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NObe 78326

ABSTRACT

Three hundred twenty-three oxide, silicate, and metal

hydride combinations were prepared and fabricated into test

specimens by a variety of forming and firing techniques. Of

these combinations, 309 were examined electrically for Seebeck

effect and resistivity from 600 to 1200Ci the remaining few

failed in test.

Amongst electronic semiconductors were the following

n-type examples. Titanium dioxide plus 2. 0m/o NbzO 5 exhibited

a Seebeck coefficient of -400uv/*C and resistivity of 0.1 ohm-cm

over the entire temperature range of test. Barium titanate plus

0.5m/o NbzOs had a Seebeck coefficient of -1700 v/*C at 750*C

increasing in magnitude to -30O00Iv/C at IZZ5°C; the resistivity

of this composition is unknown but is certainly greater than

5 ohm-cm. No p-type electronic semiconductor with consistent

carrier type over the entire temperature range of test was

developed.

Positive Seebeck coefficients of considerable magnitude

were developed in ionic conductors; ZrOz-fa/o Y203 solid solu-

tion plus 10m/o NbzO 5 exhibited a Seebeck coefficient of +1000uv/*C

at 3000C rising to +1600pv/*C at 1100C. The electrical resistivity

of this composition was also greater than 5 ohm-cm. In general,

most oxide semiconductors examined were found to be ionic con-

ductors; LizTiO3 was the singular example of such a material.

None of the compositions tested gave indication of truly

efficient conversion of heat to electricity; the above TiOz plus

2.0W /o NbzOs had an approximate figure of merit of 7.0 x 10."/*C.
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INTRODUCTION

This final report describes work performed during the period Jan. 1960
to Aug. 1963 under Contract No. NObs 78326 (Index Nos. SR -010024-1BR and
SR -007-12-01). The Contract Administrator was Mr. B. B. Rosenbaum, Code
342B, Bureau of Ships, Department of The Navy.

The ultimate objective of this work was the direct conversion of thermal
to electrical energy using the Seebeck effect. This method of energy conversion
is of interest to the Bureau of Ships for silent, maintenance-free ship-board and
remote surface installations. Materials for this thermoelectric conversion were
desired for operation in the temperature range from atmospheric ambient to
approximately 17000C. The work reported herein, however, was limited to
certain more immediate goals. Only polycrystalline ceramic materials were
investigated and the investigation itself was of a preliminary nature. Further
development work was to be undertaken only if warranted.

The specific material nature of this work had its origin in a Research
Proposal submitted by this laboratory to the Bureau of Ships on I May 1959.
The examination of materials was limited to a broad, screening type evaluation,
which was more extensive than intensive. The approach to the problem was as
follows. For the temperature range of interest, 700"C to 13000C, the most
favorable materials were considered to be those refractory oxides and silicates
which exhibit the property of, or potentiality for, semi conduction. For simplicity,
foreign atom metal oxide "doping" was employed to effect semi-conduction by the
"controlled valency effect". Fabricated materials were then screened by electrical
measurements; resistivity and Seebeck Coefficient were measured as a continuous
function of temperature from 600*C to 1250°C. As a preliminary criterion of
usefulness, the square of the Seebeck coefficient divided by the electrical resistivity
was uwdto decide if the thermal conductivity should be determined. If the latter
was warranted, the thermoelectric efficiency was calculated; this needed doing
for only one material.

The work covered by this report was under the general supervision of
Dr. Stephen F. Urban, Director of Research. Material preparation, under the
guidance of William J. Baldwin, Chief Ceramist, was done by Robert Peters,
Jerrald L. Bliton, Harold Olander, Eugene J. Derefinko, Mrs. 3. Cologgi,
Chester Winiarski, and Joseph A. Vilardo. The design and construction of
electrical measuring equipment and the actual measurements and calculations,
under the guidance of Ernest G. Graf, Chief Physicist, were carried out by
Truman C. Rutt, Anthony D. Janulionie, Eugene 3. Derefinko, Joseph 3. Goslin,
and Joseph A. Vilardo.

Robert Peters wrote the portion of this report that covers material
preparation and fabrication, ,ugene 3. Derefinko wrote the portion that deals
with electrical instrumentation and measurement; they also prepared the
tabulations and illustrations.
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SUM•IIAR Y

Certain specific results of this work are collected below under "Con-
clusions"; the most notewhorthy of these are presented in accompanying illustra-
tions. The total remaining results are given in an Appendix of three tables. The
"Conclusions" are drawn from observations on approximately 20 compositions,
interpretation is confined to the few principles known to apply to the type of materials
under investigation. The "Recommendations" following, are prognosticative in
nature but very practical in origin.

A satisfactory oxide ceramic composition for efficient conversion of heat
to electricity did not evolve from the present work.

Conclusions

Titanium dioxide, when modified by addition of from 1. 0 to 5. 0 m/ NbZO 5
and Ta2 O5 , is a moderate n-type thermoelectric having a Seebeck coefficient of

-400i v/ C from 600 to 120'°C. The Nb2O 5 additions have an electrical resistivity
of approximately 0. 1 ohm -crn while that of the Ta2 Oq additions is about 0. 5 ohm-cm.
TiO2 + 2 r, 0 /o Nb2 O5 has an approximate figure of merit of 7.0 x 10" 5 /0C.

Niobium pentoxide appears to be a universal dope for conversion of oxide
ceramics to thermoelectric semiconductors. In addition to TiOz, there are CeOz+
4.0mrn/o Nb2O5 exhibiting -500, v/*C and 1. 5 ohm-cm, and 3aTiO3+0. 5m/o NbzOs
exhibiting -1700 to -3000tiv/*C and resistivity greater than 5 ohm-crn. Amongst
materials having a positive Seebeck coefficient, 10. or/o Nb2 O5 added to ZrO2 -

7 mo0 YZ0 3 solid solution effects an ionic p-type thermoelectric exhibiting +1000 to
+1600!v/°C and r3sidtivity greater than-5 ohm-cm.

