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NObe 78326

ABSTRACT

Three hundred twenty~three oxide, silicate, and metal
hydride corabinations were prepared and fabricated into test
gpecirnens by a variety of forrming and firing techniques. Of
these combinations, 309 were exarnined electrically for Seebeck
effect and reesistivity from 600 to 1200°C; the remaining few
failed in test,

Amongst electronic semiconductors were the following
n-type examples, Titaniura dioxide plue 2. 0% Nb, O exhibited
a Seebeck coefficient of =400Uv/°C and reeistivity of 0.1 ohm=-cm
over the entire ternperature range of teet, Bariura titanate plus
0.5 Nb,Os had a Seebecik coefficient of ~1700uv/°C at 750°C
increasing in magnitude to -3000Uv/°C at 1225°C; the reeistivity
of this coraposition is unknown but ie certainly greater than
5 ohma=cm. No p-type electronic semiconductor with coneistent
carrier type over the entire temperature range of test was
developed.

Positive Seebeck coefficients of congiderable rnagnitude
were developed in ionic conductors; ZrOz-7m/o Y0, solid solu-
tion plus 10 Nb,Os exhibitad a Seebeck coefficient of +1000v/*C
at 800°C rising to +16003v/°C at 1100°C. The electrical resistivity
of this compoegition wae also greater than 5 ohm=-cm. In general,
moet oxide semiconductors examined were found to be ionic con-

ductore; Li,TiO; wae the singular example of such a material,

None of the comporitions tested gave indication of truly
efficient convereion of heat to electricity; the above TiO, plus
2.0™/o Nb;Os had an approximate figure of merit of 7.0 x 10.7%/°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 Shipe 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 1700°C, The work reported herein, however, was limited to
certain more immediate goals, Only polycrystalline ceramic materials were
investigated and the investigation iteelf was of a preliminary nature. Further
development work wae 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 1 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 1300°C, 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 serni-conduction by the
""controlled valency effect', Fabricated materials were then screened by electrical
measurements; registivity and Seebeck Coefficient were measured as a continuous
function of temperature frorm 600°C to 1250°C, As a preliminary criterion of
usefulness, the square of the Seebeck coefficient divided by the electrical resistivity
was ussdto 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 thie 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, Zugene J. Derefinko, Mrs, J. 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 J, Derefinko, Joseph J, Goslin,
and Joseph A, Vilardo,

Robert Peters wrote the portion of this report that covers material
preparation and fabrication, Zugene J, Derefinko wrote the portion that deals
with electrical instrumentation and measurement; they also prepared the
tabulations and illustrations,
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SUMMARY

Certain epecific recsulte of thies 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 '"Recornmendations' 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™/o Nb; Oy
and Ta,0s, is a moderate n-type thermoelectric having a Seebeck coefficient of
=400y v/°C from 600 to 1200°C. The Nb,Oy additions have an electrical resistivity
of approximately 0.1 ohm -crn while that of the Ta,Og additions i=z about 0.5 ohm=-cm,
TiO; + 2.0 /o Nb,Os has an approximate figure of merit of 7.0 x 10 3/°C,

Niobiurn pentoxide appears to be a universal dope for convereion of oxide
ceramice to thermoelectric semiconductors, In addition to TiO,, there are CeO,+
4,0™/o Nb,O, exhibiting 500 v/°C and 1.5 ohm-cm, and BaTiO3+0.5" /o NbOs
exhibiting -1700 to -3000t1v/°C and reeistivity greater than 5 ohra-~cra. Araongst
materiale having a poeitive Seebeck coefficient, 10, 0™/ Nb,O5 added to Zr0O;~
7 "/lo Y,03 so0lid solution effects an ionic p-type thermoelectric exhibiting +1000 to
+1600uv/°C and rzsictivity greater than% ohm=-cm,

Oxide ceramic thermoelectrics tend to be ionic conductore, particularly
those with positive Seebeck coefficiente, In addition to the Zr0O,-based compositione
as mentioned above, Li,TiO; with additions of oxidee of a wide range of oxidation
statee appear, with one exception, to be ionic conductore. From 900 to 1200°C
Li;TiO3 + 5.0 /o CeC, hae an average Seebeck coefficient of +1400u.v/°C and an
average resistivity of 25 ohm=-cra, The orthochromites of lanthanium and yttrium
are also ionic with +500 to +11001v/°C Seebeck coefficient and reeistivities down
to 1 to 2 ohmn=-cm,

High temperature p-type electronic gemiconductore are extremely difficult
to achieve ueing oxide ceramic materiale, All such compositions prepared by
controlled-valency doping become intrineic at high temperature. On the other
hand, titaniurn-containing high dielectric constant insulators are readily con-
verted to n-type electronic serniconductors with appreciable negative Seebeck
coefficiente; the Nb,Os-doped BaTiQO, above is the prime example,

Structurally, the rnoet favorable materi~le investigated were based
on a face-centered cubic array of oxygen atoms with raetallic ione distributed
in the interstices. These metallic ions were, in part, of the traneition metals
and octahedrally surrounded by gix oxygen atome,
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Recornmendations

Zxteneive examination of Nb,Os and the niobates should be undertaken
to deterraine if Nb,O; hae an even broader use in producing thermoaslectric effects
in oxide ceraraice and to deterrine if other niobatez than thoee of lead are con-
vertible into thermoelectrice, '

