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I. Abstract:

The preparation and compositions of Gd-substituted Bazl\Tal\Ib‘,S015
is discussed. The properties under study included the lattice
parameters, density, linear thermal expansion, dielectric constant,
microstructure, and electrical conductivity. Some of the measuring
setuns are described and discussed. From the linear thermal ex-
nansion data, nhase transitions were shown in these niobate sammles.
An apnroach, which related empirical factors of cations with the

ferroelectric transition temmeratures, is included in the Anmendix.

II. Discussion:

A. Objective

The objective of this nrogram is to study the dielectric

nroperties of ceramic mixed crystals (solid solutions) containing
barium scdium niobate Ba,NaNb.0,.; to correlate the "intrinsic"
dielectric pronerties with the chemical-comnositions; to corrclate
the "extrinsic' dielectric nronerties with the comnosition and the
microstructure of the sammles: and to devise amronriate means to
inmrove the dielectric pronertics.

This study denmarts from the usual nractices of isostructural
substitutions in nrenarine the mixed crvstals. Common nractices
substitute a cation A by another cation B, wherce A and B have the
same ionic charee and the ionic sizes of A and B differ bv less than
15%. Such nractices have the advantage of maintainine the crvstal
structure of unsubstituted cormound. But, they tend to obscure the

intrinsic pronerties due to cation substitution from the extrinsic



nronerties of the samnles, as the former effect becomes either
equal to or less than the latter effect. This study takes a
drastic path in selecting a substituting cation which is different
both in its ionic size and ionic charge from the substituted
cation. The substituting cation snecies, selected for initial
study, is gadolinium CGd, and it is used to substitute for barium
Ba, or sodium Na, or both. Sodium is monovalent, barium is
di-valent, and Gd is trivalent. Their ionic sizes arc 0.98 &

3 and Ba2+, respectively. It is

0.99 R, and 1.43 R for Na', Gd
therefore obvious that the Gd substitution will nrovide sip-
nificant differences from BaZNaNbSUIS. Furthermore, the sub-
stituted cations, either Ba, or Na, or both, will nroduce some
differences too. Using this anproach, it is thought that we can,
first of all, deal only with the "'intrinsic'' nronmerties brought
about by the Cd substitution. Those "extrinsic'' nronerties such
as grain size effect. norosity effect etc., which are the results
of samnle nrenmaration, are at present studied in a secondary role.
There are infinite combinations of CGd substitution to

BazNaNbSOIS. We first limit ourselves to one strong constraint,

namely, 0.1 moles of cations in Ba,NaNb_0,. are substituted in

each case.
We then limit ourselves to six wavs of substitution. They

are:



No Comnosition

0 Ba NaNhSOIS

4 Bal oBdg 4N 1 a1 0501505

5 Ba, oGdy 4N n._Nbs 15.10

6 Ba; o56dy 1Ny 95045 975
13 Ba, o6dy osNay 0sNPs0q5

14 Baz 05dp. 0334“30 g NbgIyg
15 Gd Nb.0

1 950. 05 20.95 515

In all these comnositions, the chemical formulae given are
the theoretical or ideal formulae. The actual commositions may
contain either cation vacancies or oxygen vacancies or both.
However, from the ideal formulae, the commositions Nos. 4,5 and 6
represent nonstoichiometric commositions. In them, the mole
number for the total cations remains the same, i.e., 3. Because
of the different valence for d as for Ba or Na, the mole number
of oxvgen must therefore deviate fror its orieinal number, i.e, 15.
On the other hand, the commositions Nos. 13,14 and 15 renresent
stoichiometric comositions. They are made accordine to the strong
constraint. (The cormosition No. 13 violated this rule, however).

B. Samnle pnrenarations:

Raw materials used in this studv are: BaC03 (reacent orade,

Fisher) . N32C03 (reacent crade, Fisher), Cd203 (American Potash

code 929.9), and :‘\.'hz 5 (Kewacki, ontical grade). Iach batch was



about 20 grams in weight. Mixing of raw materials was done by

hand with an agate mortar and pestle. l!ethyl alchol was used

as the mixing and grinding medium. Dryving was done with an

infrared lamp. Pellets of 1 inch diameter and 1/4 inch height

were pressed from the dried powders. They weighed about 10

grams each. The pellets were placed on a 10 mil platinum

foil and dried in a globar resistance heating furnace in am-

bient atmosphere. The furnace was controlled by a pronortional

temperature controller (Temn-Tendor, APT) to within 158. Pellets

were nlaced into the furnace below 1008. The furnace reached

1200°C in about 24 hours. The nellets were maintained at

1210° £5°C for 16 to 18 hours. After which, the pover was

turned off, and the pellets were furnace-cooled to about 101°C

in about 10 hours. The fired nellets were crushed by hand to

nowders. X-ray diffraction runs werc made on the nowder sammles

to insure comnlete chemical reactions. If the x-ray results in-

dicated incomnlete reactions, a re-firing of the nowders in nel-

let form was made. In most cases, single firing was sufficient.
For samples used in physical measurements, they were cold-