Oxide ceramic thermoelectrics tend to be ionic conductors, particularly
those with positive Seebeck coefficients. In addition to the ZrO2 -based compositions
as mentioned above, LiZTiO 3 with additions of oxides of a wide range of oxidation
states appear,,with one exception, to be ionic conductors. From 900 to 1200*C
LiTiO3 + 5.0 /6 CeOz has an average Seebeck coefficient of +l400(iv/*C and an
average resistivity of 25 ohm-cm. The orthochromites of lanthanium and yttrium
are also ionic with +500 to +ll0011v/°C Seebeck coefficient and resistivitiee down
to 1 to 2 ohm-cm.

High temperature p-type electronic semiconductors are extremely difficult
to achieve using oxide ceramic materials. All such compositions prepared by
controlled-valency doping become intrinsic at high temperature. On the other
hand, titanium-containing high dielectric constant insulators are readily con-
verted to n-type electronic semiconductors with appreciable negative Seebeck
coefficiente the Nb 2O 5-doped 3aTiO, above is the prime example.

Structurally, the most favorable materi-ls investigated were based
on a face-centered cubic array of oxygen atoms with metallic ions distributed
in the interstices. These metallic ions were, in part, of the transition metals
and octahedrally surrounded by six oxygen atoms.
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Recommendations

ZBxtensive examination of Nb2 Oq and the niobates should be undertaken
to determine if Nb2 O5 has an even broader use in producing thermoelectric effects
in oxide ceramics and to determine if other niobatea than those of lead are con-
vertible into thermoelectrice.

High dielectric constant insulators, including titanates, should be tested
for thermoelectric effects. Experience indicates that when such materials are
converted to semiconductors by doping. the electrical resistivity decreases with
increasing temperature. Since the Seebeck coefficient, at least for doped BaTiO3 ,
increases in magnitude with increasing temperature, such materials may be
susceptible to further modification to take advantage of both a large Seebeck
coefficient and the increased number of carriers which are freed at high tempera-
ture. Cadmium niobate is suggested as an example.

An investigation should be initiated of refractory oxides for the development
of p-type electronic semiconductors which do not become intrinsic at high tempera-
tures. Co-valent oxides which have properties similar to some of those of SiOz
should be given first consideration and ionic compounds avoided absolutely.

Separate from thermoelectric phenomena, some of the ionic semiconductors
observed in this work should be investigated for use as high temperature solid
electrolytes. LizTiO3 is strongly recommended for such consideration and LaCrO3
and YCrO3 are also suggested.

PRZPARATION OF MATTRIALS

The raw materials for this work, from some of which further compounds
and solid solutions were prepared, are listed in Table I; the compound, purity,
and source are given. These materials, which include both base materials and
"dopants", were used in two ways; as base materials to which "dopants" were
added, and to synthesize other compounds to which "dopants were then added.
The compounds and solid solutions prepared are listed in Table II. For each
preparation, the reactants and conditions of synthesis are given. Additions to
base materials were of two orders of magnitude. In a few cases major additions
were made; these actually resulted in binary system phases. Minor additions
were made in most cases and these were limited to several reol percent of "dopant".

For additions to the base materials, a Standard Series of Additions of dopant
was chosen as 0. 1, 0. Z, 0. 5, 1.0, Z. 0, 5.0 reol percent. This range of concentra-
tions was selected because it covers the apparent pertinent range of doping for
oxides to produce semi-conduction by the controlled valency effect. The increment
relation was selected because it is approximately equi-spaced linearly through two
decades of the base-10 logarithm scale. Vlhen results from an entire Standard
Series indicated that other dope levels might produce better thermoelectric effects,
then intermediate additions of 3. 0 and 4. 0 mrol percent or extended additions of
4.0, 7.0, and 10.0 mol per cent were prepared.

The uniform procedure devised for preparation of all Standard Series of
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Additions was as follows. All materials were weighed on balances sensitive
relative to the amount being weighed. The addition for each member of the Series
was pre-rnixed with a small amount of the base material in a Spex Mixer/Mill
for 3 minutes. This pre-mix and the remainder of the base material were then
wet blended using water in a laboratory ball will for one-half hour. The rill1
discharge was dried at 350°F for 16 hours and then passed through a laboratory
Mikropulverizer. For those systems requiring calcination prior to fabrication,
the calcination was followed by wet ball-milling to -3Z5 mesh.

FABRICATION OF SHAPES

A Standard Ceramic 3ody was designed as the test shape for electrical
properties. It was desired that this final sintered shape be a right parallelopiped
having approximate dimensions of 1/4" thickness, 1/?" width, and Z/zi" length. Thus
the ratio of thickness to width to length was 1 to 2 to 10. These shape and dimen-
sion conditions were chosen in order to meet requirements for determination of
electrical resistivity by the 4-point probe mrethod when all four points of contact
are co-planar. To effect this shape, an opposing double-plunger die was designed
such that the dirmensions of the green body were Z3/41: by 7/10" and of variable thickness
depending on the particular material. The female die recess was sufficiently deep to
accommodate the necessary amount of material, regardless of density, to insure
1/4" sintered thickness. This entire assembly was mounted on a Blackhawk Porto-
Power Press provided with double acting Z0 ton hydraulic rarnm.