High dielectric constant ingulators, including titanates, should be tested
for thermoelectric effecte. Ixperience indicates that when guch materiale are
converted to eerniconductors by doping, the electrical resistivity decreases with
increasing temperature, Since the Seebeck coefficient, at least for doped BaTiO,,
increases in magnitude with increasing temperature, such materiale may be
susceptible to further modification to take advantage of both a large Seebeck
coefficient and the increased numnber of carriers which are freed at high tempera-
ture. Cadinium niobate ie suggested as an exarnple,

An inveetigation should be initiated of refractory oxides for the development
of p-type electronic semiconductors which do not becorne intrineic at high tempera-
tures, Co=~-valent oxides which have properties eimilar to some of thoge of SiQO,
should be given first coneideration and ionic compounde avoided absolutely,

Separate from thermoelectric phenomena, sorme of the ionic gemiconductore
obeerved in this work should be investigated for use ag high temperature esolid
electrolytes, Li,TiO; ie etrongly recormmended for such consideration and LaCrO;s
and YCrO, are aleo suggested,

PREZPARATION GF MATERIALS

The raw materials for thie work, from sgome of which further compounds
and solid solutions were prepared, are listed in Table I; the compound, purity,
and source are given. Theese raateriale, which include both bage materiale and
"dopants'', were used in two waye; as base rnaterials to which '"dopante' were
added, and to synthesize other cornpounds to which "dopants were then added.
The compounde and eolid solutions prepared are listed in Table II. For each
preparation, the reactants and conditions of synthesie are given, Additions to
base rnaterials were of two orders of rnagnitude. In a few casee major additione
were made; these actually resulted in binary system phases, Minor additions
were made in rost casee and these were limited to several ol percent of "dopant'',

For additions to the bare materiale, a Standard Series of Additions of dopant
was chogenae 0,1, 0,2, 0.5, 1,0, 2,0, 5,0 mol percent, This range of concentra-
tions wae selected becausge 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 ig approximately equi-epaced linearly through two
decades of the base~10 logarithm scale. ‘/hen results from an entire Standard
Seriee indicated that other dope levels might produce better thermoelectric effects,
then interraediate additione of 3,0 and 4.0 mol 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 wae ae followe, All rnateriale were weighed on balancee eensitive
relative to the arnount being weighed. The addition for each mermber of the Series
wag pre-mixed with a small arnount of the base material in a Spex Mixer/Mill

for 3 tninutes, Thie pre-mix and the remainder of the base material were then
wet blended usging water in a laboratory ball nill for one~half hour, The mill
discharge was dried at 350°F for 16 houre and then paesed through a laboratory
Mikropulverizer, For those systerne requiring calcination prior to fabrication,
the calcination was followed by wet ball-milling to =325 raech,

FABRICATION OF SHAPES

£. Standard Cerarnic 3ody was designed as the test shape for electrical
properties, It was desired that this final sintered chape be a right parallelopiped
having approximate dirneneione of !, thicknese, }," width, and 2!," length., Thus
the ratio of thickness to width to length was 1 to 2 to 10, These chape and dimen=-
eion conditions were chosen in order to meet requirements for determination of
electrical resistivity by the 4~point probe method when all four pointe of contact
are co-planar, To effect this shape, an opposing double -plunger die was deeigned
such that the dimensions of the green body were 23,'" by ¥," and of variable thicknese
depending on the particular ranaterial. The female die recess wae sufficiently deep to
accoramodate the necessary amount of material, regardless of density, to insure
!, sintered thickness, This entire assembly was mounted on a Blackhawk Porto-
Power Prese provided with double acting 20 ton hydraulic rarmnse,

The final corapositiong, as =325 mesh powders, were prepared for forming
by the addition of 2 binder; 5" /o of a solution of 5%/o polyvinyl alcohol in water wae
uged, 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 gintered, under
their reepective varying conditions, in three different kilns, A muffle-type Harper
electric kiln with SiC heating elernents wae 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 ermployed. For those comporitions containing metal hydridees,
an esgpecially constructed Harper electric kiln with mnolybdenura elernents and
atmospheric control of both elernent and specirnen charnbers was used to de~hydride
the oxide -hydride coraposites, Insofar as it was poesible, optirnurn conditione of
gintering were deterrnined experimentally for each compoeition, The actual con-
ditione of sintering of each coraposition are given in the tabulations described below,

The sintered Standard Ceramic Body wae electroded at each end of one of
the lateral surfaces, This was to insure electrical contact between the matierial
and the external current leads for resistance measurements by the 4-point raethod.
Hanovia No, 6082 platinura paste wae applied with a emall screed and fired-on by
heating to 1500°F with a !, hour hold time.



ZCUIPMENT AND TECHNICUT OF MTASURTMINT

Cerami c Properties

All cerarnic properties were deterrnined frorm the varioue weighinge,
described below, of the Standard Ceramic Body. Al weighings were made on a
Mettler Type H-15 ringle pan, precision analytical balance., Distilled water
wae ueed as the weighing and saturation media; to insure saturation, all specimens
were boiled in water for 2 houre, Tach Standard Cerarnic Body was weighed dry,
saturated, and then suspended. Froran these weighings were determined absorp=~
tion, apparent density, bulk deneity, and porosity; only the latter two characteristics
are reported as being the most irnportant, The bulk denegity wae obtained ag the
quotient of dry weight by the difference between saturated weight and suepended
weight, The poroesity wae obtained from the difference between saturated and dry
weighte divided by the difference between saturated and suspended weights,

Tlectrical Properties

Measurernent of electrical properties, ag a function of temperature to
1250°C, was accornplished with a somewhat elaborate complex of equipment,
A horizontal tube furnace, with a Kanthal R:TH 10-30 1800 watt heating elernent,
wag constructed to provide the hi{;h teraperature environment., The heating element
contained a 4" OD zircon tube of ¥/;" wall thicknegs as a liner; a hot zone of
approxirnately 6" length was obtained within the liner.

