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same temperature. Two determinations were made on each
sample and the average value was reported. Analyses were
made on a General Electric XRD-5 X-ray diffractometer
using iron-filtered cobalt K « radiation and a scanning speed of
1/:°/min. The angular location of the peaks was determined
as the midpoint of the half-height line. When peaks from dif-
ferent reflections were overlapping they were resolved graphi-
cally. Single peaks were determined to 0.01°, but precision
was generally not as good for overlapping peaks. The lattice
parameters were calculated on an IBM 7094 computer using
the Argonne National Laboratories B 106 program.

Results of the calculations are given in Table 1. Although
the changes are at the limit of precision of the data, thereis a
slight decrease in the volume of the unit cell when the zir-
conia is oxygen-deficient. It is believed that a decrease in-
dicates that there is oxygen missing rather than additional Zr
in the lattice. In addition, the zirconia phase in the Zr +
50% O composition bas the smallest unit cell, and this is con-
sistent since it is the most deficient in oxygen.

III. Summary

Studies were made in the system Zr-O in the composition
range 50 to 66.7% O using metallographic and high-tempera-
ture X-ray analysis. Results of this work established the
solubility of zirconium in zirconia from 1200° to 2000°C,
and the cubic-tetragonal inversion temperature at approxi-
mately 1490°C for ZrO, solid solution in the binary system.
Also, the orientation of the striations formed during the cubic-
tetragonal inversion was studied by X-ray analysis, and data
taken at room temperature indicate that the striations are
oriented with the 111 and 1171 planes of monoclinic zirconia.
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Optical and Microstructural Variations with Electric
Field in Barium-Strontium Titanate Ceramics
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Quasi-thin sections of large-grained ferroelec-
tric barium-strontium titanate ceramic composi-
tions were observed under crossed polars. Di-
electric constant and light transmission were
measured as a function of temperature and ap-
plied dc voltages. Microscopic observations,
such as changes in structure and in optical ani-
sotropy with temperature and simultaneously ap-
plied electric fields, are described. Optical data
indicate that static electric fields readily induce
anisotropy in the isotropic grains at the ferro-
electric to paraelectric transition of the ceramic.
Below the transition temperature, the effect of
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the field on the optical and dielectric properties

diminishes. Contrary to single-crystal barium

titanate, a field-produced reorientation of do-

mains in the ceramic at temperatures below the

transition proceeds with difficulty, and is some-

times achieved only after long exposures to high-
biasing fields.

1. Introduction

PTICAL observations on ferroelectric ceramics, such as

polycrystalline barium titanate and barium-calcium
titanate, have been described by a number of authors.!~
In most cases the metallographic techniques of polishing and
etching were used to examine the microstructure of the
ceramic. The investigators revealed that the ceramic ferro-
electric surfaces, despite their complexity, have domain con-
figurations similar to those found in single-crystal barium
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Table I. Composition and Dielectric Data for Seven
Barium-Strontium Titanate Ceramics

Peak Avg
incremental Curie grain size
Speci Composition permittivity, temp. ing
No. (mole %) €A (°C) (range)
1 75 BaTiO; 70
25 SrTiO; 3100 49 (40-120)
2 75.0 BaTiO;
24 .9 SrTiO; 80
0.1 (UO:)(NOs): 4500 51 (60-115)
3 73.5 BaTiOs
24.5 SrTiO; 35
2.0 CdO 5500 52 (20-60)
4 85 BaTiO; 80
15 SrTi0s 1110 83 (60-120)
Aerovox Corp. 10
formula 1950 30 (5-15)
6 85 BaTiO;
14 SrTiO; 15
1 Fe;0; 1200 48 (8-25)

-1

74.25 BaTiOs;
24.75 SrTiOs
1.00 NbyOs (6000)* (20)* 2-3

* Value obtained from larger ceramic sample of the same com-
position. Specimen 7, used for transmitted light intensxty meas-
urements, had too low a capacitance for accurate determination.

titanate. The present paper describes observations made on
quasi-thin sections of ferroelectric barium-strontium titanate
ceramic, viewed in transmitted, polarized light. Optical
and structural variations in the ceramic are described resulting
from changes in temperature and applied electric field in the
ferroelectric to paraelectric transition region of the ceramic
compositions. It is shown that ceramic barium-strontium
titanate compositions exhibit certain similarities with single-
crystal barium titanate in their optical and dielectric behavior.
Field-produced domain motion, however, appears to proceed
with considerably more difficulty in the ceramic ferroelectric
material than in single crystals.