The final compositions as -3Z5 mesh powders, were prepared for forming
by the addition of a binder; 5 /o of a solution of 57/o polyvinyl alcohol in water was
used. The powders were loaded into the die and the green bodies were formed by
double action at 10,000 psi for 5 seconds. The green bodies were sintered, under
their respective varying conditions, in three different kilns. A muffle-type Harper
electric kiln with SiC heating elements was used for sinterings up to 2600*F. For
temperatures between 2600°F and 3150°F, a gas-fired, down-draft kiln constructed
in this laboratory was employed. For those compositions containing metal hydrides,
an especially constructed Harper electric kiln with molybdenum elements and
atmospheric control of both element and specimen chambers was used to de-hydride
the oxide-hydride composites. Insofar as it was possible, optimurn conditions of
sintering were determined experimentally for each composition. The actual con-
ditions of sintering of each composition are given in the tabulations described below,

The sintered Standard Ceramic Body was electroded at each end of one of
the lateral surfaces. This was to insure electrical contact between the rnaterial
and the external current leads for resistance measurements by the 4-point method.
Hanovia No. 608Z platinum paste was applied with a small screed and fired-on by
heating to 1500°F with a 1/z hour hold time.
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ZEUIPMINT AND TZCHNI(CU7 OF M ::ASUR: !,!i,=NT

Ceramic Properties

All ceramic properties were determined from the various weighings,
described below, of the Standard Ceramic Body. A1, weighings were made on a
Mettler Type H-15 single pan, precision analytical balance. Distilled water
was used as the weighing and saturation media; to insure saturation, all specimens
were boiled in water for 2 hours. 'Each Standard Ceramic Body was weighed dry,
saturated, and then suspended. From these weighings were determined absorp-
tion, apparent density, bulk density, and porosity; only the latter two characteristics
are reported as being the most important. The bulk density was obtained as the
quotient of dry weight by the difference between saturated weight and suspended
weight. The porosity was obtained from the difference between saturated and dry
weights divided by the difference between saturated and suspended weights.

7Tlectrical Properties

Measurement of electrical properties, as a function of temperature to
1250°C, was accomplished with a somewhat elaborate complex of equipment.
A horizontal tube furnace, with a 1anthal R'EH 10-30 1800 watt heating element,
was constructed to provide the high temperature environment. The heating element
contained a 4" OD zircon tube of /4" wall thickness as a liner; a hot zone of
approximately 6" length was obtained within the liner.

A double, parallel position specimen holder of rectangular channel shape,
Z" long and 1/21" inside width, was fabricated of insulating alumina impregnated with
alumina cement. A specimen-contact thermocouple (Pt-Pt 10% Rh) was provided
at each end of the bottom of each channel, with a non-contact thermocouple (Pt-
Pt 10% Rh) in a well adjacent to the "cold" end contact thermocouple. Four point
contacts (Pt), linearly spaced 1/z" apart, were provided in an alumina block which
fit inside the channel and rested on top of the specimen. These contacts were
for the current leads and "floating voltage" probes.

1. Auxiliary Equiprnent

Figure I is a schematic diagram of the circuitry for control, switching,
and timing of all measurement instrumentation. The timer is set for a period
long enough to encompass both the heating and cooling cycles of the furnace,
Z5°C to 1250°C to 600°C, and the timer contacts closed. This furnishes power
to the amplfier and the recorder and closes Relay No. 3. Relay No. 1 is then
activated by mechanical puehbutton, turning on the power to the furnace and the
VWheelco furnace control. The furnace control then turns on, completing the
circuit for the coil of Relay No. I and also Relay No. 2. VWhen Relay No. Z is
activated (heating cycle), the circuit for the Automatic Resistance Range Switching
Operation (ARRSO) is completed and resistance measurements are made. When
the furnace reaches temperature (1250°C), the Vlheelco furnace control breaks
the circuit for Relays Nos. 1 and Z shutting off the furnace and Wheelco Control,
thus starting the cooling cycle. In the deactivated position Relay No. 2 shuts off
the power to the ARRSO and furnishes power to the relays of the Automatic
Seebeck Coefficient Measuring Apparatus (ASCMA). At the completion of the
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cooling cycle the timer opens the timer contacts, S1., shutting off the power
to the timer motor, amplifier, recorder, and Relay No. 3. In the deactivated
position, Relay No. 3 breaks the power to the ASCMA. Relay No.3 also acts as
a fail-safe device in that should the AC power to the recorder fail, the DC power
to the ARRSO and ASCiviA will be shut off, thus preventing the intermittent duty
type relays from burning out if the recorder stops in a position operating the
relays.

2. Resistance Measurement; Automatic Resistance Range Switching Operation

Figure II is a schematic diagram of circuitry for the measurement of
electrical resistance; the operation is as follows: At recorder points 5 and 6
the recorder closes SZ operating Relaye Nos. 1, Z and 3. Relay No. I is a SPST
relay connecting the power supply output from R9 through Relays Nos. 2 and 3 to
the specimen current probes. Relay No. 2 is a 4PDT latching relay which reverses
the polarity of the current to the specimen upon activation. Relay No. 3 is a
4PDT relay which, in the activated position on recorder points 5 and 6, connects
the current supply to sample 1 and connects the top voltage probes of sample 1,
through the reversing Relay No. Z, to recorder point 5. In the deactivated position
Relay No. 2 connects the top voltage probes of sample Z, through reversing Relay
No.Z, to recorder point 11 and connects the current supply to sample Z. During
the 10 sec. print interval of recorder point 5, the following takes place: If the
voltage across the specimen is greater than ZO my, S3 on the recorder is activated;
if S3 remains closed for longer than the one second time delay afforded by R1 and
C_ of Relay No.4, Relay No.4 closes and remains closed (due to a holding circuit)
shorting out the top voltage probes and precision resistors RV R8 , R9. Thus
under the conditions where the specimen has a resistivity of 5 ohm-cm or greater,
recorder points 5 and 6 print zero. If, on the other hand, when recorder point
5 comes into print position and S2 is activated and the drop across the top probes
is between Z mv and Z0 my, then no switches are activated and recorder point 5
records the "floating" voltage representative of true resistance and recorder
point 6 records the voltage across the known resistance R7 +R8 +R9 ,

If the drop across the top voltage probes is less than 2 mv, switch S4
is activated; if 54 is closed for one second, Relay No. 5 is closed which switches
out dropping resistor R4 and precision resistor R7 . If this increase in current
is sufficient to drive the recorder above Z mv, recorder point 5 prints the top
probe voltage as before, and recorder point 6 prints the voltage drop across the
known resistance Rs+R9 . If the recorder still remains below Z mv, Relay No. 6
activates one second after Relay No. 5, switching out dropping resistor R6 and
precision resistor Rg. Then recorder Point 5 prints the top probe voltage and
recorder point 6 prints the voltage drop across precision resistor R9. Thus
there are three approximate current ranges of Z ma, 15, ma, and 100 ma corres-
ponding to range resistors (1R7+R 8+R9 , (R8+R,), and R9 respectively. Now since
the top probe voltage and voltage across the appropriate range resistor are known,
the exact current can be computed; from the voltage drop, the exact current, and
sample dimensions, the resistivity can be computed.
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A similar process occurs for recorder point 11 and 12 except that
Relays Nos, 2 and 3 are not activated when Si is operated for points 11 and
12. Since Relay No. 2 is activated in alternate recorder cycles, the polarity
of the current and the consequent polarity of the top voltage probes is reversed
for every other recording. Hence it is possiblt. to cancel the Seebeck effect
on the resistivity by averaging two successive recordings of the top voltage
probes. The time delay circuits are necessary to allow the recorder time to
balance in range before switching occurs.

