2
n(7: B) = COSQB +'Sln26 ) . (6-7>
I, Ng
n
C
= (6.8
(l—k200826)1/2 )
where
n 2
K2 -1 - 5
o,
If the birefringence
An = n, -n,
then
n
An = n ¢ (6.9)

a ” (1-k2cos2p)l/2 °

By averaging over all values of n of the indicatrix from B = 0 to

B = n/2 , the average index ng,y, and hence the average birefringence

Anavn can be obtained.
?/2 n.dp ‘
kecoseg)L/2
e (1-kecos=B)
An = n. - B (6910)
av. a n/2
[ ap
p=0

This is graphically represented in Figure 6.5, which shows the birefrin-
gence /An as a function of the angle B . By dividing the area under
the curve by B , an average An of .00757 1s obtained. The value

av.

used for ® = n, is 2.4 and for € = n, 1is 2.3%85,
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3. Calculation of the Relative Intensity for All Wave Lengths from
o 0
52004 to 6200A

As mentioned previously, the photocell employed in measuring the
light intensity is essentially sensitive in the yellow portion of the spec-
trum. Hence, a constant amplitude band between 52002 and 62OOX has been
chosen to approximate the range of maximum sensitivity in the spectral
intensity curve of the photocell (Figure 6.4).

The relative intensity is given by (cf. Equation (6.5))

1Anm
2 (2o

R(An,m,\) = % sin

Let

where c¢ 1is the velocity of light and f the frequency. Then

R(fn,m,f) = = sin2(Feamdy (6.11)

o) o
Averaging between f] = S and fp = S~ vhere A, = 6200A and A = 52004,
M A2 L
we get
fo
§ff sin( =—) fdf
1
R(tn,m) = f (6.12)
2
[ af
fy
et
Anm
A=E—,
and
AT = x,
dx = Adf.



-101-

Then (6.12) can be written as

AT

1 21 .2
= sin“Af 4(Af)
5 A£1 I
R(An,m) = ; (6.13)
2
[ arf
1
(sinPAfs - sinlAf
) %‘_ in o) sin l) (6.14)

8A(f5-11) )

Equation (6.14) represents the relative light-intensity trans-
mitted by the equivalent crystallite, for wavelengths between 5200X and
62002, Some numerical values for the transmitted intensity can be obtained
by assuming the previously calculated value of an average birefringence
Lo, = 00757, and thicknesses varying from 20u to 60p. The results of

these calculations are listed in Table 6.1.

4, Discussion of the Calculated Relative Transmitted Intensities

The object of the above calculations is to obtain an estimate of
the transmitted light intensity that emerges from a thin section of a
typical ferroelectric (Ba,Sr)TiO5 composition when the latter is placed
between crossed polars. The model used is a rough one. Absorption losses
have not been considered, nor has the effect of light scattering and mul-
tiple reflections on the emerging intensity been taken into account. These
undoubtedly take place in the ceramic thin section, but are difficult to
determine with any degree of accuracy.

Two factors which emerge from the calculations seem to be worth

noting here:
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First, Equation (6.5) and Figure 6.2 show that the light inten-
sity transmitted by a two dimensional aggregate of fandomly oriented aniso-
tropic grains, between crossed polars, can at most be one-half of the inci-
dent intensity. The treatment neglects reflection and absorption losses in
the ceramic which would further reduce this value.

Secondly, Table 6.1 illustrates the dependency of the relative
transmitted intensity on the sample thickness for the specified wavelengths
and average birefringence used in Equation (6.14). Between thicknesses of
30 to 45u, the calculated relative light intensity varies between 45 to
almost SO%a Hence thin sections of 30 to 45p will transmit an optimum
amount of light.

The four large-grained ceramics used for light intensity measure-
ments are 30 to 40p thick. Their relative transmitted intensities vary
between 12 and 22%.

B. Change with Tempersture in the Relative Amount of Light Transmitted
by a Barium-Strontium Titanate Thin Section

Since the upper ferrocelectric to paraelectric Curie transition
in an unstressed barium-strontium titanate single crystal represents a
phase transition from the tetragonal to the cubic state, the existence or
the lack of an optical anisotropy in such a crystal becomes a means of
determining the phase of the crystal.

Similarly, for a ceramic, the optical anisotropy of a barium-
strontium titanate thin-section can give an indication of the crystallo-
graphic state of the ceramic, if the following factors are taken into

account:
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In a thin-section prepared from a commercial mixed titanate
ceramic, the transition from a totally ferroelectric to

totally paraelectric state does not take place at some definite
temperature, as is the case for a single crystal. Instead, the
transition in the ceramic occurs over a temperature range,
owing to the variations in Curie temperatures of the grains
composing the ceramic. (These small variations in transition
temperature are essentially caused by compositional inhomogene-
ities (123) in the material. A complete reaction of the compo-
sitional end members of "mixed" barium-strontium titanate can
be promoted by prolonged sintering at higher temperatures.
However, materials thus reacted are generally too brittle and
show too sharp a peak in permittivity to be of commercial value).
It seems a reasonable assumption that the Curie temperatures of
the ceramic grains are distributed with temperature in the form
of a Gaussian curve, with the maximum occurrences (Curie transi-
tions) at the peak incremental permittivity temperature, see
Figure 6.6. The area under the curve represents the total
number of tetragonal to cubic transitions and therefore the
total number of grains in the ceramic material.

The optical anisotropy in a ferroelectric ceramic thin-section
can be empirically correlated with its tetragonal phase by
measuring the intensity transmitted by the section between
crossed polars. The observed intensity is the result of the
light transmitted by the randomly oriented ferroelectric,

tetragonal grains in the thin-section. When such intensity
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messurements are taken on a barium-strontium titanate thin-

section over a temperature range which includes the peak

incremental permittivity temperature, the transmitted intensity

shows the following behavior: It changes from some relatively

high value of light intensity for the ferroelectric phase to

almost complete extinction in the paraelectric phase. The

relative transmitted light intensity of the thin-section can

be directly related to that fraction of grains of the ceramic

which are ferroelectric and tetragonal at any given temperature.

At temperatures close to that of the peak incremental permit-

tivity, the relative light intensity will experience its most

significant changes. This follows from the substantial number

of transitions which take place in the cermic at the peak

incremental permittivity temperature, as seen in the schematic

in Figure 6.6. It will be subsequently shown that the curve

of the relative transmitted light intensity with temperature

is of the form of (l-erf), where erf is the error function

(Figure 6.7).

Consider a (Ba,Sr)TiO5 ceramic composed of numerous grains.* The

ceramic has a peak incremental permittivity at some temperature T, . Let
the probability of one grain changing phase from ferroelectric to paraelectric

within the temperature range of dT be given by

o € aT (6.15)

The assumption is made that it is valid to consider the phase transition
temperatures of the ceramic grains to follow a normal distribution.
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P is the probability, PO is a constant, T is the temperature wvariable,
Tr is the temperature of the peak incremental permittivity for a particular
composition, and ¢ 1is a variance parameter which will determine how broad
the distribution will be., Now let the total number of grains in a ceramic
be N . Let dn/dT be the number of grains transforming (i.e. changing

phase) in a range dT such that
T /dn
c{ (ET) aT = N (6.16)

Let dn/dT be proportional to dP/AT as a reasonable assumption. Then

_(T—Tr)g
%% = nge L (6.17)
and
0 _(T—Tl")
N = [nge ¢ ‘ar. (6.18)
0

Thus the total number of grains in the ceramic are described as the number
which change phase between the temperature limits of 0°K to o« . It is
assumed here for purposes of calculation that no other phases except the
tetragonal and the cubic exist within this range.

To calculate the value of Ny s let

N

ng = = T . (6.19)
J e )< ar

0

Compute 5

[ e ar . (6.20)
0
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T-T
By substituting x = —E into Equation (6.20), we
o 2
a [ e * dx .
-Tp
a

From the tables of integrals it is known that

_x
T2

—X2

¢
[ e dx
0

Equation (6.21) can be also written as

Ty for one of the measured mixed titanate ceramics is about 330°K,

about 15.

get

(6.21)

(6.22)

(6.23)

(6.24)

a is

The lower limit of integration in Equation (6.24) is therefore

about -22. According to the tables of error functions<lgu) the error

integral,

0 2 =X 2
erf =5 [ e ¥ ax=-2_ [ ¥ a
T =X NES
(6.25)

2

e %X -x

== [ e dx ,
NER
reaches 99.9% of its full value for x = -2.4 . At x = -22 , the error

integral can be considered to be unity (Figure 6.7).

Hence, by extending
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-Xx to -o 1in Equation (6.25), the value of the error integral essentially
remains the same. Likewise, the following approximations can be made for

Equation (6.24):

0 .2 0 .x2 Vs ,
a [ e ax + aké? ~va [ e T ax +a = o gin (6.26)
% o
~Ty
o]

Equation (6.19) therefore becomes

N
o oz o7~ (6.27)

Thus, Equation (6.18), which represents the total number of grains that
change phase from tetragonal to isotropic within the temperature interval

from O to = can be alternately written as

. ?e-( a ) ar (6.28)
0

As previously indicated, the intensity of the light transmitted
by a ferroelectric thin section between crossed polars can be assumed to
be proportional to the number of anisotropic or tetragonal grains in the
ceramic. The limits of integration in Equation (6.28) can be modified to

give the function

T
N o
(1) = —— o aT 6.2
™ - (6.29)
This expression represents the number of isotropic grains in the material

at some temperature T , i.e., the number of grains that have changed phase
between 0°K to T°K. The remaining anisotropic grains in the ceramic at T

are therefore described by
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r T _(T-Tr)e
1--1 Je @7 ap| . (6.30)
0

If the assumptions made in the present calculation are valid, there should
be a direct relationship between the number of anisotropic grains in the
ceramic, as a function of temperature, and the optical behavior of the
experimental light transmission curves.

Equation (6050) can be evaluated in the following manner. Let

the fraction of anisotropic grains in the ceramic be given by

7 (TIry2
gm) = 1-28 o o1 7 T g (6.31)
N aN®t 0
. T-Ty )
Substitute x = into Equation (6.31). Then
T_Tﬁ
I
g(T) = 1-= e ax . (6.32)
ok
=

T-T,
0 _4@ a P
g(T) = 1 - & [ e ax+ [ &% ax . (6.33)
NE 0
(0

2 9 4 T,
The integral — [ e dx for -~ — < -2.7 1is approximately unity

’\/-JT '-Tr o

T@

(Figure 6.7). - Ef for the measured barium-strontium titanate thin sections

is about -22. Equation (6.33) therefore becomes



T-Ty 5
1 2 o -X
g(t) = 1-=2|1+=%= e dx (6.34)
2 , J;[ 0 ’
L
T-Tp 5
= .5 + L f(x e ™™ ax . (6.35)
’\/_Ito

T-Tp

2

0/
The integral ) e™® dx can be directly evaluated from the tables
0

2
NP
of integrals. As the temperature T ranges from 293°K to 393°K, with Tp
being about 330°K and o = 15, the integral goes from -1 to 1, and the
function g(T) from 1 to O . Hence g(T) describes the ceramic as
being composed of exclusively anisotropic crystallites at the low end of
the temperature scale and of exclusively isotropic crystallites at the
high end.

g(T) has been calculated for four large-grained thin sections,
both for conditions of zero field, and for large biasing fields. The com-
puted curves have been rescaled to allow comparison with the experimental
percent light transmission data. Results are shown in Figures 6.8, 6.9,
6.10, and 6.11.

C. Change with Temperature and Applied DC Field in the Relative Amount
of Light Transmitted by a Barium-Strontium Titanate Thin Section

(78, 79, 100)

Several investigators have reported a shift in the
Curie temperature of single crystal barium titanate under the influence
of a field. The Curie temperature is shifted to higher values when the
field is applied either parallel or perpendicular to the polar axis of the

(78)

crystal. Measurements made by Merz at temperatures above the Curie
point of "good" BaTi05 single crystals show that he was able to induce a

ferroelectric state in the crystals on alternate cycles of a strong
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60-cycle field. It has been also noted experimentally that a strong field
causes a shift in the peak incremental permittivity temperatures of ceramic
barium titanate and barium-strontium titanate ferroelectrics. (Figures 2.4
and 2.5)

(78)

According to Merz, the Curie temperature shift AT of a
crystal which is subJjected to an electric field E can be expressed to the

first approximaltion by the formula
AT = Cx |E|] . (6.36)

AT represents the increase in the Curie temperature of the biased crystal
in °C , E is the field applied in volts/cm, and C is to a first approx-
imation a constant = 1.43 x 10-9°C cm/volt. By adapting Equation (6.36) to
the case of ceramics, the "new" peak incremental permittivity temperature,

*

Ty , of the crystallites composing an electrically biased ceramic thin

section, can be expressed by

o = T+ |B] . (6.37)

Tr is the peak incremental permittivity of the ceramic at zero electric

field, 7y 1is a constant expressed in °C cm/volts, and E 1s the applied
T-TH
o

(6.33), we obtain an expression for the anisotropy in a mixed titanate

in Equation

field in volts/cmo By using T? for Tr and x' =

ceramic thin section as a function of temperature and electric field.

