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1. SUMMARY

This final report on the Module Improvement Program, NObs 84329, pre-
sents additional data primarily related to the continued testing of materials
for use in power generator modules. For more detail on the development and
properties of these materials, reference is made to the Progress Reports, Nos.
1, 2, and 3 of this contract, and to the Progress Reports for NObs 86595 and
84317.

The objective of the program has been to improve the life-performance
of thermoelectric generator modules by means of engineering development and
evaluation in the areas of insulation, material processing, and contacting.
During the program, it became apparent that the life-performance of materials
would be strongly influenced by the stresses imposed by operating conditions,
and that life-performance would be directly dependent on the mechanical pro-
perties of the thermoelectric materials and contacts. Therefore the program
was modified to include a stress analysis and the testing of mechanical pro-
perties of materials.

At the beginning of the program, state-of-the-art in generator module
life-performance was represented by the couple technology of the 5 KW generator.
Average life at that time was 400 hours for 25 percent drop in power output,
and initial couple efficiency of 5 percent.

At the conclusion of the program, average module life is 7500 hours
for 25 percent power drop, with some module tests running in excess of 10,000

hours. Module efficiency has been improved to 7 percent for a smaller temperature
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gradient, which insures longer life. In Figure 1, where this relationship
is shown graphically, it will be seen that several intermediate points are
plotted for more recent developments. The behavior of these is such as to
indicate that life-performance will be at least equivalent to the 10,000
hour tests now completed.

Three module sections, with a combined power output slightly above
30 watts, have been assembled using the material-couple systems for which
performance data are shown in Figure 1. The module sections were operated
for 100 hours in our laboratory, and were then delivered to the Engineering
Experiment Station at Annapolis, Maryland, where they will be put on extended
life-per formance test.

With the demonstration of life approaching one year of operation at
useful power levels, it may be concluded that thermoelectric power generation
is very close to practical application for remote and portable power packs,
Additional development is needed to improve the consistency and reliability
of the couples. This work falls generally into two areas: the completion of
the processing development, property measurement, and contacting evaluation
for the presently used materials; and the continued development and module

"proof tests" of several newer materials.
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II. INSULATING CORE COATINGS

At the beginning of the program, state-of-the-art was reviewed
to establish criteria for insulating core céatings for use in thermo-
electric power generation.

1. Operational capability in the temperature range
300°C-600°C.

2. Reliable service life of at least 10,000 hours.

3. Impervious to corrosion by thermoelectric materials.

4. Absence of porosity.

5. Resistance to thermal shock and cycling.

6. Stability under reducing atmosphere.

7. Low thermal drop.

8. High resistivity (106 ohm-cm) and dielectric strength
(min. 40 V/mil)

9. Ease of application.

10. Good bearing strength.

High temperature stability, electrical properties, and thermal
conductivity of filled and unfilled organic resins, glasses, inorganic
sheet insulation and plasma sprayed inorganic oxides were measured. Eval-
uation of results narrowed the materials searching to inorganic oxides,
both in sheet form, and in the form of plasma sprayed films. It became
apparent that the source of major temperature drop was the interface rather

than the material itself, Therefore, emphasis was changed to explore
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methods for minimizing the interface temperature drop of the inorgenic oxides.
Plasma jet coating of the oxide on the metal core was investigated as a means
of "fusing" the coating to get low temperature drop across one 1nt¢rf¢cé.
Methods were developed for plasma jet spraying that would apply a coating
of uniform, high dielectric strength. To minimize the other interface temper-
ature drop, liquid metals were investigated. These, of course, must be non-re-
active with the core coating at elevated temperature.

Samples of several core coatings with and without liquid metal inter-
faces were prepared and put on life test. The following Memo summarizes the

results:
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Research Labs. Memo No. M-62136-6 July 18, 1962
Insulation & Chemistry Tech. Dept.