nressed in a Carver laboratory rress. A 1/2" die was used. The

samples were then fired in the same firing and cooling.schedule as

the first firing. Fired samples, after fine mechanical polishings,

were used for dielectric and electrical conductivity measurements.

The samples used for dilatometer were cut from the pellets into sizes
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a detectibility in &L/LO of 0.3 x 10_4. At the nresent time,

we are still in the process of ascertainine which of these changes
are truly ohase transition behaviors. On the other hand, as
shown in Arpendix B, the linear thermal exnansion curves of
ferrite sample did not show sharp changes in slore, therefore, they
are definately not due to snmurious responses of the dilatometer.

We can only identify the temperature regions where the

slepe change behaviors occurred. They are as follows:

Composition No. Slope changing regions

0 BIOPLL B0 79530% L 54006
540 - 570°C; 570° - 600°C

4 220° -.250°C: - 430° - 460°C:
540° - 570°C

5 310° - 350°C; 420° - 450°C:
5207 - ' $50°C

6 220° - 240°%C: 430° - 460°C:

530° - 570°C
The ferroelectric Curie temperature TC of BazNaNb5015
(comnosition No.'O) was reported to be 560°C (L.G. Van Uitert
et al, Mat. Pes. Bull. 3, 47 (1968)). These behaviors are being
carefully studied currently.
3. Dielectric constant

A General Padio type 1620-A capacitance-measurine assembly,

together with a Ceneral Radio Dielectric Sammle Holder, was used
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VACUUM TUBE ASSEMBLY
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Fig.10. High temmcrature dielectric measuring setup - vacuum housing
assemblv, ;
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Fig.11l. High temperature dielectric measuring setup - samnle holder,
parts A and B.



SAMPLE HOLDER
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1000°C. A plot of 1n ¢ vs. 1/T for sample No. B-0-3, un-
substituted BaZNaNbSOIS, is shown as Figure 14, where o is
the conductivity. The activation energies were found to be
0.51 eV between 600°-300°C, 1.14 eV between 300°-425°C, and
0.79 ev between 160°-300°C, resmectively. It is interesting
to note that in the temperature regions which we reported
changes of slopes in the linear thermal exmansion curves,
there are also changes of slopes in the conductivity curves.
These regions are marked with arrows in Figure 14.

Tests will be conducted at different partial oxygen
pressures in order to establish the intrinsic region of the
electronic conduction. From it, we can learn about the non-
stoichiometries of our samples.

D. Related activities:

1. Presented talks

A talk, entitled "Empirical Factors for Calculations of
the Ferroelectric Transition Temperatures of Tungsten Bronze
Tyne Niobates™, was nresented before the meetings of the American
Physical Society, March, 1969.

A talk, entitled "Elastic Moduli of Binary Composites',
was presented before the meetings of the American Ceraﬁic
Society, May, 1969.

The abstracts of both talks are included in Anpendix C.
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The first paper established empirical factors for cations.
By the use of these factors, a ferroelectric transition temp-
erature can be calculated and it agrees reasonably with the
known experimental data. In this present study of cation
substitutions, this approach will eliminate the need of
studying the compositional effect of any substituting cation.
In other words, there is no need to study the effect of Gd
substitutions in terms of 0.1 moles, 0.2 moles substitutions,
and so on. Moreover, the preferential site substitutions and
the locai structural distortions can be detected when the
effects are significant.

The second paper deals with the pore or second phase
distributions in ceramic samples and their effects on elastic
moduli of the samples. A statistical approach is adopted
which gives good agreement with experiments. As this approach
is easily adapted to magnetic permeability and dielectric per-
mittivity, this study will rely on it to include some of the
"extrinsize'' properties of the samnles into the data analysis.