. *
1 9 -x'% TEET -x'2
g(m* = 1 - ~ | é* e ax' + ({ e dx! (6.38)
-
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Again, Equation (6.38) can be simplified to

T-T% 2
‘e
g(T)* = 1 - 5 1 +~f; [ & e dx! (6.39)
n 0
T-Tx .
_ ,5+J%— Ofo‘ &X' axt | (6.40)
T

Since the peak incremental permittivity temperature Ti of a biased
ceramic is greater than the temperature Tr in the unbiased state, the
function g(T)¥ will be located at higher values along the temperature
axis than g(T) . This is shown in Figures 6.8, 6.9, 6.10, 6.11.

D. Comparison of the Relative Theoretical and Experimental Light
Transmission Curves

A meaningful evaluation of the percent light transmission vs
temperature curves for a mixed titanate thin section using (6,55) and (6.40)

depends on the correct choice of the constants T Tﬁ and « . Since

r J

good single crystal data on solid solutions of barium-strontium titanates
are lacking, it is not possible to evaluate the Curie temperature and the
shift in Curie temperature of these compositions directly. The constants

* . . . .
T 5 T, , as well as the variance or dispersion parameter of the ceramic

distribution @ , have therefore been obtained from available experimental

(62)

as well as theoretical data on ceramic compositions.

1. Consideration of T,., the Peak Incremental Permittivity Temperature
of the Ceramic at Zero Field

(64)

It is known that a linear relationship exists between the
peak incremental permittivity temperature of barium-strontium titanate

ceramics and their composition. For pure barium titanate, the transition
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occurs at about 120°C and decreases linearly with additions of strontium
to absolute zero for pure strontium titanate. It should therefore be
possible to determine the peak incremental permittivity of such a ceramic
if its composition were known. Unfortunately, the peak permittivity tem-
peratures of the mixed titanates are influenced not only by their composi-
tion, but by the completeness of the stoichiometric reaction, and by fac-
tors like impurities and internal strains. In general, the harder the
ceramics are fired, the higher their peak incremental permittivity tempera-
ture. (Pure barium titanate ceramics prepared at the Electromagnetic
Materials Laboratory of the University.of Michigan, Department of Electrical
Engineering, have shown peaks in incremental permittivity varying from 120°C
to 140°C. 1In every instance, the material was commercially acceptable,
i.e., it was not "underfired". The method of preparation of the "green
body'" was essentially the same, the firing cycles, however, varied somewhat
in length.) Hence the linear relationship between the transition tempera-
ture and composition in mixed barium-strontium titanates can at best only
be a guide. An important factor influencing the peak incremental permit-
tivity temperatures of two of the four samples measured here are the small
amounts of fluxing agents added to two compositions. (Table 4.1). The
particular metal oxides added to the compositions tend to increase grain
growth; they also increase the peak incremental permittivity temperature
by about 20°C over the predicted temperature for the "pure" mixed titanate.
For these reasons, Tr has been taken directly from the experi-
mental zero field permittivity vs temperature data. T, is defined as the

r

peak incremental permittivity temperature of a particular barium-strontium
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titanate ceramic with a specific history of preparation. It is also that
temperature at which the largest number of crystallites change phase with
in the ceramic.

2. Consideration of Té;rthe Peak Incremental Permittivity Temperature of
a Ceramic Under the Influence of an Electric Field

The shift in the peak incremental permittivity temperature with
field is obtained in the following manner: +the value % in the Equation
T? = Tp + yE 1s determined from the incremental permittivity vs tempera-
ture data of a specifié mixed titanate sample. Knowing the value 7y and
the electric field across the thin section end of the sample, the shift
in the peak permittivity temperature at the thin section end can be eval-
vated. Several vy's are listed in Table 6.2. The values of 7y are
lower than for single crystal barium titanate which has been reported as

(79) (78)

1.2°m/Kv by Kaenzig and Maikoff, 1.%°cm/Kv by Merz, and 1.6°cm/Kv

by Kawabe(loo)o*

When a certain critical temperature is exceeded, a ferroeleciric
phase can no longer be induced in a single crystal, regardless of the
applied field strength. Below the critical temperature, the polarization
of the single crystal experiences a sudden increase as the crystal goes

from paraelectric to ferroelectric. Above the critical temperature, the

polarization changes continuously with increasing field (see Figure 6.12b).

It should be pointed out that strictly speaking, ¥ 1s not a constant.
7 , the shift in the transition temperature with field decreases with
increasing fields. Since the values of ¥y on (Ba,Sr)Ti0 ceramics
were determined at high fields, they are necessarily somewhat lower than
the average 7y for the entire "inducable'" temperature range.
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WITH FIELD

WITH FIELD
e w /
‘ FIELD

Figure 6.12. Polarization as a Function of Temperature, With and Without
a Blasing Field.
(a) Near a Second Order Transition.
(b) Near a First Order Transition (After Devonshire

y(125)

(78)

From Merz's double hysteresis loop experiments on barium titanate it
can be calculated that the critical temperature is about 12°C above the
Curie temperature of the unbiased single crystal. Kawabe reports observing
a field produced shift in the transition temperature of about 15°C.

In mixed barium-strontium titanate ceramics 1t is difficult to
determine the maximum field produced shift in the Curie temperatures of
the grains composing the ceramic because of their distribution over a temper-
ature range. Based on single crystal data of barium titanate, the maximum
obtainable shift is assumed to be about 15°C for the ceramic materials.

*

T, - T, for the relative light intensity curves of sample 1 is therefore

taken to be 15°C rather than the calculated 19°C.

3. Discussions of o , the Variance Parameter of the Ceramic
Distribution

The value for « 1in the expression of the theoretical light

intensity is obtained by fitting the experimental permittivity vs temperature
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curves to theoretical curves with known values of o . It has been shown

(62)

by Diamond that the zero field incremental permittivity of a barium-

strontium titanate ceramic st some temperature can be evaluated from the

expression
To-Tp 2
o (=5
[ e(T,T.) e aT,
0]

e(T) = (6.41)

where

€ for T< Te

av.
Eﬂg for T>T ° (6.h2)
T-To c

€(T;Tc)

e(T) is the average permittivity at temperature T of the randomly
distributed barium-strontium titanate crystallites that compose the ceramic.
In this model, the Curie temperatures T, of the crystallites form a
Gaussian distribution about some chosen temperature, T, , which is primarily
dependent on the composition of the mixed titanate. Furthermore, e(T,TC),
the incremental permittivity of the individual crystallite, assumes a
similar dielectric behavior as observed on a barium titanate single crystal.
At temperatures below the Curie temperature T, , the permittivity takes on
a value €5, ~ obtained by averaging over the ellipsoid associated with the
permittivity tensor of the individual crystallite. (The lower temperature

ferroelectric transitions have not been considered in this treatment,) At

temperatures higher than T. » the incremental permittivity of the crystal-
_ bnC

T T-Ty
and Ty for BaTiOz is about 10°C lower than T, . Based on Equation (6.41),

lite follows the Curie Weiss law, € where C 1is the Curie constant
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Diamond computed the incremental permittivity vs temperature characteristics
of some typical barium-strontium titanate compositions for different values
of a . The curves in Figure 6.13 represent «'s of 10, 15, 20, and 50.

T, = 300°K , Te = To + 10(78) and the Curie constant C = 1.4 x lOu,(78)
When the experimental permittivity curves of samples 1, 2, 3, and 4 (Figures
5.1, 5.3, 5.5, 5.7) are compared with the theoretical curves shown in
Figure 6.13 several differences immediately become apparent:

First, the incremental permittivities of Samples 1-4 are con-
siderably lower than the theoretical values. The theoretical model repre-
sents an ideal ceramic, in which the permittivities of the ceramic crystal-
lites are equivalent to that of single crystals. High values of permittivity
are obtained in a sufficiently large,bwell sintered and dense piece of ceramic.
The samples used for the present percent light transmission experiments, how
ever, are less than 1 cm long and .l cm wide, with thicknesses ranging from
about .lcm at one end to 4Oy at the other. The initial low porosity of the
material was increased during the grinding and polishing process. Some
tearing-out of the material could not be avoided and the holes introduced
were not completely removed by subsequent polishing. This fact may in part
explain the low measured capacitances of the samples.¥*

Secondly, when the experimental permittivity curves are superim-

posed on the theoretical curves of Figure 6.13 by adjusting the experimental

% Even small amounts of porosity would be very effective in reducing the
permittivity if the ba?ic terial was a high permittivity ceramic (cf.
Lichtenecker's Formula (126 : Ine€p = x34n€y + xplneép + .



-125-

06¢

*0 sI939WBIBJ JYJ JO SSNTBA SNOTIBA JIOJ
saAIn) sangsaodws], *sA LQTATAITIISS TBIUSWSIOUL TBOTISJI0S8UT,

Ao ‘3UNLVYIdNIL

oLE 0Se o€e olg
T T T T

*¢T°9 San3Td

062¢
L]

oL2

D Y3IL1LINVYVd
JHL 4O S3INTIVA  SNOIYVA dOd

[o]
Ap o 12 (%°1)%> .\." (15 aprD
A._._.lo._. V| 00

4
NO d3sva (1)">

40001

000¢

000¢

000V

000¢S

0009

10004

1

00086

0006

IVLNIWNIHONI

ALIANILLINY3Ad

5



-126-

permittivity value and temperature of the peak incremental permittivity
to fit that of the theoretical curve, a distortion in the experimental
curves on both sides of the peak becomes visible (Figures 6.14 - 6.17).
It is felt that the misfit results from the diffifulty encountered in
determining small capacitances (about 30ppf) with the instrumentation
used. Although precautions were taken to account for stray capacitances
(see Section IV), it is possible that some systematic errors have been
introduced during the measurement of the samples.

Figures 6.14, 6.16, 6.17 show that the incremental permittivity
vs temperature curves of 3 samples closely resemble the theoretical curves
for which « is 10 and 15. In Figure 6.15 the experimental curves resemble

the theoretical ones for which o = 15 and 20 . These values for « have
been used to plot the theoretical vs experimental percent light transmis-
sion curves (Figures 6.8-6.11).

L, Comparison of the Experimental and Theoretical Transmitted Light
Intensity Curves

Figures 6.8 to 6.11 represent the experimental light transmission
vs temperature measurements taken on four large grained (Ba,Sr)Ti05 ceramics,
and their respective theoretical transmission curves, based on Equation (6.55)
and (6.40). The two sets of curves shown in each figure illustrate the
optical behavior of the ceramic at zero field and at the strongest field
employed during the experiment. Fields higher than the latter caused
sparking at the sample electrodes and breakdown of the ceramic.