The present paper is condensed from an earlier, extensive
study on the effects of temperature and biasing fields on the
optical properties of perovskite-type ceramics.?

II. Experimental Procedure

Ceramic slabs, 2.5 by 1.2 by 0.25 cm were prepared accord-
ing to the standard ceramic techniques of pressing, sintering
to maturity, and furnace cooling. The starting materials
were high purity commercial barium titanate and strontium
titanate powders* and reagent grade oxide additives. The
compositions and electrical data of the specimens are listed
in Table I.  All ceramics were fired at 1380°C for 2 hr.
Grain size variation was extensive (Table I). The densities
varied between 5.5 and 5.8. The addition of small percent-
ages of metal oxides generally produced ceramics of higher
densities. The fired ceramic pieces were shaped into narrow,
wedgelike specimens about 0.8 cm long and 0.1 em wide,
having a thickness that tapered from 0.1 to 0.004 cm from
end toend. The wedge-shaped geometry made possible simul-
taneous optical observation and capacitance measurements
of the ceramic. Previous measurements of capacitance of
thin sections were subject to inaccuracies because of the low
values of the specimen. A section 1 by 0.8 by 0.004 cm typi-
cally measured only 1 to 2 pf, hence the bulkier wedge shape of
approximately 30 pf was adopted.

The specimens were prepared by embedding the ferro-
electric material in thermosetting resin and grinding on a
metallographic wheel, using a series of graded silicon carbide
papers. The final polish was done on a fine diamond wheel

* Supplied by the Titanium Alloy Manufacturing Division,
National Lead Company, Niagara Falls, New York.
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Fig. 2. Heating stage for observation of a ceramic wedge by
transmitted light.

(particles of 6u) using methyl alcohol as a lubricant. The
ceramic was then removed from the resin, cut into a narrow
rectangle, and glued to a microscope slide with the polished
side down. Since the thin end of the specimen was to be
observed microscopically, a polymerizing cement with a
refractive index near that of glass was used as an adhesive.!?
The mounted specimen was then reembedded in the thermo-
setting resin, thereby exposing the unpolished side, and ground
into the shape of a wedge. After a final polish on the dia-
mond wheel, the specimen was lifted out of the resin with its
glass backing and prepared for electrical and optical measure-
ments. A combination of low resistance silver paint along
the edges of the wedge and aluminum foil (Fig. 1) provided
electrical contact for the capacitance measurements. These
were taken at 1600 kc on a Boonton Radio Corporation
Q-Meter. A 1300 v dc supply furnished the required voltages
to the specimen. The wedge was mounted over a small
heating stage made of Nichrome resistance wire and asbestos
(Fig. 2) and clipped to the stage of a Leitz Panphot micro-
scope. A thermocouple was placed in a slot directly beneath
the wedge. As the specimen was alternately heated and cooled
through a range of approximately 100°C, the thin end of the
ceramic was observed through transmitted light and crossed
polars. Simultaneously, capacitance measurements were
taken while biasing fields ranging between 0 and 20,000 v/cm
were supplied to the specimen. The dc field to the ceramic
was applied parallel to the plane of the microscope stage.
Thus any alignment of the polar vector in a ferroelectric
grain by an electric field would become observable as a
change in the anisotropy of that grain.

In addition to the direct observation of optical and struc-
tural details in the ceramic, the light intensity transmitted
by the thin end through crossed polars was measured as a
function of temperature and field. A CdS photocell, mounted
over the microscope eyepiece, registered the total light trans-
mitted by the grains lying in the field of the microscope.
The photocurrent readings taken on the ceramic were com-

pared with readings taken on a calibrated Kodak density film
strip.

III. Data

Seven compositions of (Ba,Sr)TiO;, some with metal oxide
additives, were prepared and examined as described in Sec-
tion II. Ceramic and dielectric data are listed in Table 1.
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Fig. 3. Incremental permittivity vs. temperature of (Bag.gs-
Sr,.15) TiO; with voltage as a parameter.

The specimens are composed of grains varying from 5 to 120
in diameter. The dielectric data of all specimens show the
same general behavior with temperature and field. The
optical light transmittancy readings for the larger grained*
compositions, however, are approximately four times that of
the fine-grained ceramics in their anisotropic region. This
seems reasonable when one considers the larger amount of
scattering and absorption occurring when light passes through
a 30u section composed of several layers of 1 to 5u grains
rather than one layer of 50 to 100x grains.