2. Submitted papers

A ﬁaper, entitled "Empirical Factors for Calculation of
the Ferroelectric Transition Temperatures of Tungsten Bronze
Type Niobates', is submitted to the Philosophical Magazine for

publication. A copy of the text is included in Appendix D.



III.

IV,
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Future Plans:

A. We will continue the study of Gd substitutions into
BaZNaNbSOIS'

B. We will also study the effect of Cr substitutions into

BazNaNbSUIS.

~ C. We will continue the study based on these properties:

1. Lattice parameters

2. Density

3. Microstructure

4, Linear thermal expansion
5. Dielectriccconstant

6. Electrical conductivity

D. We have initiated ar electron microprobe analysis of the
niobate samples. We plan to use this anproach for the fol-
lowing features:

1. The chemical hopmogeneity of the ceramic sammle as prepared.
2. The honogeneity of Gd, or other cation, substituticns

in the sample.

E. We pnlan to make some correlations between the cation sub-
stitutions from the structural viewnoint with their dielectric

nroperties.
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APPENDIX A

DESIGN AND CONSTRUCTION OF A DILATOMETER

FOR THE TEMPERATURE BANGE OF 300° K TO 1000° K

BY CHARLES FABER AND
RICHARD LELONG
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. PRINCIPLE OF OPERATION

Figure (1) shows a block diagram of the entire ex-~
perimental setup. The construction of the furnace and

dilatometer will be discussed in detail in the-next section,

_ The variac is used to supply a variable power source
to the furnace. This variac has a voltage of 0-140 volts
and a current capacity of 10 amps.(See Appendix A for a
complete list of instruments and specifications). A time
proportional controller is inserted in the setup between
‘the variac and the wall outlet to control the inside fur-
nace temperature through the use of thermocouple #2. The
time proportional controller can be preset to a given
temperature at which the furnace is desired to remain.
When this temperature is reachéd, the controller cuts off
the power to the variac. As the furnace begins to fall
below the preset temperature the power is restored to the
variac. In this manner, the time proportional controller
maintains a constant temperature inside the furnace.

D W OT ' '. LVDT TRANSFORMER CORE
DEMODULATOL '

{J] DILATOMETER

iLLivos
2) M &
RECORDER TIME
FORNACE VARIAC PROPLRTIONAL F
' CONTROUER ' a0 v
t1a
TEMPERARE | | ]
COROE )
= ) — RECOROER THERMOCOULPLE # L
' O~ 2000°F e
THERMOCOUPLE # |

Floure (1)



A useful feature of the controller is that it can also
be used to increase or decrease the furnace temperature at
a specified rate. For our purposes, however, we will not
be taking advantage of this feature at this time. Further
experiments using this setup may prove interesting.

The furnace 1s of tubular ceramic type. It was de-
signed to give a constant temperature range over a sample
about %" long and 1/8" in diameter. The design and con-
struction of the furnace is discussed fully in the next
section,

An Easterline Angus temperature recorder with a scale
- reading from 0-2000°F is used to record the temperature inside
the furnace. A chromel-alumel thermocouple is positioned
next to the sample and the leads extend down and out the
bottom of the furnace and over to the temperature recorder.
The cold junction temperature is assumed to be at room
temperature. ' _

-The dilatometer is positioﬁed in the furnace such that
the sample is approximately in’ the center of the furnace.
The copper core of the LVDT is connected to the pushrod of
the dilatometer (see Design of Apparatus: Dilatometer for
complete diagrams of the dilatometer-LVDT core assembly)
and expansion of the sample causes the copper core to move
through the transformer.which causes: an AC signal to be
transmitted to the LVDT demodulator. Prom the demodulator
a DC signal is sent to the millivolt recorder. In this
manner we would have a reading of v millivolts. From a
calibration of millivolts/inch (see section on calibration)
a simple calculation weculd tell us how much sample has;
expaﬁded. Taking the data Simultaneously from the milli- -
volt recorder and the temperature recorder would give us
a plot of expansinn vs. temperature,