A comparison of the theoretical and experimental curves shows
that both have a relatively flat portion at the lower side of the tempera-

ture scale, followed by a sharp drop in the percent light transmission over
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a narrow temperature range. At high temperatures, the slope of the curve
is again relatively small. The steep portion of the curve describes the
temperature range at which most ferrocelectric to paraelectric transitions
in the ceramic occur. |
The fit between the theoretical and experimental curves 1s not
necessarily good in every instance. As indicated earlier, the accuracy
with which Equations (6.34) and (6.39) can predict the ratio of anisotropic
to isotropic grains at any given temperature depends on the choice of the
constants T, , T? and « for any given sample. Above all, the model
on which the calculations are based must be basically valid. The model
rests on two assumptions:
1) Each crystallite in the ceramic, which is considered the
smallest ferroelectric unit with a distinct polar vector,
has a tetragonal to cubic transition at which the optical
anisotropy drops from some constant, high average value of
birefringence to a constant low value. The biasing field
simply shifts the transition to higher temperatures. This
is seen from Equation (6.37) where T¥ = Tp. + yE .
2) The transition temperature of the individual crystallites
are numerically distributed about some temperature T, in
a Gaussian distribution. The exact position and shape of
the distribution is determined by the constants T or Ti
and @ as expressed in Equations (6.35) and (6.40).
The validity of the first assumption can be partly tested against
the optical transmission measurements performed by Kawabe on a single crystal

(100)

of barium titanate. Figure 6.18 shows that at zero applied field the
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crystal goes from anisotropic to completely isotropic at the transition
temperature. Below the ftransition temperature, there is a gradual increase
in transparency with temperature. This follows from the known increase in
birefringence upon cooling the crystal from its cubic-tetragonal to tetragonal-
orthorhombic transition (see Figure 5.17). When increasing fields are
applied to the singlercrystal, the transition temperature not only shifts

to higher temperatures (Figure 6.18) but the difference in transparency
between the induced ferroelectric and paraelectric states becomes increas-
ingly smaller. At sufficiently high temperatures a ferroelectric phase can
no longer be induced by the field. Thus, in addition to a simple temperature
dependence as observed for the birefringence of the crystal at zero field,
the transparency of the biased crystal depends on the field in that it

1) shifts the transition temperature, and

2) produces a temperature dependent strain anisotropy in both

the paraelectric and ferroelectric states.

The present theoretical model of a ceramic does not take the
temperature dependence of the optical anisotropy into account. A strain
anisotropy of constant value is indifectly introduced in both paraelectric
and ferroelectric states by fitting the error curve within the end points
of the experimentally determined transmission curves. These end points
represent the maxima and minima of the percent light transmission curves.

In general, they are somewhat higher for the biased ceramic (Figures 6.8
to 6,11, curves b) than for the unbiased ceramic (Figures 6.8 to 6.11, curves
a). The decrease of the percent light traﬁsmission with temperature, whether

it be in the predominantly ferroelectric region, in the transition region,
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or in the predominantly paraelectric region, merely follows from the distri-
bution of transition temperatures of the crystallites composing the ceramic.
As calculated, the decrease in intensity is not due to a temperature depend-
ence of the anisotropy or of the field produced strain anisotropy.

This simplification of the model explains the relatively sharp
corners observed in the theoretical curves in Figures 6.8 to 6.11, especially
for the transmission curves with field. If the temperature dependence of
the anisotropy were incorporated into the theoretical calculations, a more
accurate description of the relative transmitted light intensity would
undoubtedly result. Such a refinement, however, is beyond the intent of the
present study.

The accuracy with which the constant T, , T? and @ can be de-
termined is limited by the uncertainties in the experimental data. Ty 1is
obtained from the peak incremental permittivity vs temperature curves (Table
4.1 and Figures 5.1, 5.3, 5.5, 5.7). It represents the average of the peak
permittivity temperatures of the heating and cooling curves taken on four
ceramic samples. T, 1is therefore easily subject to an error of + 1 - 2°C.

The accuracy of T? = Tr + 7E , the peak incremental permittivity
temperature produced by a field, depends on Tr and yE . As stated above,
T, can vary by + 1 - 2°C, 7y is obtained from the observed maximum shift
of the incremental permittivity peak with field (Table 6.2). TFor the average
crystallite with a Curie temperature at T, , the determination of ¥ froﬁ
the ceramic permittivity curves is difficult because one cannotiestablish
the limiting temperatures and fields up to which a transition to the ferro-

electric state can be induced. The ceramic is not exclusively composed of
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crystallites with Curie temperatures T, , but of crystallites having a
distribution of Curie temperatures. When, for example, a crystallite with
transition temperature T, has reached its maximum field-produced shift
in the peak permittivity temperature, crystallites with Curie temperatures
lower than Tr are already in a permanently paraelectric state, whereas

those with Curie temperatures above T, can still be subjected to an induced

T
ferroelectric state. The temperature range in which some degree of ferro-
electricity can be induced in a ceramic is therefore wider than in a single
crystal. Furthermore, at high biasing fields, the 'peaks'" of the permit-
tivity vs temperature curves are considerably reduced. The choice of the
peak incremental permittivity temperature is consequently subJject to greater
error than for low fields. Hence values of Tﬁ as listed in Table 6.3 are
approximate, with estimated errors up to + L°C. Based on observations on
single crystals of barium titanate the maximum shift of the peak incremental
permittivity with field has been limited to 15°C.

The choice of a variance parameter from the incremental permit-
tivity vs temperature curves becomes very difficult when the measured curvés
are adapted for comparison to the theoretical curves (see Figures 6.14-6.18).
The figures show the experimental curves with the two values of « which
most closely resemble the theoretical ones. These two parameters largely
determine the shape of the theoretical light transmission curves as seen in
Figures 6.8-6.11.

When one considers that the evaluation of the theoretical relative
transmission curves is subject to the many errors described above, the

resemblance between the theoretical and experimental curves must be considered
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TABIE 6.3

CONSTANTS USED TO EVALUATE THE THEORETICAL PERCENT
LIGHT TRANSMISSION CURVES, BASED ON
EQUATIONS (6,35) AND 6.40)

i Sample % Tr Tr*
1 10, 15 e 6L
2 10, 15 51 63
3 10, 15 52 62
L 15, 20 8l 91

O = variance parameter of the ceramic
distribution, °C

Tr = peak incremental permittivity
temperature, at 0 field, °C

Tr*

]

peak incremental permittivity
temperature, at maximum applied
field, °C
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a good one. In most cases, a better coincidence of the curves can be
achieved by shifting the theoretical Tr by one or two degrees, and/or
by adjusting ¥ within the limits of the possible error. Such a refine-
ment, however, was regarded as neither necessary nor desirable in the
present analysis. In general, the theoretical curves with « = 15 for
Sample 1 (Figure 6.8), «a = 15 for Sample 2 (Figure 6.9), a = 10 for
Sample 3 (Figure 6.10), and « = 15 for Sample 4 (Figure 6.11), follow
the experimental curves quite well. A better fit of the curves represent-
ing the biased sample, notably for samples 2 and 3 (Figures 6.9 and 6.10),
would result after including the temperature dependence of the strain
anisotropy in the calculations.

Nevertheless, as represented, the data of the theoretical relative
light transmission basically reflects the trend of the optical light trans-
mission of a barium-strontium titanate thin section as a function of tem-
perature and field. It can be therefore concluded that the assumptions
made in the analysis of the relative transmitted intensity are essentially

valid.



VI CONCLUSIONS

The objective of the optical study of ceramic barium-strontium
titanate thin-sections has been to correlate optical and electrical pro-
perties by.direct observation of the ferroelectric to paraelectric phase
transition. The effect of a strong electric field on the optical behavior
of the ceramic grains at the transition temperature has been given parti-
cular consideration. The predominant question throughout this investiga-
tion has been: Are the observed changes with field of the incremental
permittivity of the ceramics in the region of the ferroelectric to para-
electric transition mainly due to a reorientation of the ferroelectric
polar vectors in the direction of the field? Or are they a result of an
induced ferroelectric state?

The data indicate that the field induced decrease in the incre-
mental permittivity peak, as observed in Figures 5.1, 5.3, 5.5 and 5.7,
mainly results from an induced ferroelectric state in the paraelectric
grains. There exists a marked increase in the percent light trénsmission
curves (Figures 6.7 - 6.11) and the photographs (Figure 5.1k4) taken on
the large-grained (50 to 150u) ceramics. These changes in transmission
are largest at a temperature somewhat beyond the peak incremental permit-
tivity temperature of the ceramic. The unbiased ceramic is mostly para-
electric at that temperature. The incremental permittivity of a ferro-
electric grain (near the transition temperature) is smaller than the
permittivity of a paraelectric grain (near the Curie temperature), when
measured either parallel or perpendicular to the polar axis, Therefore,

the existence of an induced ferroelectric state in many grains in the
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ceramic will necessarily lower its total incremental permittivity. In
addition, the direction of the induced polar vector - which is also the
direction of the induced uniaxial optic axis - lies in the direction of
the applied field. In this position, it represents the lowest possible
incremental permittivity value when measured along the field direction
(Figure 2.5).

The optical data taken on three fine-grained (5 to 15u) samples
show a trend similar to that of the large grained samples, although the
transmitted intensities are lower, Thin sections of about 30 to 4Op
prepared from these materi;ls actually represent a three dimensional
aggregate of grains. A larger percentage of the light that enters the
thin section is scattered at the numerous grain boundaries of the small
grained material than in the large grained material. This accounts for
the low percentage in transmitted intensities seen in the optical data
of the fine grained materials (Figures 5.10, 5.12 and 5.13). Contrary
to the case of large grained ceramics, no domains can be distinguished
in the fine-grained samples at magnifications of 500X to T00X. Hence no
anélysis of domain movement can be made here. An anisotropy that exists
well beyond the peak incremental permittivity temperature has been
observed in the fine-grained ceramics. This anisotropy is found in the
cubic phase of the ceramic, and in the electrically unbiased state., It
indicates the existence of some very highly strained areas in ﬁhe cera-
mics., Such areas have been observed in microcrystalline ceramics
(grain size = 1) and have been attributed to strains at the grain

boundariesu(ll7)
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The model of induced ferroelectricity assumes that the ceramic
ferroelectric crystallites are "frozen in," that is, no field produced
90° domain formation is considered possible although a field may produce
a reversal of the polarization vector. 180° domain switching does not
affect the incremental permittivity because of the symmetry of the polari-
zation axis for 180° reversals, Neither can 180° domain switching be
ordinarily observed by optical means, since it does not involve any
change in the orientation of the optical indicatrix. 90° domain align-
ment, however, would significantly change the incremental permittivity
of the ceramic. This follows from the large dielectric antisotropy
which exists in a barium-strontium titanate single crystal. 90° domains
are readily visible under crossed polars as a series of lamellae, separated
by sharp lines which have been called 90° domain walls,

The optical observations on the large-grained ceramic thin sec-
tions show a frequent occurrence of 90° twinning in the ferroelectric
grains, However, no field produced changes have been observed in the
position of the twinning striations which could be interpreted as 90°
wall motion. The changes are essentially restricted to the temperature
region bordering the peak incremental permittivity temperature. The
effect of the field gradually becomes less_pronounced as the ferroelec-
tric is increasingly cooled below or heated above the peak incremental
permittivity temperature. It therefore appears that the observed small

increase in anisotropy in the ferroelectric region¥ of the ceramic cannot

* The ferroelectric region of the ceramic is broadly defined as that tem-
perature range for which the majority of the ceramic grains are ferro-
electric, It therefore includes all temperatures below T, and above
the temperature of the orthorhombic-tetragonal transition. Although
the orthorhombic phase is also ferroelectric, the observations made here
are restricted only to the tetragonal, ferroelectric phase.
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be explained by an alignment of polar vectors in the field direction,

Another explanation is given below:

1)

The increase in the optical anisotropy with field arises
in part from a certain percentage of grains in the ceramic
whose Curie temperatures lie below the mean (peak) incre-
mental permittivity temperature, T, ., When the ceramic
is heated, these grains will become isotropic at lower
temperatures than the rest of the material, Hence, they
will also be susceptible to an induced anisotropy at
temperatures below T, . 1In this manner, they contri-
bute to the field produced increase in anisotropy of the

"ferroelectric" ceramic,

2) The increased anisotropy in the ferroelectric grains is

also based on the temperature dependence of their bire-
frigence, Observations on the grains in the thin sections
have shown that the birefringence of the ferroelectric
grains increases with decreasing temperatures (Figure 5.17).
In addition, the field produces a strain anisotropy in both
ferrocelectric and paraelectric grains. This is clearly
seen in the transmittency data of a single crystal of

barium titanate (Figure 6.18),

Optically it is not possible to distinguish between variations

in anisotropy produced either by a change in temperature, or by a field,

in the form of induced ferroelectricity and strain anisotropy. Detailed

observations seem to indicate, however, that these three factors - in
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different degrees of importance - essentially account for the observed
changes in the transmitted intensities of mixed titanate ceramic thin
sections.