A double, parallel position epecimen holder of rectangular channel shape,
2" long and ;' inside width, was fabricated of insulating alumina imapregnated with
alumina cernent. A egpecimen-contact thermocouple (Pt-Pt 10% Rh) wae provided
at each end of the bottora of each channel, with a non-contact thermocouple (Pt~
Pt 10% Rh) in a well adjacent to the '"cold' end contact therrmocouple, Four point
contacts (Pt), linearly spaced }," apart, were provided in an alumina block which
fit ingside the channel and rested on top of the specirmen. Thesge contacts were
for the current leadk and 'floating voltage'' probes,

1. Auxiliary Tquipment

Figure I is a sachernatic diagrarn of the circuitry for control, switching,
and tiraing of all rneasurernent instrurnentation, The timer is set for a period
long enough to encompage both the heating and cooling cycles of the furnace,
25°C to 1250°C to 600°C, and the tiraer contacte closed. Thie furnishes power
to the arnplfier and the recorder and closes Relay No.,3, Relay No.l is then
activated by mechanical pushbution, turning on the power to the furnace and the
Wheelco furnace control., The furnace control then turns on, completing the
circuit for the coil of Relay No. 1 and also Relay No.2, V/hen Relay No,2 is
activated (heating cycle), the circuit for the Automatic Resietance Range Switching
Operation (ARRSO) is cornpleted and resistance measurements are made, When
the furnace reaches temperature (1250°C), the Wheelco furnace control breake
the circuit for Relays Nos. 1 and ¢ shutting off the furnace and Wheelco Control,
thue starting the cooling cycle, In the deactivated position Relay No.2 shuts off
the power to the ARRSO and furnishes power to the relaye of the Automatic
Seebeck Coefficient Measuring Apparatus (ASCMA). At the completion of the
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cooling cycle the tirner opens the timer contacte, S,, shutting off the power

to the tirner motor, amplifier, recorder, and Relay No.3., In the deactivated
poeition, Relay No.3 breake the power to the ASCMA. Relay No.3 aleo acts ae
a fail=safe device in that should the AC power to the recorder fail, the DC power
to the ARRSO and ASClviA will be chut off, thus preventing the intermittent duty
type relaye from burning out if the recorder gtops in a position operating the
relays,

2. Resistance Measurement; Automatic Reesistance Range Switching Operation

Figure Il is a schernatic diagrarm of circuitry for the measurement of
electrical recistance; the operation is ac follows: At recorder pointe 5 and 6
the recorder closes S, operating Relays Noe, 1, 2 and 3, Relay No,1 ie a SPST
relay connecting the power supply output frorn Rg through Relays Noe, 2 and 3 to
the specimen current probes. Relay No.2 is a 4PDT latching relay which reverees
the polarity of the current to the epecimen upon activation, Relay No,3 iz a
4PDT relay which, in the activated position on recorder pointe 5 and 6, connects
the current supply to sarnple 1 and connecte the top voltage probes of garmple 1,
through the reversing Relay No. 2, to recorder point 5, In the deactivated position
Relay No. 2 connecte the top voltage probes of sample 2, through revereing Relay
No. 2, to recorder point 11 and connecte the current supply to sample 2. During
the 10 sec. print interval of recorder point 5, the following takes place: If the
voltage across the gpecimen is greater than 20 inv, S; on the recorder ie activated;
if S5 remaine closed for longer than the one second tirne delay afforded by R; and
C; of Relay No,4, Relay No.4 clogsees and remaing closed (due to a holding circuit)
shorting out the top voltage probes and precision resistors R4, Rg, Rg. Thue
under the conditions where the specirnen hae 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 S; ie activated and the drop acroes the top probes
is between 2 rav and 20 mv, then no switches are activated and recorder point 5
recorde the ''floating'' voltage reprecentative of true reesistance and recorder
point 6 recorde the voltage acrose the known resistance Ry+Rgt+Ry,

If the drop across the top voltage probes is legs than 2 rnv, switch S,
ie activated; if 5; ie closed for one second, Relay No,5 ig closed which switchee
out dropping resistor R4 and precigion registor Rq. If thie increase in current
ie sufficient to drive the recorder above 2 rnv, recorder point 5 printe the top
probe voltage ae before, and recorder point 6 prints the voltage drop acroee the
known reeietance RgtRq. If the recorder still remaine below 2 v, Relay No.b
activates one gecond after Relay No, 5, switching out dropping resietor Ry and
preciesion reeietor Ry, Then recorder Point 5 printe the top probe voltage and
recorder point 6 prints the voltage drop acrose precision resistor Ry, Thus
there are three approxirnate current ranges of 2 raa, 15, a2, and 100 ma corres-
ponding to range resistors (Rq+RgtRy, (RgtRy), and Ry reepectively. Now since
the top probe voltage and woltage acrose the appropriate range reegistor are known,
the exact current can be cornputed; frorn the voltage drop, the exact current, and
sample dimeneione, the resietivity can be computed.
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A similar procees occurse for recorder point 11 and 12 except that
Relays Noes, 2 and 3 are not activated when S is operated for points 11 and
12, Since Relay No. 2 is activated in alternate recorder cyclee, the polarity
of the current and the consequent polarity of the top voltage probes ie reversed
for every other recording., Hence it ie possgible to cancel the Seebeck effect
on the resistivity by averaging two successive recordings of the top voltage
probes, The time delay circuits are neceseary 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:

Ey En

S . S
—] Ry  F—NAAAN——

Ry

i)

2 z
he—o ’l l'“l‘ o &—‘“w
Rs F—A\ AN
Ry

Assume that the Seebeck voltage T, and the sample resistance R,
remain constant for two succeseive recorder prints of the top probe voltages
E, and I, and of the voltages ., and T,, across the precision resistors R,
and R;; then

g
adding: 21+ E2 = Re (; + Ip)
but L =25 andL = 2f2
R; RZ

substituting  Re = (=it Z2) (Ry Ry)
Sr1 R+ Egp Ry

Under most conditione the Seebeck voltage ie not large enough to cause a switching
of ranges 8o Ry = R; and £, #¢ I,,. Hence the equationfor sample resistance
becomes



Knowing the resistance R for any given sample, the crose sectional area A,
and the distance L between the top voltage probes, the recsistivity is

R
. Pg= RsA
L

or Pg = (31 + 32) (RLRZl A

Ep) Rzt Zp Ry L

(= + T, | Ry | A
or Py = |=A—=2 [.*"3 ——‘!
2 | *n | L [

3. Registance Meagurerment; 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 mmanually, The 4-point probe method was
employed with the same sample holder and contacts designed for the ARRSO,
Four 134 volt dry cell batteriee connected in series furnighed the current supply,
The meaeured 'floating voltage' wae read from a Leeds and Northrup K-2
Potentiometer using a galvanorneter to indicate balance. The gpecimen tempera~
ture was read from a Leeds and Northrup portable potentiometer indicator.
Figure III showe the circuitry and apparatue used to ewitch the voltage and current
connectione from one sample to the other, Thie switch-gear was also ueed to
reverse the current through the specimen =o that the effect of the Seebeck voltage
could be eliminated. The resistance was obtained frorn the voltage drop across
the specimen, =,, and the voltage drop, Z,,, acroes the known resietor R,.

Then the current was reversed and T; and &, were obtained. The resistance
was calculated as follows:




=
o
"

x = resistance of specimen, and

Ry = resistance of known resistor, then
Ly + L3 = I1 + IZ
RX
Z..+
r ra2
and - = L+l ;
R,

equating the left-hand-side of these gives

R = (_3! + Ez) Rl
x . —
(;.n + .er)

andp = R A (cross section)

* L (probe gauge -length)

For each set of data, the furnace was allowed to stabilize at temperature
8o that &, and =, were obtained at the same temperature., A specimen=-contact
thermocouple, shown in Figure III, was used to obtain the ternperature of measure-
ment,

4, Seebeck Coefficient Measurernent

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 20 mv. full scale,

For sample 1 the ternperature ie printed at recorder point 1 from the
thermocouple not in contact with the sample. Point 2 printe the Seebeck voltage
with reepect to platinumn from the platinum leads of the two thermocouples in
contact with the epecimen, The Seebeck voltage is fed to the recorder in series
with an external +10.0 mv from a Leeds and Northrup potentiometer indicator,
Thie +10,.0 mv. effects a center gcale zero on the recorder, the recorder then
printe both the gign and magnitude of the Seebeck voltage indicating p- and/or
n-type gemiconduction, At recorder pointe 3 and 4 Relay No, 1 ie energized
‘connecting the thermocouples from sample 1 to Relays Nos, 2 and 3. At recorder
point 3 Relay No, 2 i# energized connecting the non-contact, or coldest, thermo=
couple in differential with the cold zone contact thermocouple; thia 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 aleo amplified 100 x and printed, A similar process takes place
at recorder points 7, 8, 9 and 10 for rample 2 with Relay No. 1 in the de-energized
position, When both Relays Nog, 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 pointe 3 and 4, divided
by the thermoelectric geneitivity of Pt ve Pt-10% Rh at a given temperature,
and then divided by 100 gives the temperature gradient in sample 1. Since the
Seebeck voltage has been rneasured and recorded, the Seebeck coefficient can
be caléulated., The reaeon fot 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 sarnple resistances, the resistance of leads
and relays, connecting both contact thermocouples in differential, may be as
large ae the eample resistance and hence the Seebeck effect would dorninate the
differential circuit to the exclusion of the temperature difference,

The following exarnple illuetrates how the Seebeck coefficient ias obtained
from the recorded data. Recorder point 1 was found to read 5,85 mv; 0,15 mv
wag added to cornpensate for thermocouple cold junction at room temperature,
The temperature for 6,00 rav ie 676°C; at this ternperature the thermoelectric
gensitivity of Pt v& Pt-10% Rh ie 0,0103 mv., Dividing 0,0103 myv into 0,079 m,
which was found By taking the difference of potential between recorder points
3 and 4 and dividing by 100, the ternperature gradient ie found to be 7.7°C,
From recorder point 2 the Seebeck emf was found to be ~6,45 mv indicating n~typc
conduction, Dividing =6,45 mv by 7.7°C and multiplying by 1000 gives a Seebeck
coefficient of ~838,v/°C at 676°C,

5, Thermal Conductivity

Thermal conductivity wae approximated using a raodified form of the
Thermal Conductivity Cornparator deeigned by Xenneth Skinner of the Naval
Research Laboratories, The major rnodification was the addition of circuitry
to insure uniforin heating cycles, A diagram of this circuitry is shown in
Figure V. The Leeds and Northrup Speedomax Type G 4-point Recording Potentio.-
meter wage used to measure the "hot' and "cold" temperatures of the specimen;
the Browr. ZTlectronik Recording Potentiorneter wae used as a furnace control,