“In the top portion of the coil the magnetic field induced by
the current flow is in the direction of arrow l. In the
‘lower portion of the coil the magnetic field is in the
direction 1ndicated by arrow 2. These two fields will tend
to cancel each other and in this manner willygive a non-

inductive coil. From power relationships:
" P=El=

For our coil the resistance was mwasured to be 20 ohms.
Substityuting this value into the power formulas:
RqE;R (110%/(20) =(1., 21x104Volt52)/(20 ohms )=,6x10:;
.6 % 107 watts is still, a reasonable power consumption as
compared to the .5 x 10  watts we had calculated previously
in the final plan of the experiment., .
P=EI _ i
I=P/E=.6x105watts/110 volts=5.45 amps
5 5.45{10., the amperage requirement'is satisfied.
Kenthal wire has a resistancé of 800ohmsy/cir mill/ft. for
#18 gauge Kenthal wire: 1624 cir. mills.
' 800/1624=.493 ohms/ft. '
20 ohms/.493=41.0 ft.
C=2TR
R=1" _
" C=2M=6.28"
(12in./ft.)(4#1.0ft,)=492"
(8 turns/in)(6. 28)=50.2" used per inch of core.
492/50.2=9.8" '
This. length is the amount of core covered by the Kenthal
wire turns. This is reasonable for our furnace since when
we were winding the wire on the 12" lbng alumina core we
left appromixately %" at both ends and 1" in the middle to
anchor the wire windings securely to the core and for leads
to extend out.(see "Building the Furnace").
- Calculate tlie heat loss for the furnace
-Heat loss =21k;(T-T1)L/2.3 log(D/4d)

3 watts.



kj= thermal-coﬁductivity of insulation=.005 watts/sq.in/in./ C
Ty= surface temperature ‘ _ ;
L= 1length of core . - .
D= outside diameter of furnace
d= ‘inside diameter of core
Heat loss= 2 (.005)(650)(12.25)/2.3 log(6.5/1.5)

= (6.28)(.005)(650)(12.25)/(2.3)(.64)
(4.25)(5%10-3) (6. 5x102)(1 225x10)/(1.47)
(4.25)(5x1073)(6.5x10%) (1. 225x10)
1?0 watts
For our own design we had estimated a heat loss of 200 watts.
The heat loss for this furnace of 170 watts indicates that
this was a somewhat better design. The following is a com-

parison between the parameters of our first design and the
actual furnace as it is ready for the. experiment:

Design Actual Furnace

D i j 6,3" 6.5"
d 2Il : 1.5“
L - : 15 ' . 18.759"
k .005 : .005
h.l. - 200 watts . 170 watts



DILATOMETER 37

The dilatometer was built for us by the glass shop at
Brookhaven Laboratory with a few minor modifications to our
our original specifications. The pushrod was made out of a
tube. of fused silica: rather than a rod. This. proved to; be
an advantage. later on when we: used. the adapter (made by the
machine shop) to connect the pushrod to the copper core.
Instead of using fused silica beads to keep the pushrod
aligned, fused silica rings were slipped over the pushrod
and attached to it at various points. (see figure (3)).
The adapter was attached to the pushrod by heating the end of
the pushrod with a. soldering iron and allowing melted wax
to: diffuse: into the pushrod. The adapter was: then inserted
into the pushrod and the wax allowed to harden, The copper
core could then be’'screwed on and off when necessary.

The dilatometer is constructed of fused silica. Fused
silica melts at 1200°K which will necessitate careful
operation of the furnace but it also haS=the advantage of
having a low coefficient of linear expansion (5,4xIO*?[°G
from Materials Handbook). This is. of importance since the
dilatometer will also be ekpanding with the sample under
study.. _ ;

The dilatometer consists of a fused silica. tube 1/2" in
diameter and IO" Long.'lThis tube is: closed at one end
which forms: a base for the sample to stand on. At this
same: end is an opening in the side of the tube which permits
the sample to be inserted. A fused silica pushrod extends
from the top of the sample up through the tube to the open
end. at which it is attached to: the copper core of the LVDT,
The pushrod is 10 1/2'. long and 1/8" in diameter. It is
of the same diameter as the sample so. that the forces of
expansion of the sample are distributed evenly over the pushrod.



Sample

DIAGRAM OF DILATOMETER (34 scate)
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“  BUILDING THE FURNACE

Although we have already a section covering the design
of the furnace, we feel that a separate section should be
devoted to the actual building process and techniques used
in the construction of the furnace.

We were fortunate to be able to acquire a second hand
furnace from which we made use of the outer case and the
insulation. An Alumina core 12" long and with 0.D.=2" and
I.D.=1k" was readily available and we decided to use this
although it was not pregrooved.(We had planned to use the
original core but we found it beyond repair when we un-
“wound the old wire). Winding the Kenthal wire on an un-
grooved core successfully proved to be almost impossible.
To alleviate this condition, we cut grooves in the alumina
core, épaced 8 to 'an inch(see figure 4a).