The dielectric and optical data for a representative,
large-grained specimen of Bag.ssSrp.sTiO;, approximately
80u in diameter on the average, are shown in Figs. 3 and 4.
Figure 3 illustrates the behavior of the incremental, small-
signalt permittivity, es, as a function of temperature and
biasing fields. Figure 4 shows the changes in the percentage
of light transmitted by the thin end of the specimen as a
function of temperature and electric field. The dielectric
and optical data were taken simultaneously. The discrep-
ancy in the values of the applied dc fields in Figs. 3 and 4
arises from different specimen widths used in the computation.
For the incremental permittivity curves the biasing field was
obtained by considering the average width of the wedge across
which the voltage was applied. For the percent light trans-
mission curves the field was calculated for the actual width
at the thin end of the wedge. It may be argued that the
general behavior at the thin section end of the ceramic is not
entirely representative of the entire specimen. This is un-
doubtedly true since the thin end of a large-grained (Ba,Sr)-
TiO; ceramic is essentially composed of a single layer of
grains and it is consequently not as highly strained as the
three-dimensional array of grains in the bulk ceramic. Never-
theless, a comparison of the electrical and optical data of Figs.
3 and 4 indicates that the ferroelectric to paraelectric transi-
tion for a given biasing field occurs at approximately the same
temperature for both capacitance and light transmittancy
measurements. A comparison of the dielectric and optical
properties therefore seems permissible on a qualitative basis.

Figure 3, curve 1 (ceramic with zero bias), shows the char-
acteristic ‘‘peak’’ in the incremental permittivity which is
associated with a phase change in ferroelectric ceramics, in

* “Large grained” here pertains to grains having a diameter
larger than the thickness of the observed ceramic section, i.e. 30
to 40x, and “fine grained” pertains to those having diameters
smaller than the thickness of the section. .

t The incremental permittivity, ea, is the permittivity dP/dE
obtained by measuring the dielectric with a small, high-frequency
signal superimposed on a large dc biasing field.
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this case the tetragonal to cubic transition. It is seen in Fig.
3, curves 2, 3, and 4 that the peak incremental permittivity
shifts to lower values and to higher temperatures as the biasing
field is increased. The percent light transmission vs. tem-
perature curves for the same ceramic likewise show a shift
to higher temperatures with increasing applied dc voltages.
The transmitted light intensity of the specimen experiences a
sharp drop in the transition region of the ceramic, since a
large number of the individual ceramic grains, which have
passed from an anisotropic to isotropic state, no longer
rotate the light out of the plane of the crossed polars. When
the ceramic is exposed to strong dc fields, however, ferro-
electricity is induced!! in some isotropic grains and the aniso-
tropic state persists to higher temperatures. As a result of
this behavior, it is possible to produce relatively large changes
in optical transmittance by biasing the ceramic at the transi-
tion region. For instance, the light transmission for (Bag.g:-
Sro.15) TiO3 changes from 7 to 119, at 87°C for a field of 11,000
v/cm. By comparison the transmission with field increases
only from 13 to 13.5%, at 60°C where the ceramic is ferroelec-
tric (see Figs. 3 and 4). Similar changes in the “trans-
parency’’ with biasing fields have been measured by Kawabe!?
on single-crystal barium titanate at the Curie point. The
capacitive nonlinearity with field of these ceramics has been
successfully used in the past in modulating devices and am-
plifiers. It seems that the corresponding optical nonlinear
properties of transparent ‘“‘ceramic” films could lead to the
development of some useful electrooptic devices.

In the following, microscopic observations on the ceramic
are described, emphasizing structural changes in individual

grains resulting from variations in electric field and tempera-
ture.

IV. Observations

A number of changes noted in the microstructure of the
ceramic during the capacitance and light transmission meas-
urements are classified roughly as short-term and long-term
effects. Short-term effects are the optical and structural
changes in the ceramic that follow immediately on exposure
to an external dc field and vanish when the field is removed.
Long-term effects require a prolonged exposure (20 min) to an
external dc field. The resulting changes persist in the ceramic
microstructure after the field has been removed. These

latter effects can also be considered ‘“poling” or *‘polarization”
effects.