A mathematical model has been proposed to describe the rela-
tive light intensity transmitted by a ceramic thin section as a function
of temperature and electric field. The ceramic is considered to con-
sist of a very large number of crystallites whose transition tempera-
tures are spread in a normal distribution over a temperature range
centered about T, , The transmitted light intensity is taken to be
proportional to the number of ferroelectric or induced ferroelectric
grains in the ceramic. No allowance has been made for the temperature
dependence of the birefringence or the field-produced strain anisotropy.
Even though the model is a simple one, the calculated curves
(Figures 6.8 to 6,11) show a good resemblance to the experimental data
within the limits of error introduced during the evaluation of the
theoretical curves.

It can therefore be concluded that, in a mixed barium-
strontium titanate ceramic, the field-produced changes in anisotropy
in the peak incremental permittivity region are primarily
due to an induced ferroelectric state in the paraelectric grains. In
comparison, the effect of the field on the ferroelectric grains is small,
90° domain motion does not satisfactorily explain the observed dielectric
non-linearity with fieldbsince the 90° reorientation requires a relatively
long exposure to a biasing field (20 minutes and up). The lowering of

the incremental permittivity, however, follows almost immediately after
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the application of the field to the ceramic, The fact that an anisotropic
state is also instantaneously induced by a field in the paraelectric
grains at the tetragonal to cubic transition region indicates that this
mechanism is chiefly responsible for the dielectric non-linearity in

mixed barium-strontium titanate ceramics,



APPENDIX A

TABLES A-1 - A-6 CAPACITANCE AND PERCENT LIGHT TRANSMISSION DATA
AS A FUNCTION OF TEMPERATURE AND APPLIED DC FIELDS, FOR 6 CERAMIC
BARTUM-STRONTIUM TITANATE SAMPLES

TABLE A-7 ©PERCENT LIGHT TRANSMISSION DATA AS A FUNCTION OF
TEMPERATURE AND APPLIED DC FIELDS, FOR CERAMIC BARIUM-STRONTIUM
TITANATE SAMPLE 7

TABLE A-8 VOLTAGES APPLIED TO CERAMIC WEDGES AND DIMENSIONS OF
WEDGES
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mv

pa

ABBREVIATIONS USED IN THE RECORDING OF THE DATA

millivolt reading of an iron-constantan temperature
thermocouple.

temperature at which the capacitance and photocell

current data was taken.

capacitance¥* readings on the Q-meter

capacitance* of the sample, as measured on the Q-meter

at 1600 Ke. c_ = cy - Cye

actual capacitance* of the sample as computed from Equation (3).
capacitance* of the sample holder.

for definition see Sec.

incremental permittivity of the sample { II, p.12
for calculation see

Appendix C, p.l165
photocell current measuring the percent of light transmitted
by a ceramic thin section.

percentage of the incident light transmitted by a thin

section between crossed polars.

Superscripts and Subscripts:

1

=W N
—

1]

It

data taken at zero biasing field

data taken with samples exposed to increasing DC fields,

(see Table A-8).

¥See Section IV, p. Lk,
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TABLE A-1

" Sample 1

v 1,% ! Hey, L A 0 18, L
1.38 26.6 1500 21.0 18.6 37T.2 b5 21.6 1945
1.60 30.8 1650 20.9 18.2 35.7 1490 21.6 19.5
1.8 346 1730 20.6 17.8 38,3 1560 21.3 18.8
1.90 36.5 1800 20.25 7.4 38.5 1580 21k 19.0
2,00 38,4 1880 20.25 17.4 39.0 1630 21.6 19.5
2.10 ho b 2020 20.00 17.0 39.3 1670 21.5 19.3
2,20 k2.5 2170 19,70 16.6 39.5 1710 21.25 18.8
2.30 44,0 k6.2 2420. 19.40 16.2 Lo, 1830 21.20 18.62
2.0 46.0 48.8 2850 19.10 15.5 k2.0 1970 20.75 18,50
2.50 48.0 . 50.0 3030 18.60 4.8 43.5 2150 20.30 7.k
2.60 50.0 . Lo.7 2980 18.00 4.1 Lk,5 2270 20.10 17.0
2.70 52.1 . 49l 2940 16.80 12.6 45,3 2370 19.20 15.9
2.8 54.1 4l.3 48,7 2840 15.70 11.5 45.3 2370 18.35 4.6
2.90 55.6 45.0 48,0 2740 14.20 9.8 45,2 2360 17.20 13.2
3.00 S5T.4 45.8 k7.2 2620 13.20 8.9 45.0 2330 16.20 12.0
3.20 61.2 46.8 k6.2 2490 11.00 6.9 Lh,3 2250 13.70 9.33
3.40 6k.9 47.9 b5,1 2350 9.60 5.7 43.8 2180 11.80 7.59
3.60 68.7 L9.3 b3.7 2170 8.65 5.1 42,6 2040 10.10 6.17
3.8 72.3 50.5 52,5 2030 8.20 4.8 41,9 1960 9.15 5.50
4,00 76.2 51.3 ha.7 1930 7.80 4.6 4o.1 1810 8.60 5,13
k.30 82,1 52.8 k0.2 1830 7.60 4.3 39.7 1710 8.10 4.8
4,60 87.2 53.1 38.9 1640 7.50 4,3 38.5 1580 7.80 4.6
5.00 9k.8 55.3 37.7 1500 7.30 L1 37.4 1460 7.60 LT
5.50 10L.0 57.0 36.0 1350 7.30 b 35.9 1340 7.50 4.3
6.00 113.0 58.0 35.0 1230 7.30 L2 349 1220 7.ko 4.3
6.50 122.1 58.8 3k.2 1155 T7.25 k.2 3k.0 1130 7.30 k.2
6.20 16.7 58.3 3h.7 1190 7.20 k.2 3kh.5 1180 7.20 k.2
5.80 110.5 57.5 35.5 1275 7.20 k.2 35.4 1260 7.20 k.2
5.30 100.% 56.2 36.8 1400 7.20 4.3 26.8 1400 7.20 b4
4.8 1.0 5h.5 38.5 1580 7.10 h.ﬁ 38.3 1560 7.25 4.6
k4o 3.6 52.7 40.3 1780 7.20 'Y 39.7 1700 7.40 k.7
4,10 8.0 51.h4 4.6 1930 7.30 b5 k1.0 1850 7:80 5.0
3.90 Th.2 50.3 k2.7 46, 2050 7.60 4.8 42,8 2065 8.30 5.4
3.70 0.5 k9.2 43.8 49, 2180 7.80 k.9 k2.9 2075 8.80 5.7
3.50 66.8 47.9 45,1 52. 2350 8.30 5.4 43.5 2150 9.70 6.5
3.30 63.1 46.5 16.5 56. 2530 9.25 6.2 Lh,5 2270 11.00 7.6
3.10 59.2 45.0 48.0 61. 2740 10.60 T.2 45.3 2l70 13.00 9.6
2.90 55.6 43.4 49.6° 66. 2970 13.00 9.6 45.8 2hho 15.00 11.8
2.70 52.1 ha,2 50.8 70. 3150 15.k0 12.2 5.7 2k20 16.90 13.8
2,60 50.0 hr.7 51.3 T2, 3230 16.6 13.5 k5.0 2430 17.90 15.1
2.50 18.0 41.5 51.5 T3+ 3260 17.6 4.8 kh.0 2210 18.50 16.2
2.0 46.0 ko h 50.6 69. 3110 18.1 15.5 k2.9 2070 18.90 16.6
2.30 .0 45.1 47,9 60. 2710 18.5 16.0 40.9 1835 19.30 17.2
2.20 k2,5 48.2 44,8 51. 2310 18.9 16.6 k0.2 1760 19.60 17.8
2.10 404 50.0 43.0 46, 2080 19.2 17.0 39.7 1710 19.75 18.2
2.00 38.4 51.1 1.9 43, 1950 19.4 17.% 39.2 1660 20.10 18.6
1.90 36.5 52.0 k.0 k1, 18L0 19.6 17.8 38.8 1610 20.30 18.8
1.70 32.5 53.0 ko.0 39. 1740 20.0 18.2 38,2 1570 20.60 19.2
1.50 28, 53.6 39.4 37. 1670 20.2 18.6 1310 20,60 19.2
Cy = 93.0 Cq

my T,OC €3 uag I3 €y uey 1,
1.38 26.6 1340 22.3 20.6 1190 23.2 22.2
1.60 30.8 1Loo 22,25 20.6 1215 23.4 22.4
1.80 3k.6 10 22.1 20.2 1245 23.3 22,4
1.90 36.5 1440 22,75 20.6 1240 23.3 22.L
2.00 38.4 1460 22,5 20.9 1275 23.4 22.4
2.10 Lo.4 33.6 14710 22.45 20.9 1280 23.3 22,4
2.20 k2.5 38.1 1530 22.3 20.6 1320 23.1 21.9
2.30 b0 38.8 1610 21.9 20.0 1290 22.8 21.4
-R) 46,0 39.5 1690 21.6 19.5 1360 22.5 20.9
2.50 18.0 40.3 1770 21.2 18. 1430 22.1 20.h
2.60 50.0 n.5 1900 20;8 18.2 1475 21.8 20.0
2.70 52.1 h2,2 1990 20.2 17.4 1520 21.3 18.6
2.80 5h.1 42.5 2030 19.6 16.2 1580 20.8 18.2
2.90 55.6 42,5 2030 18.4 146 1610 20,2 17.k
3.00 57.4 k2,5 2030 17.5 13.5 1635 19.3 15.9
3.20 61.2 k2,7 2040: 15.5 11.2 1660 7.7 13.4
3.ho0 6k.9 52.2 1990 13.7 9.3 1660 16.25 12.0
3.60 68.7 k1.5 1910 11.6 an 1650 1k.30 10.0
3.80 T2.3 40.9 1830 10.h4 6.45 1730 12,80 8.5
k.00 6.2 %0.2 1760 9.7 5.9 1580 11.90 T.7
4,30 82.1 38.9 1640 8.8 5.3 1k95 10.70 7.8
4.60 87.2 38.2 1540 8.3 k.o 1430 9.90 6.17
5.00 94.8 37.0 1h20 8.0 4.7 13k0 9.30 5.6
5.50 104,0 35.6 1280 7.75 b5 1240 8.70 5.0
6.00 113.0 346 1190 7.60 L.k 1170 8.25 4.8
6.50 122.1 33.8 1110 7.50 4o 1100 7.90 4.9
6.20 16,7 3h.4 1170 7.50 4.3 1130 7.85 )
5.80 110.5 35.1 1230 7.30 k.2 1195 8.00 5.1
5.30 100.4 36.4 1360 7.50 4.8 1310 8.50 5.6
k.80 91.0 37.9 1520 7.70 k.9 1450 9.20 6.0
k4o 83.6 39.2 1650 8.10 5.2 1540 10.00 6.8
k.10 8.0 40.3 1770 8.70 5.6 1620 11.20 7.8
3.90 Th.2 40.9 1830 9.40 6.3 1640 12,00 8.5
3.70 70.5 b1.7 1930 10.20 7.0 1660 12.90 9.3
3.50 66.8 h2.2 1990 11.30 8.0 1680 14.20 10.7
3.30 63.1 . 2040 12.90 9.3 1680 15.60 12.3
3.10 59.2 2070 14,70 11.2 1720 17.00 141
2.9 55.6 2100 16.50 13.5 1610 18.30 15.9
2.70 52.1 2030 17.90 15.1 1535 19.25 17.0
2.60 50.0 1930 18.60 16.2 1h75 19.80 18.2
2.50 48.0 1800 19.1 17.0 1450 20.10 18.6
2.%0 46.0 1720 19.4 17.4 1370 20.3 19.1
2.30 L0 1590 19.8 18.2 1330 20.6 19.3
2.20 k2.5 1550 20.0 18.2 1300 20.7 19.5
2.10 10,4 1510 20.2 18.6 1275 20.8 19.5
2,00 38.h4 1490. 20.4 19.0 1265 21.0 20.0
1.90 36.5 1450 20.6 19.0 1280 21.25 20.4
1.70 32.7 1420 20.8 19.0 1300 21.40 20.
1.50 28.8 1390 20.9 19.5 1210 21.40 20.6
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TABLE A-3
Semple 3