Calculation of resistivity: Consider any given Standard Ceramic Body
undergoing two successive measurements, with the indicated current reversal:

-71

R-L

Ri

R s
R

Assume that the Seebeck voltage E. and the sample resistance Re
remain constant for two successive recorder prints of the top probe voltages
El and Z? and of the voltages :] and -rz across the precision resistors R1
and RZ; then

E, = I, Re + ". and Zz = Iz Rs - 7s

adding: ;i + Ez = Rs (,I + It)

but I = and Iz=R, RZ

substituting Re = (Zi + Iz) (RI RZ)
ZrI RLZ + z? R,

Under most conditions the Seebeck voltage is not large enough to cause a switching
of ranges so R1 = RZ and Enrl ` Zrao Hence the equationfor sample resistance
becomes

Rs = ( ) R,
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Knowing the resistance Rs for any given sample, the cross sectional area A,
and the distance L between the top voltage probes, the resistivity is

Pe = Rs-A

L

or P 1E + Lz) (RI R2 )A

-Er, Rz + 3rz Ril

"[r R a !or P =i L J
3. Resistance Measurernent4 Manual Operation

Certain Standard Ceramic Bodies with large Seebeck Coefficients, had
resistivities greater than the 5 ohm-cm limit of the ARRSO; the resistance of
these specimens were measured manually. The 4-point probe method was
employed with the same sample holder and contacts designed for the ARRSO.
Four 114 volt dry cell batteries connected in series furnished the current supply.
The measured "floating voltage" was read from a Leeds and Northrup K-Z
Potentiometer using a galvanometer to indicate balance. The specimen tempera-
ture was read from a Leeds and Northrup portable potentiometer indicator.
Figure III shows the circuitry and apparatus used to switch the voltage and current
connections from one sample to the other. This switch-gear was also used to
reverse the current through the specimen so that the effect of the Seebeck voltage
could be eliminated. The resistance was obtained from the voltage drop across
the specimen, Z , and the voltage drop, ZrAs across the known resistor R1 .
Then the current was reversed and Ez and irz were obtained. The resistance
was calculated as follows:

___----_____- B1
Rl

z ,Erz

I - L A- -

Rx _____
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If Rx = resistance of specimen, and

R 1 = resistance of known resistoro then

:L1 + 1, I + I ?

RX

and !rj + - Ii + Iz
R,

equating the left-hand-side of these gives

Rx (- + 12) R I

S+ :rz)

and p= A (cross section)
L (probe gauge-length)

For each set of data, the furnace was allowed to stabilize at temperature
so that Z, and ZZ were obtained at the same temperature. A specimen-contact
thermocouple, shown in Figure III, was used to obtain the temperature of measure-
ment.

4. Seebeck Coefficient Measurement

Figure IV is a schematic diagram of the Automatic Seebeck Coefficient
Measuring Apparatus. The temperature, Seebeck voltage, and temperature gradient
producing the Seebeck voltage in the two specimens are all recorded with the Leeds
and Northrup Speedomax Type G Recording Potentiometer. The recorder prints
at 10 sec. intervals and measures Zo my. full scale.

For sample 1 the temperature is printed at recorder point 1 from the
thermocouple not in contact with the sample. Point 2 prints the Seebeck voltage
with respect to platinum from the platinum leads of the two thermocouples in
contact with the specimen. The Seebeck voltage is fed to the recorder in series
with an external +10.0 my from a Leeds and Northrup potentiometer indicator.
This +10.0 mv. effects a center scale zero on the recorder, the recorder then
prints both the sign and magnitude of the Seebeck voltage indicating p- and/or
n-type serniconduction. At recorder points 3 and 4 Relay No. 1 is energized
"connecting the thermocouples from sample 1 to Relays Nos. 2 and 3. At recorder
point 3 Relay No. 2 is energized connecting the non-contact, or coldest, thermo-
couple in differential with the cold zone contact thermocouple; this differential
output is amplified 100 X and printed. At recorder point 4 the non-contact
thermocouple is connected in differential with the hot-zone contact thermocouple;
this output is also amplified 100 x and printed. A similar process takes place
at recorder points 7, 8, 9 and 10 for sample 2 with Relay No. 1 in the de-energized
position. When both Relays Nos. 3 and 4 are in the de-energized position, the
input to the amplifier is shorted out giving faster amplifier response at recorder
points 3, 4 and 9, 10.
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The difference between recorded emfs of say points 3 and 4, divided
by the thermoelectric sensitivity of Pt vs Pt-10%o Rh at a given temperature,
and then divided by 100 gives the temperature gradient in sample 1. Since the
Seebeck voltage has been measured and recorded, the Seebeck coefficient can
be caldulated. The reason foi taking the differential ernf between the non-contact
and contact thermocouples instead of the contact thermocouples directly is that
for large Seebeck voltages and low sample resistances, the resistance of leads
and relays, connecting both contact thermocouples in differential, may be a.
large as the sample resistance and hence the Seebeck effect would dominate the
differential circuit to the exclusion of the temperature difference.