(1) Short-Term Effects

When a strong biasing field is applied to a thin wedge, a
number of optical changes observed in the ceramic depend on
the temperature at which the field is applied. At about 50°C
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Fig. 5. Variation of birefringence with temperature in
(Bay.:8r,.15) TiOs ceramic.

above the temperature of the peak incremental permittivity,
a ceramic consists of essentially isotropic grains, and the
‘“thin section” remains dark under crossed polars as expected.
Strong biasing fields applied to the specimen at this tempera-
ture do not produce optical anisotropy. The large changes
observed in transmitted intensity occur in the ferroelectric to
paraelectric transition region where a grain may go from com-
plete extinction to a bright first order white when the field
is applied. Again, substantially below the peak permittivity
temperature (i.e. about 50°C), little optical change as a result
of applied field is observed in the now highly birefringent
ferroelectric grains. Most optical as well as structural
changes in the ferroelectric grains occur within 30°C below
the peak incremental permittivity temperature. Considerable
differences exist in the degree of observable optical change
with field among several barium-strontium titanate com-
positions. The description in the following is limited to the
larger-grained ceramics since no birefringence colors or fine
structural detail could be observed in the fine-grained ce-
ramic with the Leitz Panphot microscope. Ceramics having
an average grain size of 10x or less, however, showed patches
of residual anisotropy, even when heated far beyond the tran-
sition temperature. Such anisotropy must be attributed to
the existence of strained areas in the finer-grained material.

(A) Birefringence as ¢ Function of Temperature and
Electric Field: As illustrated in Fig. 5, the birefringence of a
(Bag.ssSr0.15) Ti0s specimen decreases with increasing tem-
perature, similar to that of a single crystal of barium titanate.
A grain 30x thick changed from a second order green at room
temperature to a first order white at the peak incremental
permittivity temperature, 83°C. Hence the birefringence
decreases from 0.03 to 0.01 over a 60°C range. A field
of 10,000 v applied across the specimen at room temperature
produces a change from a second order green to a second order
yellow. This represents an increase in anisotropy of approxi-
mately 0.005 for the specimen at that temperature.

(B) Structural Changes Due to Temperature and Electric
Field: The structural changes in the ceramic grains which
result from temperature and electric field variations are visible
in those grains which show parallel twinning striations (90°
domains). As a rule, the twinning striations in the grains
become diffuse as the specimen is heated to the peak incre-
mental permittivity temperature, until the entire grain ap-
pears a uniform white or gray color and finally becomes iso-
tropic; however, when strong fields are applied near the tran-
sition temperature, some twin lines reappear in their original
direction and number. This may be interpreted as an elonga-
tion of the polar axis by the field so as to increase the ¢/a
axial ratio and the tetragonal nature of the grain.

(2) Long-Term Effects

Considerable optical change in the grains of a ferroelectric
barium-strontium titanate specimen can be observed when a
strong biasing field is applied to the specimen for 20 to 30 min.
The field of view becomes brighter immediately after the
field is applied. Then, with time, photocell readings of the
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transmitted light intensity show a gradual increase and sub-
sequent saturation of the current. This is accompanied by
an increase in interference colors of isolated grains. In
addition, grains which have twinning lamellas may show
lasting changes in the direction of these lamellas after pro-
longed exposure to the electric field. A short (1 to 2 sec)
exposure to the field causes either temporary fading or in-
tensification of twinning striations depending on the relative
orientation of the applied field to the polarization direction in
the grains. Long exposures (up to 30 min) to a strong field,
however, may produce local changes in both interference
colors and twinning striations which remain after the field is
removed (Fig. 6).

V. Summary

The dielectric and optical behavior of (Ba,Sr) TiO; ceramics,
of which several examples have been given, is summarized
below:

(1) (Ba,Sr)TiO; ceramic, just as single-crystal BaTiOs,
exhibits a peak in the dielectric properties as the ceramic
undergoes a phase change from tetragonal, ferroelectric,
to cubic, paraelectric. The transition in the ceramic, how-
ever, takes place over a wider temperature range due to
intergranular and intragranular strains which affect the
Curie temperature of the individual grains. Moreover, the
addition of strontium titanate to lower the Curie temperature
of pure barium titanate results in some compositional in-
homogeneity in the grains of the resulting solid solution.
This inhomogeneity causes a further spread of the transition
temperature. Piezoelectric ceramic manufacturers make use
of the broadened dielectric peak to produce less-temperature-
sensitive materials at the expense of a lower dielectric con-
stant.