mv r,% o Ci c:: € uey L, Cf, Ci o <, uey

1.k0 27.0 60.7 32.3 22.3 2107 20.5 15.0 61.1 31.9 21.5 2032 21,5

1.60 30.8 60.3 32.7 23.1 2183 20.2 1.8 60.8 32.2 22.1 2088 21.5

1.80 3k.6 59.8 33.2 2l,1 2277 19.8 1h.2 60.5 32.5 22.7 2145 21.0

2,00 38.4 59.0 34,0 25.8 2438 18.1 12.2 60.0 33.0 23.6 2230 20.3

2,20 h2,5 58.0 35.0 28,0 2646 18.3 12.4 59.5 33. 2L.8 2344 20.0

2.0 46,0 54,9 38.1 3L4.9 3298 17.0 11.0 575 35.5 29.1 2750 18.5 .6
2.50 48,0 50.0 43.0 47,3 4470 6.2 10.2 56.0 37.0 32.h4 3062 18.0 2
2.60 50.0 47.1 45.9 54,6 5160 14,3 8.2 53.6 39.4 38.0 3591 17.1 11.0
2.gg 52.1 46.6 46k 56.8 5368 12.7 7.0 53.1 39.9 39.3 3704 16.3 10.2
2. 54,1 ug.s 45,k 53.9 509k 10.4 5.2 52.6 4o, Lo.L 3818 14.6 8.6
2.90 55.6 48.0 45.0 52.8 k990 9.5 4.8 52.5 4o.5 40,7 3846 13.7 7.8
3.00 57.4 k9.6 43,k 48.3 456l 8.7 L.2 53,0 40.0 39.5 3733 12.0 6.4
3.10 59.2 50.1 k2.9 46.8 Lh23 8.2 4.0 53.4 39.6 38.5 3638 10.6 5.5
3.20 61.2 50.7 k1.3 L2.7 4035 8.0 3.9 53.7 39.3 37.8 3572 10.1 5.2
3.40 6h.9 53.7 39.3 37.8 3572 7.7 3.7 54.8 38.2 35.1 317 9.0 L
3.60 68.7 5h.,2 38.8 36.6 3459 7.6 3.6 55.7 37.3 33.0 3119 8.4 4,1
3.8 2.3 55.3 37.7 34,0 3213 7.6 3.6 55.6 36.4 31.1 2939 8.1 4.0
4,00 6.2 56.6 36.4 31.0 2930 7.6 3.6 57.7 35.3 28.6 2703 8.0 3.9
4.30 82.1 57.9 35.1 28,2 2665 7.6 3.6 58.6 3h.b 26.7 2523 6,7 3.8
14,60 87.2 59.2 33.8 25.4 2400 7.6 3.6 59.7 33.3 2h.b 2306 7.7 3.7
5.00 94,8 60.0 33.0 23.7 2240 7.6 3.6 604 32.6 23.9 2259 T.7 3.7
5.50 10k.0 61.3 31.7 21,1 1994 7.6 3.6 61.5 31.5 20.8 1966 7.7 3.7
5.80 110.5 61.8 31.2 20.1 1899 7.6 3.6 62.1 30.9 19.6 1852 T.7 3.7
5.30 100.4 60.9 32.1 21.9 2070 7.6 3.6 61.2 31.8 2L.L 2022 7.7 4.0
4.80 91.0 59.k 33.6 25,0 2363 7.6 3.6 59.8 33.2 2h,1 2277 7.8 b1
4.40 83.6 58.0 35.0 28.0 2646 7.6 ] 58.7 3L.3 26,4 2495 7.9 h.2
.10 78.0 56.8 36.2 30.5 2882 7.6 4.0 57.5 35.5 29.1 2750 8.0 h.2
3.90 .2 55.6 37.4 38.3 3147 7.6 4.0 56.5 36.5 31.2 2948 8.1 4.3
3.70 70.5 54,7 38.3 35.3 3336 7.6 4.0 56.1 36.9 32.1 3033 8.3 b.b
3.50 66.8 54.0 39.0 37.1 3506 7.6 k.0 55.0 38,0 34.6 3270 8.7 b7
3.30 63.1 50,9 h2,1 L7 ook g."( 4,0 53.7 39. 33.8 3572 9.6 5.2
3.10 59.2 k9.6 h3.L 48.3 L4564 .0 L2 53.2 39. 38.9 3676 10.8 6.0
3.00 5T 48.4 4.6 51.6 4876 8.3 Lok 52.9 40.1 39.7 3752 11.9 6.8
2.90 55.6 47.5 15.5 54,2 5122 8.8 b7 52.3 40.7 .2 3893 13.2 7.8
2.80 54.1 46.6 L6, 56.9 5377 9.6 5.2 51.6 b1,k 43.0 Lobl 13.2 7.8
2,70 52.1 45.8 47.2 59.3 560k 11.7 6.6 53.0 40.0 39.5 3733 15.8 10.1
2,60 50.1 46:3 uei7 5T.7 5427 13.7 8.2 54,1 38,y 36.8 3478 16.9 1.4
2.50 48,0 48.9 A1 50.3 4753 15.5 9.8 56.5 36.5 31.3 2958 17.8 124
2,30 44,0 57.9 35.1 28.2 2665 17.0 114 58.9 3h.1 26.0 257 18.6 13.2
2.10 Lo, L 58.6 3h.4 26.7 2523 18.0 12.5 59.9 33.1 2k,0 2268 19.4 1.1
1.90 36.5 59.6 33.L 2k, 2325 18.7 13.1 60.8 32.2 22.1 2088 20.0 1h.h
1.70 32.7 60.3 32.7 23.1 2183 19.4 14.2 61.0 32.0 21.8 2060 20.3 15.2
1.50 28.8 60.7 32.3 22.4 2117 19.8 4.6 61.3 31.7 25.1 199k 20.6 15.6
Ox = 93.0 Cy = 23.4 €= 945 Cy

0 3 3 b i v

nv r,% cfr ¢ o & ey 1, o o o o uay,
1.40 27.0 61.7 31.3 20.3 1918 22,3 17.6 62.2 30.8 19.4 1833 23,1
1.60 30.8 61.5 31.5 20.7 1956 22.2 17.5 62.2 30.8 19.4 1833 23.2
1.80 34.6 61.1 31.9 21.5 2032 21.8 17.0 61.9 31.1 19.9 1880 23.0
2,00 38.4 60.8 32.2 22,1 2088 21.3 16.2 61.6 31.4 20.5 1937 22.5
2.20 42,5 60.1 32.9 23.5 2221 20.6 15.2 61.2 31.8 214 2022 22.0
2,40 46.0 59.0 3k.0 25.8 2138 19.8 ik.2 60.5 32.5 22.8 2155 21.2
2.50 48,0 58.1 3k.9 27.7 2618 19.k 13.8 60.0 33.0 23.7 2240 21.0 .
2,60 50.0 56.2 36.8 31.9 3015 18.6 12.8 58.8 3k.2 26.2 2476 20.5 .
2.70 52.1 55.7 37.3 33.1 3128 18.2 12.4 18.5 34.5 26.9 25k2 20.3 .
2,80 5h.1 s5k.9 38.1 3k.9 3298 17.2 10.2 57.8 35.2 28.4 2684 19.6 1k.0
2.90 55.6 54,7 38.3 35.4 3345 16.5 10.4 57.5 35.3 28.6 2703 19.3 13.6
3.00 574 54,8 38.2 35.1 3317 15.0 9.0 57.2 35.8 29.7 2807 18.4 12.5
3.10 59.2 55.1 37.9 3k4.5 3260 13.6 7.7 57.2 35.8 29.7 2807 17.3 11.6
3.20 61.2 55.1 37.9 3k.5 3260 17.7 7.0 57.3 36.7 31.7 29% 16.6 0.6
3.0 64.9 55.8 37.2 32.8 3100 10.8 5.6 57.5 36.5 31.3 2958 4.7 9.7
3.60 68.7 56.7 36.3 30.9 2920 9.7 k.9 57.9 36.1 30.4 2873 13.1 7.3
3.80 72.3 57.4 35.6 29.2 2759 9.0 Lok 58. 34,6 27.1 2561 11.7 6.2
4,00 76. 58.2 34.8 27.5 2599 8.5 4.2 58.9 3k.1 26.0 2h57 10.k 5.4
4,30 82.1 59.1 33.9 25.6 2419 8.2 k.0 59.7 33.3 2k.3 2296 9.k 4.6
4.60 87.2 60.0 33.0 23.7 2240 8.2 3.9 60,4 32,6 22.9 2164 8.8 4.3
5.00 94.8 60.7 32.3 22.3 2107 7.9 3.8 61.0 32.0 21.8 2060 8.5 4.2
5.50 104.0 61.8 31.2 20.1 1899 7.85 3.8 62.0 31.0 19.7 1862 8.2 3.9
5.80 110.5 62.1 30.9 19.6 1852 7.8 k.0 62.4 30.6 19.0 17% 8.2 k.0
5.30 1.00.4 61.L 31.6 20.9 1975 7.9 4,1 61.6 31L.4 20.6 1947 8.3 4.2
4.8 JL.0 60.1 31.9 21.5 2032 8.0 4.2 60.4 32.6 22.9 2164 8.9 L7
L.ho 33.6 59.1 33.9 25,6 2lng 8.3 bl 59.6 33.4 2.6 2325 9.5 5.1
4.10 78.0 58.0 35.0 27.9 2637 8.6 4.6 58.8 3k.2 26.2 2476 10.6 5.8
3.90 Th.2 57.2 35.8 29.7 2807 9.1 4.9 58.3 3k, 7 27.3 2580 11.8 6.7
3.70 T70.5 56.9 36. 30.4 2873 9.k 5.1 58.1 34.9 27.7 2618 12.6 7.3
3.50 66.8 56.0 37.0 32.3 3052 10.4 5.7 57.5 35.5 29.0 2741 1h.3 8.8
3.30 63.1 55.2 37.8 34.3 3241 12.2 7.0 57.3 35.7 29.5 2788 16.4 10.8
3.10 59.2 5h.3 38.7 36.3 3430 13.9 8.4 57.3 35.7 29.5 2788 17.8 12.4
3.00 57k 54,7 38.3 38.3 3336 15.2 9.6 57.5 35.5 29.1 2750 18.6 13.2
2.90 55.6 54.6 38.4 35.6 3364 16.2 10.5 57.6 344 27.2 2570 19.2 1k.0
2.80 54,1 55.0 38.0 34,7 3279 17.0 11.h4 58.0 35.0 27.9 (2637) 19.7 14.5
2.70 52.1 55.7 37.3 33.0 3185 18.0 12.6 58.8 34.2 26.2 2476 20.3
2.60 50.1 56.9 36.1 30.3 2863 18.6 13.2 59.3 33.7 25.2 2381 20.7
2,50 48,0 58.5 34,5 26.9 2542 19.2 13.8 60.5 32.5 22.7 2145 31.0
2.30 4h,0 60.2 32.8 23.4 2211 19.8 14.6 61.4 31.6 20.9 1975 21.3
2.10 4o. k4 60.7 32.3 22.3 2107 20.3 15.2 61.9 31.1 19.9 1861 21.6
1.90 36.5 61.4 31.6 20.9 1975 20.7 15.8 62.1 30.9 19.6 1852 22.0
1.70 32.7 61.7 31.3 20.3 1918 21.0 16.2 62.5 30.5 18.2 1720 22.2
1.50 28. 61.8 31.2 20.1 1899 21.3 16.6 62.5 30. 18.2 1720 22.3