The following example illustrates how the Seebeck coefficient is obtained
from the recorded data. Recorder point I was found to read 5. 85 mnv; 0. 15 mv
was added to compensate for thermocouple cold junction at room temperature.
The temperature for 6.00 mv is 676°C; at this temperature the thermoelectric
sensitivity of Pt vs Pt-10 % Rh is 0. 0103 my. Dividing 0.0103 mv into 0. 079 mv,
which was found Wy taking the difference of potential between recorder points
3 and 4 and dividing by 100, the temperature gradient is found to be 7.7*C.
From recorder point 2 the Seebeck emf was found to be -6.45 mv indicating n-typo
conduction. Dividing -6.45 mv by 7.7*C and multiplying by 1000 gives a Seeleck
coefficient of -838ý1v/*C at 676°C.

5. Thermal Conductivity

Thermal conductivity was approximated using a modified form of the
Thermal Conductivity Coriparator designed by (enneth Skinner of the Naval
Research Laboratories. The major modification was the addition of circuitry
to insure uniform heating cycles. A diagram of this circuitry is shown in
Figure V. The Leeds and Northrup Speedomax Type G 4-point Recording Potentio.-
meter was used to measure the "hot" and "cold" temperatures of the specimen;
the Brown ,lectronik Recording Potentiometer was used as a furnace control.

In operation, when the furnace is cold, an opposing voltage is fed in
series into the Brown furnace control and adjusted so that this voltage plus
furnace thermocouple voltage just equals the voltage needed to drive the furnace
control to the pre-set maximum temperature. The clock motor of the programer
is then started which decreases the voltage in series with the thermocouple as
a linear function of time. The time for a cycle is adjusted by the position of the
slide wire before the voltage adjustment. As the opposing voltage decreases,
the furnace temperature increases until the thermocouple voltage plus the new
opposing voltage shuts off the furnace. This process repeats continually with
the furnace increasing in temperature until the opposing voltage is reduced to
zero and the thermocouple supplies all the voltage at shut-off temperature.
Since the voltage output is approximately a linear function of temperature, the
heating cycle is approximately a linear function of time. A linear heating cycle
insured reproducibility, whereas a constant input did not.

The results obtained from the Skinner Thermal Comparator are interpreted
in the following manner: The Leeds and Northrup Recorder prints two color-
coded sets of data for each sample. One set of points represents the temperature
of the "hot" side of the specimen and the other set the "cold" side. The tempera-
ture gradient in the specimen is obtained by difference, from the raw data, and
plotted against the mean temperature. This produces a curve which is a relative
indication of the thermal conductivity of the specimen; that is, the smaller the
thermal gradient, the higher the thermal conduction. Graphical expression of
this relation is shown in Figure VI.
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R 7SULTS

The final data, resulting from measurement of ceramic and electrical
properties, are presented either as illustrations or in tables. In both cases
the electrical properties are presented as a function of temperature. Electrical
properties of the most promising materials, only, are presented graphically;
the majority of the results are collected in three tables in an Appendix to this report.

The pertinent ceramic properties of all specimens screened are given in
the Appendix; these properties are time and temperature of sintering, bulk density,
and porosity. The Seebeck Coefficient and electrical resistivity both at a series
of temperatures, and an estimate of the type of conduction mechanism are also
given for these materials which are not presented graphically.

Seebeck Coefficients as a function of temperature, for TiO2 containing
several levels of NbZOS, are given in Figure VII; in Figure VIII are given the
electrical resistivities as a function of temperature for the same compositions.
Figures IN and X show the temperature dependence of Seebeck Coefficient and
electrical resistivity, respectively, of TiO2 containing several levels of TazO5 .
The materials presented in these four figures are the best thermoelectrics
resulting from this work; all are n-type semiconductors. The most favorable
composition is TiOz containing 2. 03n/o NbZO 5 . This composition has an approximate
figure of merit of 7.0 x 10 5/oC.

Table Al in the Appendix contains ceramic and electrical results for
compositions based on simple oxides: TiOZ, ZrOZ, CeOz. In Table All of the
Appendix are contained the ceramic and electrical results for those compositions
based on lithium metatitanate, LiTiO3 , and for the analogous LizSnO3 and LiAlOZ.
The ceramic and electrical results listed in Table AIII of the Appendix are for
compositions based on multiple oxides: BaTiO3, LaCrO3 , YCrO3 , PbNbZO 6 and
PbZNb2 O7.

DISCUSSION

Since thermoelectric energy conversion is essentially an electrical
phenomenon, only that aspect of the experimental results are covered here,
However, the physical state of a test specimen, as regards conventional ceramic
properties, constitutes a prior condition on the resultant electrical properties.
Chief amongst these ceramic properties is the porosity of the specimen. Since
some Standard Ceramic Bodies were not sintered to zero porosity, the electrical
effects of pores should be pointed out. For porosity no greater than a few percent,
electrical resistivity increases directly with porosity; at larger porosities, the
resistivity of the pore contents enters as that of the second phase of a mixture
on a volume basia. The effect of pores on the Seebeck coefficient, that is, the
nature of the temperature coefficient of the Fermi level for pores and pore-solid
interfaces, is not known.
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Observation of Data

The actual recording of the raw electrical data$ that is, the instrumental
response of the Leeds and Northrup Recording Potentiometer, served as the basis
of interpreting analysis of the results. Since neither Hall effect nor diffusion
effects were measured, only an estimate could be made, as described below, as
to the nature of the conduction mechanism.

The algebraic sign of the Seebeck coefficient, S, was taken as a partial
indication of carrier type: for S>Othe net carrier effect was assumed to be due
to holes, or direct diffusing cations, or anion vacancies; for SO(O the net carrier
effect was assumed to be due to electrons, or direct diffusing anion, or cation
vacancies. Two supplementary criteria were available to aid in the estimation
of carrier type. A firm, steady print of resistance, by the Leeds and Northrup
Recording Potentiometer, was taken to indicate electron or hole conduction; a
slow, continuous drift of the resistance print during the 10 record print interval
was taken to indicate conduction by ions, either direct or through vacancy mechanism.
Alternate high and low print of resistance, upon reversal of direction of external
current, was also taken as an indication of ionic conduction, although rectification
and thermal gradient effect are both possible explanations of this instrumental
response. Cornbined with drift, this alternation of resistance value was taken as
certain indication of ionic conduction; this effect was observed in many materials
and was estirmated to occur in many other materiale, the resistivities of which
were too great to respond to instrumental limits. These latter materials are
indicated "ionic uncertain" in the tables in the Appendix. However, the thermal
gradient and externally applied electric field alternately reinforce and oppose
each other, thus confounding the above "uncertainty".