In operation, when the furnace is cold, an opposing voltage is fed in
eeries into the Brown furnace control and adjusted so that thie voltage plus
furnace thermocouple voltage just equale the voltage needed to drive the furnace
control to the pre~set maxiraum 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 adjueted by the position of the
elide wire before the voltage adjustment. As the oppoeing voltage decreases,
the furnace temperature increages until the thermocouple voltage plus the new
opposing voltage shuts off the furnace, Thie 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 Leedz 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 epecimen and the other eet the '"cold" side, The tempera-
ture gradient in the specimen is obtained by difference, from the raw data, and
plotted against the mean temperature, Thie produces a curve which is a relative
indication of the thermal conductivity of the specirnen; that is, the smaller the
thermal gradient, the higher the thermal conduction., Graphical expreesion of
this relation is shown in Figure VI,
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RISULTS

The final data, resulting frorn 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 ternperature, Zlectrical
properties of the most prormising 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 ecreened are given in
the Appendix; these properties are time and termnperature of sintering, bulk density,
and porosity. The Seebeck Coefficient and electrical resistivity both at a series
of temperatures, and an estiznate of the type of conduction rnechaniem are also
given for these materials which are not presented graphically,

Seebeck Coefficients as a function of ternperature, for TiO, containing
several levels of Nb,Og, are given in Figure VII; in Figure VIII are given the
electrical resistivities as a function of temperature for the game compositions,
Figures IX{ and ¥ show the temnperature dependence of Seebeck Coefficient and
electrical reeistivity, respectively, of TiO; containing several levels of Ta,Os,

The materials presented in these four figures are the best thermoelectrics
resulting frora this work; all are n-type semiconductors, The moet favorable
cornposition is TiO, containing 2,00 Nby;Os. Thie cornposition hae an approximate
figure of raerit of 7,0 x 10 5/°C,

Table Al in the Appendix contains ceramic and electrical resulte for
cornpositions based on siraple oxides: TiO;, Zr0O,;, CeO,, In Table AII of the
Appendix are contained the ceramic and electrical results for those compositions
baged on lithiurn rnetatitanate, Li,TiO,;, and for the analogous Li,SnO; and LiAlQO,,
The ceramic and electrical resulte listed in Table AIII of the Appendix are for
compogitions based on multiple oxides: BaTiO;, LaCr0,;, YCrO,;, PbNb,Og and

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 arnongst these ceraraic properties is the porosity of the specimen, Since
some Standard Cerarnic 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 contente enters as that of the second phase of a mixture
on a volume t22ia, The effect of pores on the Seebeck coefficient, that is, the
nature of the temperature coefficient of the Fermi level for pores and pore=-sgolid
interfaces, is not known.
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Observation of Data

The actual recording of the raw electrical data, that ie, the inetrumental
response of the Leedes and Northrup Recording Potentioraeter, served as the baeie
of interpreting analysie of the reeults, Since neither Hall effect nor diffusion
effecte were measured, only an estirnate could be made, aes described below, as
to the nature of the conduction raechanism,

The algebraic sign of the Seebeck coefficient, S, was taken as a partial
indication of carrier type: for 5>Qthe net carrier effect was assumed to be due
to holee, or direct diffusing catione, or anion vacanciee; for SO the net carrier
effect wag agsumed to be due to electrone, or direct diffusing anion, or cation
vacanciee, Two supplementary criteria were available to aid in the estimation
of carrier type. A firm, steady print of resietance, by the Leeds and Northrup
Recording Potentiometer, wae taken to indicate electron or hcle conduction; a
slow, continuous drift of the reeistance print during the 10 record print interval
wage 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, wae also taken ae¢ an indication of ionic conduction, although rectification
and thermal gradient effect are both posgible explanations of thie instrurnental
response, Corabined with drift, thie alternation of resistance value was taken as
certain indication of ionic conduction; this effect was observed in many rnaterials
and wag estirnated to occur in rnany other materiale, the resistivities of which
were too great to reespond to instrumental lirnits, These latter rnaterials are
indicated ''ionic uncertain'' in the tables in the Appendix, However, the therraal
gradient and externally applied electric field alternately reinforce and oppose
each other, thue confounding the above ''uncertainty'’,

The electrical data alone furnished a criterion of usefulnees in that the
Szlp quotxent 1aust be equal to or greater than 10 ° watt/ cra (°C)? in order to
give Z = 10 3/°C, Hence, clectrical evaluation deterrained whether thermal
conducthty needed to be measured; none of the rnaterials rneasured electrically
warranted determination of thermal conductivity,

Siraple Oxides

Amongst these cornpoeritions the only mnateriale that produced a thermo-=
electric effect were those based on either rutile or fluorite structure; and, indeed,
rutile itself is the most favorable rnaterial of all those exzarnined. Fror Figures
VII and VIII it ie seen that 1,0, 2.0, and 5.0 Nb,Og additione to TiO, produce
rnoderate therrnoelectric Eenuconductors in the temperature range frora 600 to
1200°C; specifically, TiO, plue 2, 0™ Nb,Os hae a Seebeck coefficient of -400)v/°C
and 0.1 ohra-~cm reeigtivity, The same levels of additione of Ta,0g to TiO,,
illustrated in Figuree IX] and i, produce the same resulte with the important
difference that Ta,Os does not lower the resistivity of TiO; as much as does Nb,Oq.
All of thege comnpoeitions are typical n-type, controlled-valency semiconductors
with the site~to-site conduction mechaniem characteristic of such raterials,