Cy = 93.0 Cp = 23.4 e = 9k.5 Cq
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TABLE A=l
dample 4
= 2% & & 4 ¢ wm u & & & 4 w1
1. 27.0 55.3 37.7 33.7 63k 19.2 13.9 55.6 37.4 33.0 620 19.2 13.8
1.65 31.8 55.6 STk 33.0 621 19.2 13.9 56.0 37.0 32.1 602 19.1 13.8
1.9 36.5 55.9 371 32.3 608 19.2 13.9 56.2 36.8 31.6 594 19.2 13.8
2.20 2.5 55.8 37.2 32.5 19.0 13.8 56.2 36. 31.6 59k 19.0 13.6
2.50 48,0 55.7 37.3 32.8 617 18.9 13.6 56.2 36.8 31.6 594 18.9 13.5
2.80 Sk 55.2 37.8 33.9 [ 18.8 13.4 56.0 37.0 32.2 605 18. 13.4
3.10 59.2 54.9 38.1 3k, 650 18.6 13.0 55. 37, 33.0 620 18.6 13.0
3.h0 4.9 54.3 38.7 36.0 617 18.6 13.0 55.1 37.9 34,2 642 18.6 13.0
3.60 68.7 53.3 39.7 38.4 722 18.4 12.8 SheT 38.3 35.1 660 18.5 13.0
3.80 72,3 52.5 k0.5 4o.3 1758 18.2 12.6 53.9 39.1. 37.0 695 18.3 12.7
3.90 The2 5T.1 k1.9 L0 828 18.1 22,4 53.2 39.8 38.6 725 18.2 12.6
4,00 6.2 49.6 h3.h 48.0 902 17.9 12.2 52.2 %0.8 hl.2 3'2{5 18.1 12.4
4.0 40 8.0 45.0 52,5 986 17.6 1.8 51.2 41.8 43,8 h 17.9 12.2
4.0 é.o 46,3 45:8 55.3 990 17.2 1.k 50.8 k2.2 g 8ko 17.6 11.8
k.30 d 6.4 46,6 53.1 107b 16.6 10.6 ko, T 43.3 47,8 900 17.2 11.0
Lo 83.6 46,1 46.9 58.1 1092 15.7 9.8 k9,1 43.9 494 930 16.4 10.2
k.50 85.4 46.3 46,7 5T.4 1080 b4 8.4 48,9 b, 1 50,0 9ko 15.3 9.k
4,60 87.2 46.3 46,7 57.4 1080 13.5 7.6 49.0 .0 49.6 932 14,5 8.4
4.80 91.0 4.1 45.9 55.1 1036 10.3 5. Lg.1 43.9 19.5 930 12.1 6.5
5.00 94.8 47,6 L5.4 53.6 1010 10.4 5. Lo 43.3 47.8 900 10.9 5.8
5,30 100,k 49.0 Lh.0 9.6 931 9.5 4.8 504 42.6 46.0 865 9.8 5.0
5.60 106.0 k9.7 43.3 47.8 900 9k L7 50.8 k2,2 4.8 82 9.7 5.0
6,00 133.0 50.9 La.1 4.6 838 9.3 47 51.9 Rl k2.0 790 9.k u.g
6.50 1221 52.3 L0.7 .8 768 9.3 b7 53.0 40,0 39.2 T38 9.3 k,
6,30 118.5 51.7 1.3 b2k 98 9.2 4.6 52.5 40,5 40.3 758 9.25 4.5
5.80 110.5 50.3 Le.7 k6.2 868 9k ' 5L.1 h1.9 4.1 830 9.50 4.8
5.50 104.0 h9.2 43.8 49.2 92k 9.4 LT 50.2 42,8 hg.s 890 9.50 4.8
5.20 98.5 48,2 44.8 51.9 9 9.7 49 49,5 43,5 48,5 a2 10.00 5.1
k.90 92.9 46.8 46.2 55.9 1050 10.5 S 48,7 4.3 50.5 950 1.2 6.0
k.0 89.2 46.0 47.0 58.4 1100 11.3 6.0 48,2, 4h.9 52.1 980 12.2 6.6
k.50 & 45.7 47.3 59.3 1120 12.8 7.0 148.2 148 52,0 976 14,0 8.1
| ) 83.6 45.6 hr.h 59.6 1120 k.2 8.3 48.2 44,8 52.0 976 15.3 9.4
4,30 82,1 45.6 L7.4 59.6 120 15.0 9.0 48,4 4.6 51.3 965 17.1 1.2
.20 80.0 k6.1 46.9 58.1 1091 16.1 10.2 48.8 bh.2 50,1 91 16. 1.0
4.10 78.0 16.2 4.8 ST.T 1084 16.7 10.8 49.5 43.5 18.5 912 17.2 1.4
4,00 76.2 7.2 45,8 54,8 1030 17.2 1.4 50.6 L2,k 45,3 850 17.5 11.8
3.90 The2 k9.6 3. .0 903 17.6 11.9 52,2 40.8 1.2 T4 17.6 11.8
3.70 Zg.s 52.3 40.7 4.0 10 17.8 12.1 53.5 39.5 38.0 Ty 18.0 12.3
3.50 .8 53,4 39.6 38.2 T8 18.0 12,4 54,3 38.7 36.1 678 18.1 12.4
3.20 61.2 5h.2 38.8 36.3 683 18.2 12.6 55.2 37.8 33.9 638 18.2 12.6
2.90 55.6 55.1 37.9 34,2 643 18,k 12,9 55.7 37.3 32.8 616 18.4 12.9
2.60 50.0 55.5 37.5 33.2 62l 18.5 13.0 56.2 36.8 31.7 59 18.5 13.0
2.30 4k,0 55.9 g;(.l 32.4 608 18.5 13.0 56.3 36.7 31.5 593 18.5 13.0
2.00 38.4 56.2 .8 3.6 594 18.5 13.0 56.6 36.4 30.8 579 18.5 13.0
1.70 32.7 56.3 36.7 31.5 592 18.5 13.0 56.6 36.4 30.8 EE 18.5 13.0
1.ko 27.0 56.n 37.0 32,1 603 18.5 13.0 56.5 36, 30.9 5 18. 13.0
Cg= 93.0 ¢y = 23.6 €=18.8 ¢
0 4 4

mv T,”C 03 C':’ 03 t3 pus L3 cy Gi‘; Cs su p&h

1.40 27.0 56.2 36.8 31.6 59k 19.2 13.8 56.8 36.2 30.2 568 19.2

1.65 31.8 56.6 36.4 30.7 578 19.1 13.8 57.2 35.8 29.4 553 19.1-2

1.90 36.5 56,9 36.1 30.1 5 19.2 13.8 5745 35.5 28.8 542 19.25

2.20 ko5 56.8 36.2 31.2 5 19.1 13.8 57.5 35.5 28.8 5k2 19.25

2.50 18,0 56,9 36.1 30.1 566 19.0 13.6 57.4 35.6 29.0 545 19.2

2.8 Sh,1 56.T 36.3 30.5 573 19.0 13.6 57.3 35.7 29.2 549 19.2

3.10 59.2 56.7 36.3 30.5 513 18.9 13.5 5T.1 35.9 29.7 558 19.1

3.k0 64,9 56.0 37.0 32.2 605 18.9 13.5 56,7 36.3 30.5 572 19.0

3.60 68.7 55.7 37.3 32.8 616 18.8 13.4 56.3 36.7 31.5 592 19.0

3.8 T2.3 55.0 38.0 3L,3 645 18,6 13.0 55.9 37.1 32.k 610 19.0

3.90 Th.2 5kh.y 38.6 35.8 673 18.5 13.0 5545 37.5 33.2 628 18.9

4,00 6.2 53.8 39.2 35.8 673 18.4 12.9 54.8 38.2 3h.9 656 18.9

k.o 8.0 53.1 39.9 38.9 T32 18.3 12,7 54,3 38.7 36.0 678 18.9

h.20 80.0 52.2 40.8 h1.2 5 18.2 12.6 53.9 39.1 37.0 695 18.7

k.30 82.1 51.4 .6 43.3 815 17.8 12.1 53.9 39.1 37.0 695 18.5 13.0
4.h0 83.6 51.1 k1.9 Lo 827 17.3 11.5 52,4 40,6 40.7 65 18.2 12.6
k.50 85,4 50.8 k2,2 LT 840 16.5 9.k 52,2 40.8 h1.2 T75 17.7 12.0
k.60 87.2 50.5 42,5 45.6 856 14.8 8.8 51.8 k1.2 k2,2 793 17.2 1.4
4,80 91.0 50.4 42.6 15.8 861 13.4 7.6 51.6 b1y k2.6 800 15.0 9.0
5.00 94.8 50.8 42,2 4.8 84l 1.9 6.4 51.8 4.2 ka.2 795 13.% 7.6
5.30 100.4 51.3 L1.7 13.5 818 10.3 5. 51.9 3.1 42,0 790 11.2 5.9
5.60 106.0 51.7 41,3 h2.4 97 10.0 151 52.3 40.7 40.8 768 10.4 5.4
6.00 113.0 52.4 40.6 ko.7 766 9.k 4.7 52.9 4o.1 39.2 136 9.6 4.8
6.50 122.1 53.2 39.8 38.7 727 9.3 4.6 53.5 39.5 38.0 75 9.2 4.6
6.30 118.5 52.7 40.3 40,0 752 9.2 L4 53.1 39.9 39.6 Th5 9.2 4.6
5.80 110.5 51.8 .2 k2.2 9% 9.5 4.8 53.2 39.8 39.5 43 9.7 k.9
5.50 104,0 51.0 42,0 b2 830 9.7 5.0 51.9 b1.1 41.9 787 10.2 5.2
5.20 98.5 50.2 42.8 6.4 872 10.5 5.5 51.2 41.8 43.8 824 11.b 6.0
k.90 92.9 49.8 13.2 47.5 883 12.2 6.6 50.7 k2.3 45.1 848 13.5 T.6
k.70 89.2 49.5 43.5 48.3 910 13.5 7.8 50.9 k2,1 14,6 838 15.2 9.2
4,50 85 .4 L49.7 43.3 47.8 900 15.4 9.k 51.1 41.9 kh1 828 16.8 11.2
L.ho 83.6 50.0 k3.0 h7.1 885 16.5 10.6 51.5 41.5 43,1 810 17.4 11.6
k.30 82.1 50.1 k2.9 46,7 8718 17.0 1.1 51.8 h1.2 L2.1 790 17.7 12.0
4,20 80.0 50.9 42,1 44.6 838 17.5 1.8 52.1 4o.9 41,5 780 18.0 12.3
k.10 78.0 51.3 b7 43.6 820 17.6 11.8 52.5 40,5 40,4 60 18.1 12.k
L.00 76.2 52.1 40,k 1.6 782 17.9 12.2 5345 39.5 37.9 T13 18.2 12.6
3.9 h.2 53.7 39.3 37.5 705 18.0 12.3 54,5 38.5 35.7 671 18.3 12.7
3.70 T0.5 545 38.5 35.6 670 18.1 2.4 5545 37.5 33.2 624 18.4 12.8
3.50 66.8 55.3 37.7 33.7 634 18.3 12.7 56.1 36.9 31.9 600 18.5 13.0
3.20 61.2 55.9 3T.% 32.3 607 18.3 12.7 56.6 36.4 30,8 579 18.5 13.0
2.90 55.6 56.4 36.6 31.2 586 18.4 12.9 5T.1 35.9 29.6 556 18.6 13.2
2.60 50.0 57.1 35.9 29.6 556 18.6 13.0 574 35.6 29,0 545 18.6 13.2
2.30 k4.0 57.0 36.0 29.9 562 18.5 13.0 57.6 35.4 28.6 538 18.6 13.2
2,00 38.4 57.2 35.8 29.5 554 18.5 13.0 57.8 35.2 28.2 530 18.6 13.2
1.70 32.7 57.1 35.9 29.6 557 18.6 13.0 57.8 35.2 28.2 530 18.8 13.2
1.h0 27.0 57. 36.0 29.9 562 18.6 13.0 57.6 35.4 28.5 536 18.6 13.2

,f!
]
b
<
©

Cp = 23.6 € = 18.8 Cg
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TABLE A-5
Semple 5
[ 2