The Kenthal wire was atvtached securely. to the alumina
core by using an 8" piece of Kenthal wire wound over the
other wire and drawn tight with pliers.” About 24" was left
as a lead(see figure 4b). Later on, these leads were
folded over on themselves and twisted to decrease the
resistance in the leads.

| After the Kenthal wire had been wound on the core a
thin coat of cement was put on over the wires so that they -
were just visible. The inner core was then connected to the
variac and 30 volts were put across the leads and left over
night to dry(see figute 4c). Two layers of firebrick were
used to keep the inner core off the table.

When the cement was completely dry, the inner core was
placed into the outer case and the bottom cover was put on.
Wedges of firebrick were inserted at the top and bottom of
the furnace to keep the inner core in place. Insulation

was then put in, taking care to leave dead airspaces and



not to pack it too tightly. The top cover was then secured
in place and the leads connected to the terminal posts.

gtooves cut nto
aluming cofe with
haeksaw. Theie.
ate ewght per inch.

Ka(uml ha cofe.
(a)

T Kenthal wire

From spool
g7 lenﬁ*h of kenthal woite
wound over wite Srom spool
and drawn tght with gless.
lead o (b)

R

I
(<)

FlGURE (4)



A piece of firebrick was cut into cylindrical shape
about 1 3/8™ in diameter and 44i" long. A groove was cut
in its side to accomodate thermocouple #l's leads and a
small hole %™ in diameter and 1/16" deep cut in its top
into which the dilatometer fits to keep it f m‘wobbling.
See figure below: ;

Wil -+

Ficure (S)



- LVDT CONNECTING WIRE HOOKUP
: _ ‘ %

Since the leads that were connected to the transformer
~core were too short, additional connecting wires were
soldered to them. Since the connecting wires were not all
of the same color code as the wires from the transformer
core, the following convention was established.

WIRES FROM LVDT CONNECTING " DEMODULATOR PLUG#1

TRANSFORMER CORE WIRES TERMINAL #s TERMINAL #s
yellow-black yellow #3 #3
yellow-red white yellow #4 #4
red red. 5 #5
blue white brown #6 #6
_green green . #7 #7
black . white gray . #8 #8

Plug #1 was inserted in the connecting wires between the
demodulator and the transformer core so that the two could
‘be easily disconnected(see figure 6). The output wires and
connecting wires to the millivolt recorder have the following

convention:

DEMODULATOR WIRES FROM . PLUG #2 CONNECTING WIRES
TERMINAL #s "DEMODULATOR - TERMINAL #s TO MILLIVOLT RECORDER
#9 white yellow #1. black(common)

#10 white brown #2 green(- unfiltered)
#11 white gray - #3 red(+ filtered)
\ . P[Ug £2 HUg £ fSoHev connectlons
(vl ot
£H— Mdlivelt {] } . Ll .__ﬂqadm_w
Recend er R Demcdulater KN
male female - female  male
i WVOT Trans formes
Cofte

Fleure (6)



CALIBRATION PROCEDURE

The millivolt servo-recorder-LVDT system will be cali-
brated by the two methods described below.

CALIBRATION I

A) Two samples, each 1/8" in diameter and'of'different'
lengths(approximately between 1/2" and 3/8") will be placed
irto the dilatometer separately after all experimental -
apparatus has been set-up and ready to perform.

(Note: Ends of samples must be made perfectly flat in order
that experimenter may be assured that length is uniform.j

B) Position of millivolt recorder will be recorded in
each caée.

This procedure allows us to obtain the calibration of
the system, i.e., the change in x unit length=change in y
millivolts.

CALIBRATION IT

A sample of known composition is placed in the dilato-
meter. (1/8" diameter, about 1/2" length) An actual ex-
perimental run is performed and the data obtained is compared
with that of the best known data for that particular compo-
sition. This will therefore allow us to determine the error
of our apparatus. '

(the: See "Experimental Procedure" for:exact details of
experimental run.)



Each bundle of leads coming from the LVDT demodulator
to the two female plugs is approximately 6" long. The
connecting wires to the millivolt recorder is approximately
24" long. The connecting wires to the transformer core is
approximately 60" long. | |



The copper slug is then attached to the pushrod as seen in
figure 1. This assembly is inserted into the furnace and
clamped into place by a rigid external clamping system.
Next, the LVDT demodulator is turned on and the initial
positions of the millivolt recorder and the temperatufe
recorder are noted.- b

(Note: The millivolt recorder may be adjusted to zero milli-
volts at this point in order to have more range. This may

be done by loosening the allen screw on top of the pointer
mechanism and moving the pointer to zero.)