The electrical data alone furnished a criterion of usefulness in that the
Sz/p quotient must be equal to or greater than 10-5 watt/ cm (*C)? in order to
give Z = 10" 3 /GC. Hence, electrical evaluation determined whether thermal
conductivity needed to be measured; none of the materials measured electrically
warranted determination of therr,-al conductivity.

Simple Oxides

Amongst these compositions the only materials that produced a thermo-
electric effect were those based on either rutile or fluorite structure; and, indeed,
rutile itself is the most favorable material of all those e.-aamined. From Figures
VII and VIII it is seen that 1.0, Z. 0, and 5 . 0 rn/o NbZO 5 additions to TiO2 produce
moderate thermoelectric sermjiconductors in the temperature range from 600 to
I200"C; specifically, TiO2 plus Z. Orm/o NbzO 5 has a Seebeck coefficient of -400Uv/*C
and 0. 1 ohm-cm resistivity. The same levels of additions of TaZO5 to TiOz,
illustrated in Figures IX and -, produce the same results with the important
difference that TazO5 does not lower the resistivity of TiOz as much as does NbzOs.
All of these compositions are typical n-type, controlled-valency semiconductors
with the site-to-site conduction mechainiem characteristic of such materials.
Since the Seebeck coefficient is the same for NbZOS-doped TiOz and TaZOS-doped
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TiOs, then the energy of tho electrons i'i e--:ccc;s of the chmrnical potential is the
same, though the electrical racicti•Ait is d':t'crento It should be noted that although
stoichiornetric imbalance could exist in the:?o compositione, the experimental
evidence did not indicate ionic conduction.

It is to be e-pected that srnaller numbers of carriers would mean higher
values of Seebeck coefficient and resiEtit. Evidence of this is seen in Table AI
for the composition TiO2 plu,37--72rn/o lvMoO 3:-l'00uv/°C an] resistivity greater than
instrumental limits of 5 ohm-cmo Th3 raw data for this composition are not
sufficient, however, to state vwth cartainty that this is an n-type electronic conductor

Amongst fluorite -structures, t.?3 on.y no1,worthv electronic semiconductor
is CeOz plus 4m/o NbzOr:-590CLiv!C 1,:ud 1.5 ohrnrcm over the temperature range of
700 to 1200"C, shown in Tab"e ALo h". composition is similar to that of Tie2 4,ped
with NbZO.. Apparent ionic coneuch', . `s found in the fluorite structure ZrOe-7 /o
Y20 3 cubic solid solution.° Althcu.-'h cxzeri.ncntal evidence was not obtained here,
it is well established that the conduiction rncchanism in ZrOz is exclusively ionic, via
vacancies in the oxygen sizuz!at'.ce, L Tab.o Al it is seen that addition of 10 m 0o
Lae23 to this ZrO,,-bneed compoeition resulted in a Seebeck coefficient ranging from
+1000liv/°C to A3000u'v 0/C as the tei•rncratrre increased from 900 to ll00"C;
relaxation of atoms rrotind an mnicn "'v.cnc;' re- ults in a net positive charge and
hence a positive 17e=zc.: c/oz.ic~cn,, C!::tan !z 7 o sesquicxide, large numbers
of oxygen vacancies ,7 :c" in this covc~ 7cn tho largc Seebeck coefficient is
attributable to th1 teýrr- "•r- cocý thc- -Ilectrochemnical potential of these
vacancies. The highe - -eT.'h- the large Seebcch coefficient is
expected, but n:y alro bX d: to I. 1 : -"fie nuner. foe oxygen ions and
this in turn to df ,.:ct'--.m n Vh a- rr'aý f-,-:r r ilent and an electric fiald.

Addition cf 1 . 0- Z:-' ' , cubi0 Ioiis sI - ution, shown in

Table AI, produced a Sucb.z`.: con .n r " +!COO to +1500ifiv/PC ac th•e temperature
ranged from 800 to 110C.'C, CJ::.--'--'•'..i;-. 5i composit'on is unbalanced
in the opposite d&roct'on to t:a• d -.:-,at' the YzOi "s more than compensated
for by the Nb7O 5 an" the ;.s 3:ffec s /o e:.cess of pentavalent oxide. It was to
be expected that the Sne•L:ck cce-'.-. woYtuld decrease in magnitude upon stoichio-
metric compensation. bi!t not tha.t I.he Sczb2k coefiicient -would remain positive
upon over-compensation. T •-.s a)pe '-':at the. io'ic mec:anisrm of conduction in
all ZrOz-baced corrpcelvic:=z ic 2.- i utr-•c property of ZrOz.

Lithium Metatitar ate

Of all those Li;TiO-',b-.,s3,c comn'c.aitions listed in Table All, only two are
of sufficient consistzn-.v of x--.- to ,;arzent di-cu1ssion. LiTiO3 has an MgO-
type structure, with a ran-lorn c'.ticn i a.tt".c,. nd undergoes an order-disorder
transformation at about IC25"Co T'i ur>:d compound appears to be a strong
ionic conductor, but the conductiAI p•'oceso iL cuite erratic and is complicated
by the order-disorder transfornat-io.., -:?-e iatt'e of the conduction process may
be attributed, in part, to the larzge di- e.nce in charge of the two similar-sized
cations. Another contribut'."n- fncctor is a rossible metastability of Li2 Tie 3 indicated
by the ease of loss of LiO tl-.ough vo t.Li.cation. Hence, practically all LitTie 3-
based compositions c::hiiitd lrge 7ebých: cocfficients which varied widely with
temperature; either a cla:<v: in sign : a r7a:Jrnurrn or rinirnum occurred. None
of these cornpositions cx'."co an ecct::ic•1 resistivity small enough to respond
to instrumental limits.