L,°C & % % ! uay I Gy 3 % 2 ) L
1.60 30.8 62.9 30.1 17.7 1930 13. 2,80 65.0 28.0 13.9 1520 15.3 3.3
1.8 34,6 52.9 30.1 7.7 1930 13. 2.85 64,9 28.1 1k.,0 1525 15.5 3.3
2.00 38,4 62.8 30,2 17.9 1950 13.6 2.75 64,8 28,2 1h.h 1570 15.3 3.3
2.50 48,0 63.0 30.0 17.5 1960 3.1 2.65 6L.6 28,4 14,6 1590 14,5 3.0
3.00 5Tk 63.1 29.9 17.4 1945 12.7 2,55 6L4.6 28,4 14.6 1590 13.8 2.8
3.50 66.8 62.5 29.5 16.7 1840 12,6 2.50 6L.7 28.3 kb 1570 13.7 2.8
4.00 6.2 62.7 29.3 16.2 1770 12.3 2,45 64,8 28.2 1h.2 1550 12.9 2.6
4,50 85.4 64,2 28,8 15.3 1670 12.1 2,40 65.0 28.0 13.9 1520 12.6 2,5
5.00 9L.8 64.8 28.2 1k 1570 12.2 2.40 65.2 27.8 13.5 1470 12.5 2.5
5.50 104.0 65.0 28.0 13.9 1520 12,1 2.40 65.5 27.5 13.0 1415 12.3 2.5
6.00 113.0 65.4 27.6 13.1 1430 12,1 2.0 65.2 27.4 12.9 10 12.2 2.4
6.50 122.1 65.9 27.1 1l2.h 1350 12.1 2,40 65.9 27.1 12.3 1340 12.2 2.k
.00 131.5 66.0 27.0 la.1 1320 12.2 2.%0 66.0 27.0 12,0 1310 12.3 2,45
6.80 128.0 65.9 27.1 12.4 1350 12.25 2,45 66.0 27.0 12.0 1310 12.3 2.45
6.30 118.5 65.6 27T.4 12.8 1395 12.25 2,45 65.8 27.2 12.4k 1350 12.k 2,45
5.80 110.5 65.4 27.6 18.1 1430 12.3 2,45 65.5 27.5 13.0 1h15 12.5 2.5
5.30 100.4 65.0 28,0 13. 1520 12.3 2,45 65.3 27.7 13.4 1460 12.5 2.5
L4.80 91.0 6k.6 28.4 14.6 1590 2.4 2.45 65.0 28.0 13.9 1490 12.6 2.5
k.30 82.1 6.1 28,9 15.6 1700 12.4 2,45 64.9 28.1 4.0 1525 12.8 2.6
3.80 72,3 63.8 29.2 6.1 1760 12.6 2,50 64,7 28.3 1.k 1570 13.1 2.7
3.30 63.1 63.1 29.6 16.8 1830 12.7 2,50 6L.T 28.3 1h.h 1570 13.5 2.8
2.80 Sk.l 63.1 29.9 17.4 1890 13.0 2,60 64.6 28,4 4.6 1590 13.9 2.8
2.50 48.0 63.0 30.0 17.5 1920 13.2 2,65 6k4.5 28,5 1h,7 1600 14.6 3.1
2,30 Lh,0 62.9 30,1 17.8 1940 13.4 2,70 64.6 28,4 k.6 1590 1%.9 3.2
2.10 Lo,k 62. 30.2 17.9 1950 13.7 2,81 64.8 28,2 4.2 1550 15.2 3.25
1.90 36.5 62.8 30.2 17.9 1950 4.0 2,90 64,8 28.2 k.2 1550 16.0 3.5
1.73 33.3 62.8 30.2 17.9 1950 1k.2 2,95 64.8 28.2 1h.2 1550 16.4 3.6
1.53 29. 62.8 30.2 17.9 1950 14,3 3,00 64.9 28,1 1.0 1525 16.5 3.7
Cx = 93.0 Cy = 23.7 € = 109 Cq

° 3 3 4 L L

T, C Cy C C'Z 53 Hag L3 Cy Co CE €, uay, L,
1.60 30.8 65.8 27.2 12.4 1350 16.7 3.7 66.5 26.5 11.3 1230  18.7 4.5
1.80 34,6 65.7 27.3 12.6 1370 16.8 3.8 66.4 26.6 1.4 1240 18.7 4,5
2.00 38.4 65.6 27.k 12.8 1390 16.7 3.7 66,1 26.6 11.4 1240 18.6 4,45
2,50 48,0 65.4 27.6 13.1 1430 15.8 3.4 66.2 26.8 11.8 1285 17.6 4,05
3.00 574 65.4 27.6 13.1 1430 15.0 3.2 66.0 27.0 12.1 1320 16.6 3.70
3.50 66.8 65.3 27.7 13.2 1hko 7 3.1 65.9 27.1 12.3 1340 16.2 3.6
4,00 76.2 65.2 27.8 13.5 1470 13.7 2.8 65.9 27.1 12,3 13ko 14.8 3.06
4,50 85.4 65.3 27.7 13.2 1hko 13.0 2.6 65.9 27.1 12,3 1340 13.4 2.75
5.00 9k.8 65..5 27.5 13.0 1415 12.8 2.6 66.0 27.0 12.1 1320 13.6 2.8
5,50 10k.0 65.6 274 12.8 1395 12.6 2.5 66.1 26.9 11.9 1290 13,2 2.70
6.00 113.0 65.9 27.1 l2.3 1340 12.4 2.5 66.2 26.8 11.8 1280 12.8 2.60
6.50 122,1 66.0 27.0 12,1 1320 2.4 2.45 66.2 26.8 11.8 1280 12.8 2.60
7.00 131.5 66.1 26.9 11.9 1300 12.4 2.45 66.4 26.6 1.4 2240 12.7 2.55
6.80 128.0 66.1 26.9 11.9 1300 12.5 2.5 66.3 26.7 11.5 1250 12.8 2,60
6.30 118.5 65.9 27.1 12, 13Lk0 12.6 2.5 66.2 26.8 11.8 1285 12.9 2.60
5.80 110.5 65.8 27.2 12.4 1350 12.7 2.55 66.1 26.9 11.9 1300 13.2 2.70
5.30 100.4 65.6 274 12.8 1410 12.7 2,55 66.0 27.0 12,1 1320 13.3 2,70
4,80 91.0 65.5 27.5 13.0 1420 12.8 2,6 66.0 27.0 12.1 1320 13.6 2.8
4.30 82.1 65,4 27.6 13.1 1430 13.2 2.7 65.9 27.1 12.3 1340 4.2 2.90
3.80 72.3 65.3 27.7 13.4 1460 13.6 2.8 65.9 27.1 12.3 1340 147 3.10
3.30 63.1 65.3 27.7 13.4 1k60 14,3 3.0 66.0 27.0 12.1 1320 15.7 3.k0
2,80 54,1 65.4 27. 13.1 1430 14.9 3.15 66.2 26.8 11.8 12685 16. 3.70
2,50 48,0 65.3 27.7 13.4 1460 15.6 3.4 66.2 26.8 11.8 1285 17.2 3.90
2.30 4.0 65.5 27.5 13.0 1420 16.2 3.6 66.3 26.7 11.5 1250 17.8 4,15
2.10 Ton 65.5 27.5 13.0 1420 6.6 3.7 66.3 26.7 11.5 1250 18.2 4,30
1.90 36.5 65.6 27.k 12.8 1395 17.3 3.9 66k 26.6 11.k 1240 19.1 h.65
1.73 33.3 65.6 27.4 12.8 1395 17.8 4,1 66,4 26.6 11.k4 1240 19.5 4,80
1.53 29.4 65.7 27.3 12.6 1370 17.8 b1 66.4 26.6 1.4 1240 19.5 4.80

Cx = 93.0 Ch = 23.7 € =109 Cg
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TABLE A-6
Sample 6

w2 & d & 4 w n & & &

1.40 27.0 62.3 30.7 189 ou5 13.8 3.0L 63.0 30.0 176

1.60 30.8 62.2 30.8 192 960 13.5 2.95 63.0 30.0 176

1.80 34.6 62.0 31.0 1% 980 13.2 2.80 62.9 30.1 178

2.00 38.4 61.8 31.2 199 995 12.7 2.75 62.8 30.2 181

2.10 Lok 61.0 31.3 201 1005

2.20 k2.5 61.7 31.3 201 1005 12.2 2.60 62.8 30.2 181

2,40 16.0 61.6 31,k 204 1020 1.7 2,50 62.7 30.3 182

2.50 48.0 61.6 3Lk 20k 1020

2.60 50.0 61.6 3.4 204 1020 11.k 2.50 62.7 30.3 18.2

2.80 54,1 61.6 31.4 204 1020 10.9 2,30 62.5 30.5 186

3.00 5T7.4 61.8 31.2 199 995 10.6 2,40 62.6 30.4 184 11.6

3.20 61.2 61.9 31.1 198 990 10.4 2,15 62.7 30.3 182 1.2

3.40 64,9 62,2 " 30.8 192 960 10.2 2,10 62.8 30.2 181 10.8

3.80 35.3 62,4 30.6 186 930 9.8 2,00 62.8 30.2 18 10.3 2,15
4,20 .0 62,7 30.3 182 910 9.8 2.00 63.0 30.0 176 10.0 2,05
4,60 87.2 63.0 30.0 176 880 9.7 2,00 63.3 29.7 172 9.8 2.00
5,00 9k.8 63.2 29.8 172 860 9.7 2,00 63.4 29.6 169 9.8 2.00
5.50 104,0 63.5 29.5 168 840 9.5 1.95 63.7 29.3 164 9.6 1.95
6.00 113.0 63.8 29.2 161 805 9.5 1.95 63.9 29,1 161 9.5 1.95
5.30 100.4 63.4 29.6 169 845 9.5 1.95 63.6 29.4 165 9.5 1.95
4.8 91.0 63.1 29.9 174 870 9.5 2,00 63.4 29.6 169 9.6 2.05
4,30 82.1 62.8 30.2 18t 905 9.5 2,00 63.2 29.8 174 9.7 2.10
k.00 76.2 62.6 30,4 183 915 9.3 2.10 63.0 30.0 176 10.0 2,15
3.70 T0.5 62.4 30.6 186 930 9. 2,10 62.9 30.1 178 10.3 2.25
3.40 64.9 62.2 30.8 192 960 10.0 2.15 62.7 30.3 182 10.7 2.35
3.10 59.2 62.0 31.0 196 980 10.2 2,20 62.7 30.3 182 11.2 2.50
2.90 55.6 61.8 31.2 199 995 10,4 2,30 62. 30.4 184 11.7 2.65
2.70 52.1 61.6 31.4 20L 1020 10.7 2.35 62.7 30.3 182 12.2 2,75
2.50 48.0 61.6 3L.4 204 1020 11.2 2.50 62.8 30.2 181 12.7 2.8
2.30 kk.0 61.6 31.k 204 1020 11.5 2.55 62.9 30.1 178 13.4 3.10
2.10 Lok 61.7 31.3 201 1005 12.1 2.75 63.0 30.0 176 14.0 3.30
1.90 36.5 62,0 31.0 196 980 12.6 2,85 63.1 29.9 74 1.6 3.50
1.70 32.7 62.0 31,0 196 980 13.1 3.05 63.1 29.9 174 15.25 3.70
1.50 28.8 62.2 30.8 192 960 13.5 3.15 63.3 29.7 17 15.7 3.85
Cy = 93.0 Cp = 23.6 €=50C

° 4 b

mv T,C 03 cg C:g e3 “53 13 Cy co C: uay, Lh
1.k 27.0 63.5 29.5 166 830 16.1 3.80 63.9 29.1 159 17.0 k.10
1.60 30.8 63.4 29.6 169 845 16.0 3.75 63.8 29.2 162 17.1 4,20
1.8 3k4.6 63.4 29.6 169 845 15.7 3.55 63.8 29.2 162 16.7 4,00
2.00 ist 63.4 29.6 169 845 15.2 3.50 63.7 29.3 163 16.2 3.80
2.10 0.