The time proportioning control is preset to a maximum
temperature that the furnace is to obtain.

Simultaneously, the temperature recorder chart drive,
millivolt recorder chart drive, time proportioning con-
troller and variac.are turned on.

(Note: The variac control knob is initially set at zero and
is then brought up to 120 volts; this will avoid a large
current impulse).

This operating condition is continued until the final
temperature is obtained. At this point the experimental
run will be completed. : |

From the data of calibration I, a known specific change
in millivolts on the recorder will correspond to a specific
change in length.(Refer to Calibration I). Therefore, from
the recorded data we can establish a one to one correspondence
between thc temperature of the sample and its length at that
'temperaturef From this information, a plot of linear thermal
expansion (i.e.Al/l, where Alrepresents the change in length
from the initial to the final temperature and 1 represents
the length at the initial temperature) in percent may be
made versus temperature(figure 8). It is therefore possible
to make a straight line approximation to the curve for a
small temperature interval and obtain the coefficient of
linear expansion for that particular interval.



APPENDIX A
APPARATUS MANUFACTURER'S AND MODEL NUMBER

QUANTITY INSTRUMENT MODEL # MANUFACTURER

1 Variac W10MT3

1 Millivoltserve E-6701 Esterline Angus

: Recorder - ;

1 Time Proportioning 715 API Instruments

Controller : ;

1 Temperature 6704 Esterline Angus
Servo Recorder |

1 LVDT DMPS-3 Schaevitz Engineering Co,

2 Thermocouple Chromel(+) ———————

Alumel (-) : :

sk Millivolt 8686 Leeds and Northrup

Potentiometer -

- Wire 18 gauge 3] Kenthal



APPENDIX B

OPERATICN AND CALIBRATION OF A DILATCMETER

By
Siegfried Esslinger

Walter Werner



A dilatometer is used to mensure the co®fflcient of expansion of
various materials., The instrument used in this experiment was originally
desirned to oppargtc betireen 77°K to 1000°K, but becaunss of probleans
developad in sealing the sample from the atmosvhere, only the highep ™ “@ssiafatam
temperature resions ware used (300°-1000°K). A Linecar Variable Differ-
ential Transformer (LVDT) was used to convert the expansion to an elec-
trical sisnsl which was amolificd and recorded on a mv recorder., After
the initial problems of the LVDT {which will be discussed lator ) were
solve? we srere shle to calibrate aﬁd convert the milliveolt deflaction

to inches of cxransion., ™o kepl an accurate account of the temperature

using a potentionsoter which allowed us to plot expansion vs temverature.
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Fieure (4) shows a block diagram of the dilatometer.
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The thermocouple (chromelslumel) was positioned next to the sample
rather than irnsids tho sample as is the nature of some dilatometers.

The LVCT was used to measure the expansion. It is composed of a
coil end an iron core. Since there is very little information en the
LVOT its operation was unknown to us; Through experimentstion we dis-
covered that in order to get a stable non-driftingz output the core of
the LV0T had to be positioned such that its center coineided with the
center of the coil. By doing this we increascd the sensitivity and
decreased the instsbilitv. It was also necessary to stabilize the core
inside the coll since it was small enough in diameter to rock. Py
wrapping tape around the core we were sble to prevent the rocking
and still have the nocessary verticle freedom. Regardless of our
precausions we still could not get a drift free readins, Other instru-
ments, e.g. closing doors, heavy footed Indians, and air currents all
effocted the readings. Drift was also caused by the bucking deviece in
the ri1livolt recorder which had to be adjusted to give the doflection
before each run,

By keeping things the same as possible for each run we were sble
to get relatively reproducibhle runs. The different runs have besn plotted

on the granhs at ths end.



CALTERATIONS

Once tho LVDT was stabilized to a 10% drift ovor a one half hour
period, we took a sample of aluminuwm (0,483 inches long) and placed it
in the dilatometer. e thus used aluminum as our standard. ' The cxpansion
of aluminum recorded by the defleclion of the mv recorder could then be
related to the calculated expansion.

/Z L==LT

AL = Change in lenzth due to expansion.
L. = Lencth of sample.
AT = Change in temperature.