Since the Seebeck coefficient ie the sarne for Nb,Og~doped TiO, and Ta,Os~doped
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TiOy, then the ensrgy of the electrons in exccas of the chomical poteatial is the
same, though the electrical rec*:twﬁy is dificrent. It should be noted that although
stoichiormetric imbalance could exist in theac corapoeiticns, the experimental
evidence did not indicate icnic conduction,

It is to be expected that smaller numbers of carriers would mean higher
values of Seebeck cocfficient and *‘esz"..l rity, DRvidence of thiz is seen in Table Al
for the composition TiO, plua™0; 2 %/ ;vIoO3. =1100uv/°C and resistivity greater than
instrurnental limits of 5 chm=cm. Th2 raw data for this compoeition are not
sufficient, howevex, to etale with cextainty that this ie an n-type electronic conductor

Amongsr fluoriie structures, ths on.‘.y noteworthy electronic semiconductor
is CeO, plus 4%/ No~0---500u v/°C = 1 1.5 ol .cra over the tcraperature range of
700 to 1200°C, showa in Tcoble Al, Thic f'oml.o'ut:on is sirnilar to that of TiO, ggped
with Nb,Os. Appa*en« iounic condnctic . iz found in the fluorite structure ZrO,-
Y,05 cubic solid solution, Althcurh cxmerimcerntal evidence was not obtained here.
it ie well estabiished that the conduction raechzanisr in ZrQ; is exclueively ionic, via
vacancies in the oxygen sutlatiice. ii Table A it ie seen that addition of 10%
La,04 to this ZrO,~baz=d comﬂohmon restlted in a Seebeck coefficient ranging from
+10001t v/ °C to 43000|l v/ °C as the temperature increased frorm 900 to 1100°C;

relaxation of atorne s»ound an znicn vncnncy resvlts in a net poritive t‘harge and
hence a poegitive Seeloch creflicient, Coataising 17%% gesquicxide, large numbers
of oxygen vacancizgs exin’ int position the large Seebeck cocfi'icient is
attributable to the tcrapara™irs coeffizisat ¢f the clectrochermical potential of these
vacancies. The hizher vesistivitr nosompaiavieg the large Serbeck coefficient is

expected, but ma2i 2len 1 din to @vaall tiroiaisrence numders foi oxygen ions and
this in turn to di:nion cliscsz 21 o tharmal gwadient and an electric fizld,

Addition o 160%™ o L0 ; G ZrO,eu e Y 2O, cubiz golid z~lution, chown in
Table AI, produced a gm‘r cosl f;;~~r~ C +H 30 to +15001v/°C ac the temperature
ranged from 800 tc 1167°C, . ":" co-npoexf.-o-a is unbalanced
in the opposite dircction to t . =y “he ¥;05 13 more than compensated
for by the Nb,O; and the rf’r. is 3 caee of ntavalert oxide. It was to
be expected that the Senboec - crzase in rpagnitude upon stoichio~
metric compenszaiion, bul nct f’ ot f 2 ofiicient would remain poegitive
upon over -cornpensation, It thus appeirc that the ionic mecharism of conduction in
all ZrOz=baced compecaivicus iz an intrinsic proparty of Zr0Os,

.

*J
m

Lithium Metatitarate

Of ail those Li;TiO3-brscd comnnesitions lizted in Table AIT, only two are
of sufficient consistzn - of belhiavicr to warvent diecuesion, Li;TiO; hae an MgO-
type etructure, with a randore cotion iattice, and undergoes an order~-disorder
transformation at akout 1C25°C, The urirrcd compound anpears to be a strong
ionic conductor, but ihe conducticu proce: s2 iv cuite erratic and is complicated

by the order=disorder transformiatio.. The nature of the conduction process may
be attributed, in part; to the largz d&iZferance in charge of the two gimilar-sized
cations, Another co.ﬂ'nbut:;;z factor is & possibic metastability of Li,TiO; indicated
by the ease of losg of Li,C tl.rough volz 1zt3lization, Hence, practically all Li;TiOg~

based compoeitions cohitited : ierge caehzclt coofficients which varied widely with
temperature; either a chaunge in sige or A reaximurs or minimum occurred, None
of these cornpositions exiitiied an elcctrical resistivity small enough to respond
to inatrumental lirni’s.
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Li,TiO, plue 0, 5™/5 NiO, Table AII, had a Seebeck coefficient increasing
from +1000uv/°C at 700°C to +1500'v/°C at 1150°C, A negative Seebeck coefficient
should result if the Ni(Il) replaces Li (I); 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(ll) is of the eame size as both catione of the host lattice,
then both substitutions can occur together, Now the electrical resistivity did not
record, so the ionic mechanism of conduction remaine uncertain, However, a
hole, and/or an electron, contribution to the conduction process may account for
the steady, but increasing, value of the Seebeck coefficient over the temnperature
range of measurement,