Li0TiO3 plus 0. 5m/o NiO, Tablb AII, had a Seebeck coefficient increasing
from +1000uv/°C at 700"C to +1500'v1°C at 1150°C. A negative Seebeck coefficient
should result if the Ni(II) replaces Li (1); but if the Ti(IV) is replaced, a p-type
semiconductor should result. Since the cation sublattice is randomly occupied by
Li(I) and Ti(IV), and Ni(II) is of the same size as both cations of the host lattice,
then both substitutions can occur together. Now the electrical resistivity did not
record, so the ionic mechanism of conduction remains uncertain. However, a
hole, and/or an electron, conribution to the conduction process may account for
the steady, but increasing, value of the Seebeck coefficient over the temperature
range of measurement.

LizTiO3 plus 2. 0 m/o ThOa had a Seebeck coefficient decreasing from
-850uv/C at 800C to -ZOOuv/°C at IZZ5°C. Considered an uncertain electronic
conductor, this composition is the only LiaTiO3 -based material which exhibited a
consistent negative Seebeck coefficient. Since Th(IV) is so much larger than the
cations of the host lattice, it is difficult to understand how the foreign cation enters
the lattice. Also, explanation of the conduction mechanism is not possible with the
limited data available.

Multiple Oxides

Structurally, the base compounds of these compositions are all perovskite-
like, containing a transition metal ion surrounded by an octohedron of six oxygen
atoms. The alignment of these octohedra, however, and ther relation to the other
cation of the compound, differ in each case. It is significant that the majority of
compositions discussed here are apparent ionic conductors.

Barium titanate, a tetragonal perovskite, developed interesting thermo-
electric properties when doped with 0. 5 m/6 NbzO 5 as shown in Table AIII. Although
the resistivity was greater than instrumental limits of 5 ohm-cm, it is rather
certain that this composition is an electronic conductor. The Seebeck coefficient
ranged from -1700Uv/°C at 750C to -3000uv/C at IZ25°C, an n-type thermo-
electric being produced by substitution of Nb(V) for Ti(IV). The negative sign and
increasing magnitude of the Seebeck coefficient indicate that the material is becoming
an intrinsic-type semiconductor as the temperature increases. The relatively
large Seebeck coefficient may be attributed to two factors. As in the case of TiOZ.
the controlled-valency effect is manifest, though the resistivity is not as low. Here#
again, the carriers have considerable energy in excess of the chemical potential
of the host lattice. The second factor is the large dielectric constant of BaTiO3 .
When materials which conduct by the site-to-site mechanism are doped at the levels
of this composition, the carriers observe the macroscopic dielectric constant of
the host rather than the electronic structure of the host lattice. Hence, high
dielectric constant insulators are readily modified to semiconductors of substanial
Seebeck coefficient by an increase in both dielectric constant and loss factor, the
latter ultimately excee'iing 100%. Although such a composition has a large number
of non-degenerate carriers, the site-to-site conduction mechanism is not effective
enough to use such materials for energy conversion.

Lead metaniobate, PbNbzO 6, a ferroelectric with a moderately high dielectric
constant, whil. pot a distorted perovskite, does contain discrete NbO6 octahedra.
Addition of 0. 5 /o BiO 3 to PbNbZO6, see Table AIII, resulted in a thermoelectric
material somewhat similar to the above BaTiO3 composition. The Seebeck coefficient
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I
ranged from -7001ivI*C at 700"C to -ZIOOU/v*C at lO0°C with a pronounced
minimum of -3300"v/'C at 10151C. The electrical resistivity, measured manually
under static conditions, dropped from 70.000 ohrr-cm at 700*C to 66 ohm-cm at
1200*C, exhibiting the negative temperature coefficient peculiar to oxide ceramic
semiconductor s.

Since Bi(UI) is intermediate in size between Pb(II) and Nb(V), a definite
site of substitution cannot be assigned; on the basis of electronegativity, however,
Bi(m) should substitute for Pb(II). The thermoelectric serniconduction could arise
as a consequence of the same effects ascribed to the BaTiO3 composition above,
since both lead and bismuth can exist in other oxidation states. The negative temperal
ture coefficient of both resistivity and Seebeck coefficient indicate that this composi-
tion also tends to become an intrinsic semiconductor at high temperature. The
decrease in magnitude of the Seebeck coefficient at temperatures above 1015"C
might be attributed to the onset of ionic conduction due to thermal agitation since
PbNb2 O 6 melts in the vicinity of 1200*C. It is of interest that just as Nb(V) is
effective as a dope in producing thermoelectric semiconductors, so also, a niobate
compound can be converted to the same condition by doping.

The orthochromites of some of the Lanthanon elements are perovskite-like
compounds, actually having the garnet structure. The compounds, however, do not
have the high dielectric constant of ferroelectrics. Compositions based on LaCrO3
and YCrO3 exhibited moderate Seebeck coefficients; all are ionic conductors. The
data on the five most noteworthy of these are summarized from Table AM below.