A = Coefficient of lincar expvansion,

For aluminum: Tern. °C < ¢
20 - 100 23.26 x 10'6
20 - 200 24,58 x 1.0"6
20 .- 300 25,45 x 1072
20 - 100 25.b9 % 107
20 - 500 2743 x 10-5

Yo took the maximum deflection and divided it into the maxdimun
exvansion which gave us the inch equivalent of the millivolt chanze,
Provided we kept everything the same 2ll drift and glass expansion were
accounted for by the calibration.

Yo performed two different heatinsg rate experiments because at low
temperature the sample does not have time to acclimate to the surrounding
temperature. The results for the slow run prove to be rmore accurate than
the fast run results, but the rate was limited by the driftins effect

which became too appreciable at slow rates.



The results were:

A, Fast runs at 120 volts Inch/Tiv Frror
7 .5362x 10™° .0092
8 .5454x 1077 0001
9 .6026x 1075 .0576
10 .49%1x 107 .0573
Avavrspe v-lue: 54.55 x 10”7 JO4T2 x 10—5 inches/unit deflection

B. Slow runs at 99 volts Inch/!iv Frror
11 .6296x 1077 0465
12 6877% 1072 L0116
13 J7105% 107 03248

=7

-7
Averaze value 67.6 x 10" " * £.39 x 10 ' inches/unit deflection
From theses values we wz2re able to plot the exransion of steel (fzst) and ferrite
(slow) and from the slope of the 4L/L vs T grarhs we can find the coefficinnts

of thermal exransion:

For steel: . . 5.5x I6%° - 10.6 x 10-% £, wdbimdo
473 -3 b =5
For ferrite: o $raRrxid0 s = fndBa08:xs 10 + .65 x 10

- f 5
*rach division in our calibration was equal to .06 inches, which is alss a uait

deflection,
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APPENDIX C

Abstracts of Presented Talks



Time on Prooram: 2:00-2:15 P.Y,

Title: Elastic *oduli of Binarv Cormmosites
Author: Franklin F.Y. Wang TDent. of “faterials Science

State University of MNew Yor: at Stonv Brook, Stonv

Brook, New York 11799

Abhstract: ’ . ;
A theory is nresented here to rzlate the

clastic modulus of the tvo niase comosite to
the clastic nronerties of its constituents. The
theory is based on the variational anmnroach ad-
vanced by Ilashin and Shtrilman. Tvnes of dis-
nersions and narticle shane of the disrmersant
are treated in a statistical manner. The asree-
ment between the theorvy and the exrerimental
results such as the pores in Algﬂs, in o0, in
YE“S’ in glass, and other binary svstems are
found to be good.

(This work is martially sumported bv the
National Aeronautics and Srace Administration,

Electronic Research (Center, Cambridee, ""ass,

Crant No. 33-015-0135).



Abstract Submitted
for the March Meeting of the
American Physical Society

January 2, 1969

Physical Review Bulletin Subject Heading
Analytic Subject Index in which Paper should be placed
Number L9.8 Ferroelectrics

Empirical Factors for Calculation of the Ferroelectric
Transition Temperatures of Tungsten Bronge Type Niobates.¥
F. F. WANG, Department of Materials Bcionea, State Uniwrsitv
of New York, Stony Brook, New York. Hacently. it was found
that the ferroelectric transition temperstures (Curie temp-
eretures) can be correlated with the atomic displacements
in displacive ferrocelectries, and the axisl ratios 2 in the
niobates with a tungsten bronsze structure. This paper re-
ports on an approach, based on the lattice dynamical theory
of ferroelectricity, to obtain empirical factors for cal-
culation of Curie temperatures in tungsten bronze type
niobates. These factors are obtained for cations such as
alkalis, alkaline earths, lead and lanthanum. The agree-
ments between caleulations end experimental data are good.

*Supported in part by the National Aeronautics and Space
Administration, Electronic Research Center, Cambridge,
Mass. (Grant No. 32-015-085).

1. 8.C. Abrahems, S5.K. Kurtz, and P.B. Jamieson, Phys.
Rev. 172, 551 (1968).

2. E.A. Gless, B.A. Seott, G.Burns, D.F. 0'Kane, and
A. Segmliller, J. Am. Ceram. Soc. 1969 (to be published).
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Empirical Factors for Calculation of
the Ferroelectric Transition Temperatures of
Tungsten Bronze Type HNiobates*

Department of Materials Science
State University of New York

tony Brook, New York

This present work correlates T directly to the chemical
compositicons of the tungsten bronze type niobates and i
was found that the compositional effect cen be additively

considered.