Li,TiO; plus 2, 0™ ThO, had a Seebeck coefficient decreasing from
«850uv/°C at 800°C to =-1200uv/°C at 1225°C., Considered an uncertain electronic
conductor, this composition is the only Li,TiOj=-based material which exhibited a
consistent negative Seebeck coefficient, Since Th(IV) ie eo 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 compounde of these compoeitione are all perovskite~
like, containing a transition metal ion surrounded by an octohedron of gix oxygen
atoms, The alignment of theee octohedra, however, and their relation to the other
cation of the compound, differ in each case, It iz 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% Nb,Os ae shown in Table AIIl, Although
the resistivity wae greater than instrumental limits of 5 chin-cm, it is rather
certain that this composition is an electronic conductor. The Seebeck coefficient
ranged from ~1700uv/°C at 750°C to -3000uv/°C at 1225°C, an n-type thermo-
electric being produced by substitution of Nb(V) for Ti(IV), The negative eign and
increasing magnitude of the Seebeck coefficient indicate that the material ie becoming
an intringic~type semiconductor ae the temperature increases. The relatively
large Seebeck coefficient may be attributed to two factors. Aes in the case of TiO;,
the controlled-valency effect ie rnanifest, though the resistivity is not as low, Here,
again, the carriers have considerable energy in excese of the chemical potential
of the host lattice., The second factor ie the large dielectric constant of BaTiO;,
When materiale which conduct by the site-to-site mechaniem are doped at the levels
of this compoeition, the carriere obeserve the mmacroscopic dielectric conetant of
the host rather than the electronic structure of the host lattice., Hence, high
dielectric constant insulators are readily modified to serniconductors of substanial
Seebeck coefficient by an increase in both dielectric conatant and loss factor, the
latter ultimately exceeding 100%. Although such a compoeition has a large number
of non-degenerate carriers, the gite~to-site conduction mechanism is not effective
enough to use such materials for energy convereion,

Lead metaniobate, PbNb Oy, a ferroelectric with a moderately high dielectric
constant, whilc not a distorted perovskite, doee contain discrete NbO, octahedra.
Addition of 0,5 /o Bi;O, to PbNb,O4, gee Table AlIIl, resulted in a thermoelectric
material somewhat similar to the above BaTiO; compoeition. The Seebeck coefficient
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ranged from =700i1v/*C at 700°C to -2100Ux/°C at 1100°C with a pronounced

miniraum of =3300uv/°C at 1015°C. The electrical resistivity, measured manually

under static conditions, dropped from 70,000 ohm=cm at 700*C to 66 ohm=-cm at
1200°C, exhibiting the negative temperature coefficient peculiar to oxide ceramic
semiconductors,

Since Bi(lll) is interrediate in size between Pb(IlI) and Nb(V), a definite

site of substitution cannot be assigned; on the basie of electronegativity, however,
Bi(lll) ghould substitute for Pb(lI). The thermoelectric semiconduction could arise

as a consequence of the same effectes agcribed to the EaTiO, composition above,

since both lead and bismuth can exist in other oxidation states, The negative tempera
ture coefficient of both resistivity and Seebeck coefficient indicate that thie composi-

tion also tends to become an intrineic eemiconductor at high temperature, The
decreage 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
PbNb,O¢ melts in the vicinity of 1200°C, It ie 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 esame 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 ferroelectrice. Compositions based on LaCrOy
and YCrOj; exhibited moderate Seebeck coefficients; all are ionic conductors, The

data on the five most noteworthy of these are summarized from Table Al below,

Seebeck Zlectrical Temperature  Conduction
Composeition Coefficient Resistivity Range Mechanism
LaCrO; + +500Uv/°C 2-3 ochm=-cm 600 to ionic
5.0 /o TiO, 1100°C
LaCrO; + +500 to 1 600 to ionic
1.0/ 20, +450 1200
LaCr0O, + +575 2 600 to ionic
5.0/ SnO, 1200
YCrOs + +850 >5 370 to ionic,
5.0 /o TiO, 1170 uncertain
YCrOy + +1100 >5 700 to ionic,
0.5/ 2rO, 1200 uncertain

All cornpositione based on LaCrO, and YCrO; were quite refractory and
very difficult to einter; and not all of thern resulted in gatiafactory ceramic
specirnene, In all sintering triale, a dark greenish-grey furne-like deposit was
observed on the interior of the sintering container, Thie indicatee vaporization
of chromium as some form of oxide. Hence, the etoichiometry of the base com-
pound may be sufficiently out of balance to determine all the observed effecte.

If sufficient lose of chromiu.n occurred, the number of vacancies in the above
compoeitions may be of the sarae order of magnitude ae in heavily doped ZrO,
discussed before, The description of the observed effecte may then be that the
Seebeck coefficient iz due to the temperature coefficient of the chemical potential
of vacancies, the conductivity due to diffugion of ione in the oxygen sublattice

via the vacancy mechanisin, 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 YCrO; and doped LaCrO; are moderate ionic semiconductors
with moderate Seebeck coefficients, A higher Seebeck coefficient and higher
resistivity, as a congequence of a smaller number of carriers, are found in
YCrO; than in LaCrO;. The level of doping with tetravalent oxide, does not
appear to be too significant, and indeed may not even be necesesary. Finally,
the orthochromite grouping alone may be the determining factor in the thermo-
electric effects noted, These observations, however, depend greaily on the
extent of sintering., The orthochromites of yttrium and lanthanum thus appear
to be similar to ZrO, as regarde an inherent ionic conduction process at high
temperature,

Positive Seebeck Coefficient Semiconductors

Since all the compoeitione with positive Seebeck coefficients that are
discuesed above are ionic conductors, p-type electronic materials should be
given separate attention, High temperature p-type semicaduction is virtually
imposaible to achieve in any material, Experience has shown that the numbexr
of thermally energized electrone overwhelme the number of controlled-valency-
produced holes with resultant intrineic semiconduction at high temperature,
Numeroue examples of this phenomenon are to be found in Tables Al and AlIlL,
Compositions with positive Seebeck coefficients at lower ternperatures are seen
to undergo congiderable change with increaeing 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
PbNb,O¢ plus 1. 0™/ Mo0O,. Other compositione are seen to exhibit a maximum
or a minimurn in Seebeck coefficient as a function of temperature, some with
and | gome without changing sign. Zxamplee of this bﬁgaavior are ghown by TiO; plus
5.07 /o SnO,, Ce0;+0.2 /o LayO3, PbyNbyOp plus 1.0 /o Sb, O, and PbNbO¢t
0.2 Sb,O5. Thus a fundamental characteristic of eemiconduction, hindering the
development of high temperature p~type thermoelectrics, presents the major
ohstacle to the production of an efficient therrmocouple operating over the tempera-~
ture range of 700 to 1200°C,