Seebeck Zlectrical Temperature Conduction
Composition Coefficient Resistivity e ange Ua chanism

LaCrO3 + +500Uv/OC 2-3 ohm-cm 600 to ionic5. 0m/o TiO2  1100 0 C

LaCrO3 + +500 to 1 600 to ionic1. Orms ZrO0 +4150 1ZO0

LaCrO3 + +575 2 600 to ionic
5.0m/o SnOD 1200

YCrO3 + +850 >5 370 to ionic,
5. 0 m/o TiO 1170 uncertain

YCrO3 + +1100 >5 700 to ionic,
0. 5m/o ZrOa lZ00 uncertain

AU compositions based on LaCrO3 and YCrO3 were quite refractory and
very difficult to sinter; and not all of them resulted in satisfactory ceramic
specimens. In all sintering trials, a dark greenish-grey fume-like deposit was
observed on the interior of the sintering container. This indicates vaporization
of chromium as some form of oxide. Hence, the stoichiometry of the base corn-
pound may be sufficiently out of balance to determine all the observed effects.
If sufficient loss of chromiu.n occurred, the number of vacancies in the above
compositions may be of the same order of magnitude as in heavily doped ZrOs
discussed before. The description of the observed effects may then be that the
Seebeck coefficient is due to the temperature coefficient of the chemical potential
of vacancies, the conductivity due to diffusion of ions in the oxygen sublattice
via the vacancy mechanism. However, compensation by the added tetravalent
oxide very likely occurred.
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Referring to the above tabulation, certain general effects are to be
noted. Doped YCrOs and doped LaCrO3 are moderate ionic semiconductors
with moderate Seebeck coefficients. A higher Seebeck coefficient and higher
resistivity, as a consequence of a smaller number of carriers, are found in
YCrO3 than in LaCrO3. The level of doping with tetravalent oxide, does not
appear to be too significant, and indeed may not even be necessary. Finally,
the orthochromite grouping alone may be the determining factor in the thermo-
electric effects noted. These observations, however, depend greatsy on the
extent of sintering. The orthochromites of yttrium and lanthanum thus appear
to be similar to ZrOz as regards an inherent ionic conduction process at high
temperature.

Positive Seebeck Coefficient Semiconductors

Since all the compositions with positive Seebeck coefficients that are
discussed above are ionic conductors, p-type electronic materials should be
given separate attention. High temperature p-type serniccndzction is virtually
impossible to achieve in any material. Experience has shown that the number
of thermally energized electrons overwhelms the number of controlled-valency-
produced holes with resultant intrinsic semiconduction at high temperature.
Numerous examples of this phenomenon are to be found in Tables Al and AIL.
Compositions with positive Seebeck coefficients at lower temperatures are seen
to undergo considerable change with increasing temperature, the Seebeck
coefficient falling through zero to sizeable negative values. Lead metaniobate
and lead pyroniobate, each without any addition, are examples of this, as is
PbNbZO 6 plus 1. 0m/ MoO 3. Other compositions are seen to exhibit a maximum
or a minimum in Seebeck coefficient as a function of temperature, some with
and some without chan ing sign. iLxamples of this be ~avior are shown by TiOC plus
5. 0 m/o SnZ, CeO z+0. 2m/o LaO 3, PbZNbZO 7 plus I. 0 /0 SbZOS, and PbNbtO6+
0. Z SbZO 5 . Thus a fundamental characteristic of semiconduction, hindering the
development of high temperature p-type thermoelectrics, presents the major
obstacle to the production of an efficient thermocouple operating over the tempera-
ture range of 700 to 12000C.
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TABLE I

Identification of Raw Materials

Compound Source Purity

Antimony (ous) oxide, SbZO3  Fisher Scientific Co., A-860 99. 711

Antimony (ic) oxide, Sb2 Oq ,, " " A-857 Technical

Bismuth trioxide, BiaO3 It o " B-339 99. 7%

Chromium(ic) oxide, CrZO3  f o " B-334 99. 4

Ferric oxide, FezO3  o o " 1-116 99.7 j
Lead dioxide, PbOz , " " L-101 "Special Micro"

Magnesium oxide, MgO " M-51 99.8

Molybdic anhydride, MoO3  , , " A-174 99.5

Stannic oxide, SnOz " " T-148 99.4

Stannous oxide, SnO " " T-150 99.9

Thallium (ic) oxide, T120 3  , " " T-86 Purified

Tungstic anhydride, W0 3  " " " A-325 Purified

Lanthanum oxide, LaZO3 Lindsay Chemical Div. 99. 99%
American Potash And
Chemical Corp., 528

Neodynium oxide, NdzO 3  " " " 629. 9 99.9

Thorium oxide. ThOz I " " 112 99. 9

Cerium oxide, CeOz o " " 217 99.9+

Yttrium oxide, Y203 f " " 1115 99.9

Lithium carbonate, Li3CO3  American Potash and Technical
Chemical Corp.

Nickelous oxide, NiO Baker Chemical Co., 2796 99.0
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I TABLE I (continued)

Identification of Raw Materials

Compound Source Purity

Niobium oxide, Nb3O5  Fansteel Metallurgical
Co. , 7z1 99.5

Tantalum oxide, TazOs to is 5Z1 99. 5

Titanium dioxide, TiOa TAM Div., National
Lead Co., Vapor Phase 98.4

Zirconium dioxide, ZrOz TAM Div., National
Lead Co., 608 99.3

Barium titanate, BaTiO3  TAM Div., National
Lead Co. , 510 99.9

}0
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Identification of Compounds Prepared

Name of Compound or Synthesis Conditions
Solid Solution Formula Raw Materials T fw

Zirconia- yttria
Solid Solution Z rab ,,3Y.o?070.*$ ZrOz, Y0 30 23000 F 3 hrs

Zirconia- calcia
Solid Solution Zr* *g5Cao 1501.65 ZrOj, CaC0 3  2300 3

Zirconia-ceria
Solid Solution ZrO *3CeO jO ZrOa, CeOz 2300 3

Lithium metatitanate LiaTiO3  Li3 COS. Tib3  1800 3

I* Lithium Zirconate iZZrO3  LixCC0, ZrO2  2200 2

Lithium alumianate LiAlO, Li3C0 3. A1203 1700 2

Lithium stannate LiaSnO3  LiXQ3 8 Sn~l 1600 2

Lead metaniobate PbNbSOG PbCO,, Nba0 5  1900 3

Lead pyroniobate Pbj3Nb2O, 2FbCO3, Nb30 5  1900 3

Yttrium orthochromite YCrO3  Y203. Cr&03  2300 3

Lanthanum, orthochromlte LaCrOs LaZO3, CrZ30 2400 3
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I FIGURE VIII NObo 78326

ELECTRICAL RESISTIVITY AS A FUNCTION OF TEMPERATURE
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FIGURE Z

ELECTRICAL RESISTIVITY AS A FUNCTION OF
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