(2) Within the temperature interval of the transition it is
possible to effect a large decrease in incremental permittivity
and to noticeably increase the transmitted light intensity by
applying a high dc voltage to the specimen. Both dielectric
and optical phenomena are linked to a field-induced ferro-
electric-anisotropic state in the ceramic.!! Such an effect exists
in single crystals of BaTiO; near the Curie temperature.!®
As a consequence of the induced ferroelectric effect, the peak
incremental permittivity temperature of a biased specimen is
higher than that of the specimen at zero bias.

(3) The optical anisotropy of (Ba,Sr)TiO; ceramics in
their tetragonal, ferroelectric state is temperature dependent.
Large-grained (50 to 100p) ceramic specimens increase in
birefringence with decreasing temperature. For an equivalent
temperature interval, the change in birefringence in the
ceramic is less than in single-crystal barium titanate.

(4) The optical anisotropy of ferroelectric barium-stron-
tium titanate ceramics is also field dependent. The applica-
tion of a dc voltage instantaneously changes the birefringence
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colors in numerous grains to higher orders. This increase
in anisotropy appears to result from field-produced strains
rather than from domain reorientation, for the twinning
striations do not generally change direction immediately after
a field is applied. Near the transition temperature, the
field-produced optical anisotropy is more pronounced.

(5) Although short-term field effects do not produce
identifiable signs of domain switching, the continuous applica-
tion, below the transition temperature, of a strong dc field for
up to 30 min may give rise to poling in some ceramic specimens.
The new birefringence colors and twinning patterns formed
persist after the field is removed.

(6) For purposes of optical investigation, several com-
positions had to be studied with grain sizes larger than desired
for an optimum industrial ceramic. In general, the large-
grained (30 to 120x) compositions were more susceptible
to poling than the fine-grained ceramics (2 to 15u). Strained
areas, on the other hand, increased as the size of the ceramic
grain decreased. When the grain size is helow 100 A, the
ferroelectric to paraelectric transition becomes increasingly
diffuse and the ceramic loses its piezoelectric characteristics.
Thus correct grain size becomes an important factor in the
electrical stability of barium-strontium titanate and similar
piezoelectric ceramics.
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Lower-Temperature Modifications of Nb,C and V,C
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The orthorhombic, low-temperature a-modifica-
tion of Nb,C has a structure similar to that of
-Fe:N (a = 12.36 A, b = 10.89; A, ¢ = 4.96; A)
and transforms at ~1200°C into the hexagonal
«Fe;N type. A second transition at approxi-
mately 2500°C is associated with the destruction
of long range order in the carbon sublattice.
Alpha-divanadium carbide (orthorhombic, ¢ =
11,49 A, b = 10.06 A, c = 4.55 A) is isostructural
with o~-Nb,C and transforms at ~800°C into the
hexagonal high-temperature modification. The
structures of o-V.C and o-Nb,C are distorted
modifications related to the «Fe,N type.

1. Introduction

N CONTRAST to the previously assumed L'3 structure for
I the Me,C phases of the refractory transition metals,'
recent neutron and electron diffraction studies revealed an
essentially ordered distribution of the carbon atoms among
the interstitial lattice sites. According to Parthé and Sada-
gopan,? Mo.C is only pseudohexagonal; the true structure is
orthorhombic (space group Dji-Pben, {-Fe;N type). The
dimensions of the supercell are related to the hexagonal axes

by approximately ay = ¢y, bo = 2ay, and 6 = an\/g- Di-

tungsten carbide’® and Ta,C* are hexagonal and correspond te
the C6 type (Cdl: antitype). The sublattice order of Nb,C?
(e-Fe;N type) is similar to that of Mo,C, whereas the structure
of V,C was claimed to be of the disordered L’3 type.!

In investigations on binary and ternary transition metal-
carbon systems,® ohserved high-temperature phase transforma-
tions of the subcarbide phases were associated with order-
disorder reactions occurring in the semimetal sublattices of
these compounds.™® The type of transformation involved
varies with the specific carbide. In the Group VIB metal
subcarbides, disordering proceeds as a homogeneous reaction
at hypostoichiometric compositions, whereas hyperstoichio-
metric alloys undergo a discontinuous phase change®19;
ie. within a certain concentration range two phases coexist
with the same structural framework of the metal host lattice,
but differing in the lattice dimensions and in the degree of order
in the carbon sublattice. In the Group VB metal-carbon
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