Recently, Abrahams et al (1968) found a quadratic
relationship between Tc’ ferroelectric transition
temperature, and Az, the atomic displacement by the
homopolar metal.atom along the polar axis at T<<TC, in
many displacive ferroelectrics. Giess et al (1969) found
that for the niobates of the tungsten bronze type, lineér
relationships exist between Tc and c¢/a, the lattice para-
meter axial ratios of the compounds. This present work
correlates Tc directly to the chemical coirpositions of
the tungéten bronze type niobates and it was found that
the compositional effect can be additively considered.

The approach is based on the lattice dynamical theory
of ferroelectricity. We a2dopt a one dimensional lattice
of the polyatumic molecule, following Brillouin (1953).
Within each cell of this linear molecule, NbO3 is treated
as a single entity as are the other cetions. This is
appropriate because Nb06 octahedra in rniobates are linked
through corners and each oxygen is shared between two
octahedra. A wave solution of ithe atomic displacement is
assumed. The square of the frequency w? is a linear
function of TaTc, as shown by Silverman (1964), i.e.,
(l/A)w2=(T—Tc) where A is a function of Mr, the mass of
the r-th atom within each cell. The

function Dr S(R) is defined as:

;|

D (k)=L C eplkp for r#s; and

&L N i & is the interaction
Py ps prs p prr prs



constant on atom r in cell n due to atom s in cell n+p.
Each compound has different A and Tc values. By assuming
that w is nearly the same for isostructural compounds, the
compositional correlation should, therefore, exist between
1/A and T .

c

For the first approximation, we replace 1/A by

l/(; Xr Drr/Mr) where Xr is the mole fraction of the cation
in the compound. We assume a linear relationship between
it and Tc, such as

LLE X, D /M )=C T + D (1)

From the known Tc values (Giess et al, 1969; O'Kane
et al 1968; VanUitert et al 1968) of tungsten bronze type
niobates, the general constant C and D and the empirical
factors Drr for various cations can be obtained through a
series of successive numerical iterations. In some cases,
convergence was not obtained. Arbitrary truncation was
introduced to reduce the.&Tc between experiment and calculation
and to maximize the number of niobates with small ﬁTc values.
The constants C and D were found to be 1.169 and -4.09,
respectively. The determined empirical factors Drr for
various cations are listed in Table 1. The larger Drr/Mr
value has the effect of lowering the Curie point.

Using these factors, the aTC values between experiment
and calculation for some niobates are listed in Table 2.
A &Tc of +#15° is considered to be in good agreement. It is
clear, from Table 2(a), that the same set of empirical fac-
tors will produce good agreement in some compounds and poor

agreement in others. As shown in Table 2{(b), the factors for



K, Ba, Sr, ard La produced fair agreement. However, the
factor for Pb was poor, and the combination of Pb and La
produced the worst &Tc values. In such cases, it is
probably due to significant local structural distorticns
from the cation substitutions.

As shown by Jamieson et al (1968) there are ten
NbCE octahedra in a unit éell of the tungsten brouze
structure. Among the octahedra, they can contain up to

ten ecations sitos. Two Al (or o) sites are

cubo-octahedral; four 42 (or B) sites are 9-coordinated

tricapped trigonal prismatic; and four C (or y) sites

are 3-coordinatad planar trigonal., Most of the niobate:

have their Al and A2 sites filled by cetions. For

example, in 53233(3133)5, Na atoms fill the Al sites, end
Ba atoms Till the A2 sites. In some of the Li-containing

niobates, such as K_Li, (b0 K atoms fill the 41 and
[

3 3)5’
A2 sites, and Li fills the C sites. As shown in Table

2(c) this C-sites occupancy ¢f Li preoduced poor agreenent
3 I v p F [=]

in TC values. When the C-site occupancy of Li is smaller

in proportion, as in the case of xNaBa_ (Kt0,)..(l-x)Na_Li
2 3°5 3772
(Nb03)5 with x=0.8, the agreement becomes good. This

Y

illustrates the sensitivity of the empirical factors to
the type of site occupancy. When the factors are applied

to niobates of percvskite structure as in Table 2(d), the




|£Tc| of <10; Lh.1%tile for <15; 76.5%tile for <50; and
85.3%tile for <90. It is therefore concluded thet these
factors can be considered as operational. They can predict
the Curie pecint within reasonabvle range, and they are

itive to structural differences. Moreover, they can

i

sen
be useful in providing, on an arbitrary scale, the intersction

constants between atoms in these niobates.
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