2.20 k2.5 63.2 29.8 173 865 14.8 3.38 63.6 29,4 165 15.8 3.70
2.h0 l;g.o 63.1 29.9 17h 870 1h.1 3.15 63.5 29.5 166 15.3 3.55
2.50 48,0

2.60 50.0 63.0 30.0 176 880 13.8 3.05 63.5 29.5 166 1k.9 3.40
2.8 54,1 63.1 29.9 174 870 13.4 2.95 63.4 29.6 169 1k4.5 3.30
3,00 57.4 63.1 29.9 174 870 12.7 2.75 63.5 29.5 166 13.8 3.10
3.20 61.2 63.1 29.9 17h 870 12.2 2.65 63.5 29.5 166 13.% 2.95
3.40 6h,9 63.1 29.9 17 870 11.8 2.55 63.5 29.5 166 12.9 2,80
3.80 72.3 63.2 29.8 173 865 11.0 2.30 63.5 29.5 166 11.9 2.55
4,20 80.0 63.4 29.6 169 845 10.6 2.40 63.5 29.5 166 10.h 2.%0
4.60 87.2 63.5 29.5 166 830 10.2 2,10 63.7 29.3 163 10.7 2.25
5.00 9L.8 63.6 29.4 165 825 10.0 2,10 63.7 29.3 163 10.4 2.15
5.50 104.0 63.8 29.2 162 810 9.7 2.10 63.9 29.1 159 10.0 2,05
6.00 123.0 64.0 29.0 158 790 9.6 64.0 29.0 158 9.7 2.00
5.30 100.4 63.7 29.3 164 820 9.7 2.10 63.8 29.2 162 10.1 2.10
4,80 91.0 63.5 29.5 166 830 9.9 2.15 63.6 29.4 165 10.5 2.25
4.30 8.1 63.3 29.7 172 860 10.2 2.20 63.6 29.4 165 1.0 2.40
4,00 76.2 63.3 29.7 172 860 10.7 2.35 63.5 29.5 166 1.7 2.60
3.70 70.5 63.2 29.8 173 865 11.1 2,45 63.5 29.5 166 12,4 2.70
3.40 64.9 63.2 29.8 173 865 11.8 2.65 63.5 29.5 166 13.1 3.05
3.10 59.2 63.1 29.9 17h 8710 12.5 2.85 63.5 29.5 166 13.9 3.25
2.90 55.6 63.2 29.8 173 865 13.1 3.05 63.5 29.5 166 144 3.55
2.70 52,1 63.2 29.8 173 865 13.6 3.20 637 29.3 163 15.0 3.65
2.50 48.0 63.2 29.8 173 865 1k.2 3.35 63.7 29.3 163 15.5 3.80
2.30 b0 63.h4 29.6 169 845 14.8 3.55 63.8 29. 162 16.2 4,00
2.10 ho.k 63.5 29.5 166 830 15.3 3.72 64.0 29.0 158 16.7 4,20
1.90 36.5 63.6 29.4 165 825 15.8 3.90 17.3 k. ko
1.70 32.7 63.6 29.4 165 825 15.5 3.80 64.1 28.9 157 17.5 k.50
1.50 28.8 63.7 29.3 16k 820 16.7 k.20 6k.2 28.8 154 17.8 L.60

Cx = 93.0 Cp = 23.6 €=50¢C
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TABLE A-T
Semple T
T, °c uey Ll N L2 pa3 L3

1.48 28.4 19.1 3.40 19.5 3.55 20.0 3.70
1.60 30.3 19.1 3.40 19.4 3.50 20.5 3.85
1.80 34,6 19.1 3.40 19.3 3.45 22.0 3.70
2.00 38.4 19.0 3.0 19.2 3.45 19.9 3.65
2.20 k2.5 18.9 3.35 19.2 3.45 19.6 3.60
2.140 46.0 18.8 3.35 19.1 3.40 19.4 3.50
2.60 50.0 18.75 3.30 19.0 3.40 19, 3.L45
2.80 54,1 18. 3.35 19.0 3.40 19.3 3.45
3.00 57.4 18.8 3.35 19.0 3.40 19.25 3.45
3.5C 66.8 18.8 3.35 19.0 3.40 19.2 3.45
L.00 76.2 18.5 3.25 18.8 3.35 19.0 3.40
.50 85.4 18.5 3.25 18.8 3.35 19.0 3.140
5.00 oL.8 18.5 3.25 18.7 3.30 19.0 3.40
5.50 ok.0 18.5 3.25 18, 3.30 19.0 3.40
5.20 98.5

k.70 89.2 18.5 3.25 18.7 3.30 19.0 3.40
4.30 82.1 18.6 3.25 18. 3.30 19.1 3.40
3.80 72.3

3.30 63.1 18.6 3.25 18.7 3.30 19.1 3.h40
2.80 54,1 18.6 3.25 18. 3.35 19.3 3.45
2.70 52.1

2.50 48.0 18.75 3.30 18.9 3.35 19.5 3.55
2.30 4,0

2.10 Lo. 4 18.80 3.35 19.1 3.40 19.7 3.60
l . 90 36 . 5

1.70 32.7 19.1 3.40 19.4 3.50 20.2 3.75
1.50 28.8
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SAMPLE CALCUIATION AND CALCULATION OF ERRORS

The data presented in the preceding section on the incremental
permittivity of the barium-strontium titanate compositions is subject to
two types of errors; systematic errors, which are inherent in the meas-
uring equipment, and random errors, which are introduced by the observer,

The capacitance data which were taken on a Bontoon Q-meter, are
accurate to within * 2% for the conditions of measurement.* A t 1.5%
error is due to the limitations of the instrument itself. Another t 1%
error is introduced during the course of the measurements by the observer.
The compounded errors of instrument and observer are therefore somewhat
less than ¥ 2% for each capacitance measurements.

In measuring the dimensions of the ceramic sample, a calibra-
ted Bausch and Lomb mechanical microscope stage, an eye-piece micrometer,
and a micrometer slide were used. The scales of these measuring devices
were judged to be accurate., Certainly any deviations in their dimensions
from the absolute length were insignificant in comparison with the acci-
dental errors introduced during the measuring of the sample dimensions,
Because of the small irregularities in the geometry of the wedges, an
error of T ,02cm is estimated for the length of the wedges, and an error
of ¥ .0lem is estimated for each measurement of the width and thicknéss
(at the thick end) of the wedges.

A, Sample Calculation of the Incremental Permittivity of a Wedge of
Ceramic Barium-Strontium Titanate,

It is shown in Section IV, that the capacitance of a ceramic

sample can be calculated from the capacitance data by the following

* The samples all had a capacitance below 100puuf and were measured at
1600 KC.
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equation:

Co(Car + Cq) - CanCy
CS= )

CST - Co

(c-1)

where C, 1s the capacitance of the sample as measured on the Q-meter,

Cqp is the standard capacitance of the circuit,

Cy 1s the capacitance of the sampler holder,

Cqg is the actual capacitance of the sample (see Figure L.k, p.L3 ),

The capacitance data of Sample 3, at zero field and 27°C (see data on

Sample 3, Appendix A), is given as:

Co = 32.3uuf,
CST = llo.:op,“,f’
Cg = 23 hpuf,
Therefore
2.3(110 + 23.4) - R
cg = 2 5(110 + 25.4) - (110)(23.4) | r
110 - 32.3
= 22.3 .

The incremental permittivity is defined as

B CS xt

€A—-

A x ,0885

where €p 1s incremental the permittivity of a sample,
t is the distance between the electrodes,

A is the area occupied by one electroded surface,

(@}

g is the capacitance of the sample.

(c-2)
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A schematic of a wedge-shaped ceramic sample is shown in Figure 4,1)
page L0,

For Sample 3 the dimensions are as follows:

Length of wedge .90 cm,

Width of wedge

072 cm,
Average thickness of wedge = .0095 cm,
Hence the incremental permittivity of Sample 3 at 27°C and zero bias is:

22,3 x 072

A .90 x ,0095 x ,0885 ’

2120 .

B, Calculation of Probable Errors in the Permittivity of a Ceramic Barium-
Strontium Titanate Wedge.

The general formula for the calculation of errors states that if
R =£(7), T,), (c-3)

the probable error in R, Ex, can be written as

B - [@12 2 gﬁ—ﬁ%g]l/e (c-k)

(502 7% + (5

where Efl is the error in r; , and Efé is the error in ?é .
The errors associated with the calculated incremental permit-
tivity of Sample 3 at 27°C and zero bias are due to

1) Measurements of capacitance which are each subject to an

error of t 2%,

2) Measurements of the sample dimensions which are subject to

errors varying between t .01 and T .02cm.
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The data for Sample 3, including probable errors, are given

below,

Capacitance data: Co = 93,01 2,0 - 60.7 t1.2= 32,3 t 2.3upf.
Cgr = 110.0 T 2.24f.
Ch = 23,4 T 0.5uuf.

Dimensions: A = (,095 T .01)(.9 t .02) cm?,
t = .012 ¥ 017 cm,

1. Probable Error in Sample Capacitance, Eqp

Co (Cgr + Cq) - CgrCy

sample C.. c * (C-1)
ST ~ Yo
Let C, (Cgp + Cy) - CgrCyg = Cp
Corlh = Cg
Csr - Co = G -
Then
Ch - C
Csample = 2 £ ¢
Cc
a, Error in CA, ECA
Equation (C-4) is used to solve for EQA°
et C, = f[Co, (Cgp + Cy)]
Lave o 2, (X4 2 211/2
Then E = —)= E + (e )= E
Ca A 5C0> Co ( o(Cqr+Cy) ) (CS‘I‘+CH) )
Cy = Co (Cgr + Cp)

= 32,3 7 2,3 (110.0 ¥ 2.2 + 23.4 t ,05)puf?

1+

= 32,3 Y 2,3 (133.4 t 2.3)uuf?

= L3009 * Ee, uuf?
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]

B, = [(133.4)2 (2.3)2 + (52.3)2 (2.3)2]%/2

A
3l6puf2 .

Therefore

C, =1309 % 316,,r2

b, Error in Cg, ECB

B = Carly >

(110.0 * 2.2)(23.4 + 0.5) puf?,

i

257k * Be, uuf?,
According to Equation (C-14),

if Cp

f(CST’ CH) ’

i

x
then  Eg 2 4+ (B2 ECHE]l/2

CB 2
5 [(6655) Egr o

)

1/2

[(110.0)2 (0.5)2 + (23.4)2 (2.2)2]
= T5uuf? .

Therefore Cp = 2574 * T5uuf? .

1]

¢. Error in G, , Ece

CST - Co s

Q
i

(110.0 * 2,2)-(32.3 + 2.3)puf ,

7.7 ¥ 3.20uf

d. Probable Error in Cg , ECS

= G -C
CS = AC B
C

uuf2 ’
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_ (4309 2 316)-(2574 T 75) .
= M

T7.7T £ 3.2

_ 1735 * 325
77.7 ¥ 3.2

)

put

it

22.33 T Bgg .

According to Equation (C-4) ,

If Cq = fl(Cy-Cg), C¢l
g 2 2 . (Lgy2 . 291/2
then ECS = [(EREKtagj) E(CA'CB) + (565) Ecg ] ’

L 2 . (E22 y2 , 2q1/2
)2 (325)2 + (°2p)2 3.2211/2

I
—
P

-3
-3
-3
-3

= 4,28 ,

Therefore Cgq = 22,3 % 4,3 .,

f. Probable Error in the Incremental Permittivity of the
Sample, EEA

The incremental permittivity has been defined in the early part

of this appendix as
Cg x t

_—_ c-2
A x ,0885 (c-2)

€A
Inserting the capacitance of the sample Cg in Equation (C-2) and the
dimensions of thickness (t) and the area (A) of the sample, the incremen-
tal permittivity of the sample is given by

(22,3 * L4,3)(.072 £ .017)
(095 ¥ .01)(.9 ¥ .02) x .0885

)

€A

I

2120 T E_ .
A
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2. Probeble Error in €, , Bgp ,

where

Cxt

A A x ,0885

Probable error in numerator, Ey

If numerator N

Then E

N

£(C,t)

]

It

[<%g)2 B2 + (%g)e Et211/2

)

il

= ,00% .

Probable error in denominator, Ep

If denomenator D

then

Probable error in

If GA =

then Egp

[(22.3)2(.0017)2 + (.0072)2(k.3)211/2

(c-2)

f(4,w) where £ = length, and w = width,

Ep = [(%%)2 Eg° + (%%)2 Ew2]1/2 x ,0885
= [(.095)2(.01)2 + (.9)2(.02)21%/2 x .0885
- .0016 ,
eA ) EGA
£(N,D),

)

A e
[(EN—AF By + <..B_Dé>2 £y 2]L/2

1
[(.00756

W,

1.6
.007562

)2(.003)2 + (

ep for Sample 3 = 2120 T 4k,

)2(,0016)214/2



APPENDIX D

PREPARATION OF (Ba,Sr)TiO. CERAMICS

3

The mixed titanate ceramics, with the exception of Sample 5,
a commercial ceramic, were all prepared at the Electromagnetic Materials
Laboratory, Electrical Engineering Department, University of Michigan.

Stoichiometric proportions of a high purity grade BaTiO3 and
SrTiO3, sometimes with small additions of metal oxide fluxing agents
(see Table 4.1), are combined in a porcelain ball mill to which water
and a binder such as methyl cellulose or the commercial "Hyform" pre-
paration is added., The powders are ball-milled with porcelain balls
for one hour., The slurry is then drained into pans and oven-dried at
about 80°C., After drying, the soft cake is granulated and passed through
a 20 mesh screen., The powder is pressed into a thin rectangle at about
5000 1lb, per sq. in. The slabs are placed on a platinum sheet, dusted
with some of the prepared powder, and fired in a Globar furnace, The
temperature of the furnace is increased at a rate of 250°C/hr to 1350°C,
and is held at that temperature for two hours. The furnace is then
allowed to cool naturally.

This procedure produces dense ceramics which can be easily

ground into wedges (see Section IV).
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