Compound
Antimony (ous) oxide, Sb;0O,

Antimony (ic) oxide, Sb;Os
Bismuth trioxide, Bi;O,
Chromium(ic) oxide, Cr;0,
Ferric oxide, Fe,0,

Lead dioxide, PbO,
Magnesium oxide, MgO
Molybdic anhydride, MoO,
Stannic oxide, SnO;
Stannous oxide, SnO
Thallium (ic) oxide, T1,0,
Tungstic anhydride, WO;,

Lanthanum oxide, La;0Oj,

Neodynium oxide, Nd;O,
Thorium oxide, ThO,
Cerium oxide, CeO;
Yttriurn oxide, Y,0,

Lithium carbonate, Li;CO,

Nickelous oxide, NiO

TABLE 1

Identification of Raw Materials

Source

Fisher Scientific Co.,

Lindsay Chemical Div.
American Potash and

Chemical Corp.,

American Potash and

Chemical Corp.

A-860
A-857
B-339
B-334
1-116
L-101
M-51
A-174
T-148
T-150
T-86
A-325

528
629. 9
112
a7
1115

Baker Chemical Co., 2796

NObs 78326

Puritx
99. 77

Technical
99.7%
99.4

99.7
“Special Micro"
99.8

99.5

99.4

99.9
Purified
Purified
99.99%

99.9

99.9

99. 9+
99.9
Technical

99.0




Compound
Niobium oxide, Nb;Os

Tantalum oxide, Ta;Os

Titanium dioxide, TiO;
Zirconium dioxide, ZrO;

Barium titanate, BaTiO,

TABLE 1 (continued)

Identification of Raw Materials

Source

Fansteel Metallurgical
Co., 721

” " 5 zl

TAM Div., National
Lead Co., Vapor Phase

TAM Div., National
Lead Co., 608

TAM Div., National
Lead Co., 510

NObe 78326

Purity

99.5
99.5

98. 4
99.3

99.9

it ot Ao e AR i



NObs78326

TABLE II

Identification of Compounds Prepared

Name of Compound or Synthesis Conditions
Solid Solution Formula Raw Materials gengp. Time
Zirconia-yttria

Solid Solution Zro ’3Yo. 0101,’65 Z2r0,;, Y0, 2300°F 3 hrs
Zirconia-calcia

Solid Solution Zry ..;Cao. “01.‘5 ZrO;. CaCO, 2300 3
Zirconia-ceria

Solid Solution Zro..,Ceo.r,Og ZrO;. CeO; 2300 3
Lithium metatitanate Li,TiO, LiCO,, TiO; 1800 3
Lithium Zirconate LizZrO, Li;CO,4,2r0,; 2200 2
Lithium aluminate LiAlQ, LijCO;, Al,Oy 1700 2
Lithium stannate LiSn0O, LiC04,500; 1600 2
Lead metaniobate PbNb;O¢ PbCO,, NbyO, 1900 3
Lead pyroniobate Pb;Nb,;Oy 2PhCO4, Nb;O5 1900 3
Yttrium orthochromite YCrO, Y20, Cr;0, 2300 3
Lanthanum orthochromite LaCrO, La;0,, Cr;0, 2400 3



FIGURE 1

_AUXILIARY CIRCUITRY FOR ELECTRICAL MEASUREMENTS
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CIRCUITRY FOR MANUAL MEASUREMENT OF RESISTIVITY
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FIGURE V

MODIFIED CIRCUITRY FOR SKINNER THERMAL COMPARATOR
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FIGURRE VII
SEEBECK COEFFICIENT AS A FUNCTION OF TEMPERATURES
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FIGURE VIII
ELECTRICAL RESISTIVITY AS A FUNCTION OF TEMPERATURE
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APPENDIX
TABLE Al

Summary of Ceramic and Electrical Properties of Simple Oxides

Base % Bulk Seebeck
Material Addition Temp. Time Density Porosity Temperature Coefficient Resistivity Conduction
TiO,; 2600°F 3hrs 4.05g/cm3® 0.096% 128°C -55liv/°C >S5 ohm-cm .electronic
960 -134 uncertain
852 (i
816 +100
0.1™0 Sb;O; 2600°F 3hrs 4.2 0. 000 to 700 erratic, ! electronic
870 +825 uncertain
1054 0
1200 -550 >5
0. 2% SbOy 2600°F 3 hrs 4.19 0. 000 704 -457 electronic
870 -435 uncertain
us2 -370 »5
0. 5™ Sb;O5 2600°F 3 hrs 4.17 0. 015 690 -627 electronic
968 -608
122 -605
1244 -609 0.74
L 0™ Sb;0; 2600°F 3 hrs 4.12 0.1 690 -482 electronic
880 -491
1050 -489
1244 -480 0. 26 .
2.0™/0 Sb;0; 2600°F 3 hrs  3.57 12. 25 732 -815 electronic
934 -550
946 235
1100 . 0.78
1106 -250
1220 0. 39
5.0™0 Sb;0; 2600°F 3 hrs  3.80 9 2 694 -671 electronic
906 -531
980 L12
1050 -450
1072 0. 69
1236 0. 38
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