TERMINATION OF AGING OF INORGANIC OXIDE COATINGS
IN PRESENCE OF THERMOELECTRIC ELEMENTS

D. W. Lewis

As described in Materials Research Laboratories Report No. 62147-
24405%, the change in temperature drop and resistivity of several plasma
sprayed alumina and magnesia coatings, and one of evaporated silicon mon-
oxide, were measured as these coatings were aged in the presence of T/E
elements. At the same time, the effectiveness of gallium-indium liquid
alloy in reducing the thermal resistance of the hot strap-core coating
interface was also determined. During aging, 160 volts D. C. was applied
across the coating. A pressure of 30 psi was applied at the contact of
the hot strap with the core coating. The units were cycled four times a
day between aging temperature and tap water temperature (about 20°C).
Shutdown periods were 2 hours long so that heat and voltage were on only
16 out of 24 hours. 1In all tests, the cold core was in contact with a
water -cooled heat sink.

Aging of the first three coatings in the table was at 325°C, but

after 2600 hours, the temperature was raised to 350°C. BiTe pellets were

*
Module Improvement Program, Progress Report No. 3, March 15, 1962
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present in all three units. The heat flux through each of these three coat-
ings was 32.5 watts/in.z. Just before termination of the tests after 7800
hours at 350°C, the resistivity of all three were in the range of 1010 to 1011
ohm-cm. at temperature. The temperature-measuring thermocouple attached to
the magnesia coating was broken during aging, but earlier temperature drops
were similar to the alumina coating. Wetting of the interface between the
1.1 mil alumina surface and the T/E strap lowered the temperature drop to
6.5 to 8 °C. The coatings were in excellent condition at the end of the
tests. Gallium-indium was still a bright liquid metal. Incidentally, a
similar test at 515°C showed that Ga-In is effective for only a few hundred
hours. At this temperature, it reacts with oxygen and metallic straps.

A 3 mil plasma sprayed magnesia coating was aged for 3565 hours
at 500°C in the presence of GeBiTe pellets. The temperature drop varied
during this time from 18 to 28°C and the resistivity from 1010 to 108 ohm-cm,
The thermal flux through the system was 68 watts/in.z as determined by a
calorimetric measurement of the heat output. Some chipping of the coating
from the hot core was beginning to occur.

A 2.3 mil coating applied by evaporation of silicon monoxide was
aged for 1700 hours at 500°C in the presence of GeBiTe pellets. During
this time, the temperature drop increased from 26° to 45° with a heat flux
of 70 watts/in.z. At the beginning, the resistivity was 1010 ohm-cm. When

a short occurred after 1700 hours, the test was stopped. The coating was

severely cracked,

11-4



Plasma sprayed alumina coatings, 3.5 mils thick, were aged at 510°C
in two assemblies in the presence of 8 SNAP-10 couples. 1In one, the coating
was applied to the hot core on which the couples were pressed., In the other,
the coating was applied to the hot straps of the 8 couples. The temperature
drop at the various couples varied roughly from 28 to 53°C, resulting from
slight irregularities in the height of the couples. However, the temperature
drop at any one couple remained quite constant over the full aging period,
The heat flux through both of these systems was 38 watts/in.z. The resistivity
of the coating on the hot core remained at 1010 to 1011 ohm-cm. throughout,
while a short occurred after 4500 hours at 510°C in the assembly which had
the alumina on the couple straps. From the appearance of the coatings, the
exact opposite would be expected. The coating was cracking away from the
core and when the couples were lifted off the coated core, some of the
coating remained stuck to the couple strap. The coatings applied to the
individual couple straps were still intact.

It would appear from these results that plasma sprayed alumina or
magnesia would function as T/E core coatings indefinitely at 350°C in the
presence of BiTe elements. Also, gallium-indium liquid alloy is effective
in reducing the interfacial thermal drop in this environment. These coat-
ings would te effective for shorter periods at 510°C under the severe thermal

cycling prevailing in these tests.
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111. MECHANICAL PROPERTIES

Mechanical properties of various compositions of ZnSb, PbTe, and
GeBiTe have been reported.* 1In the following section, additional mechanical
properties are reported for another material (BiSbTe) and for GeBiTe having
two different sintering treatments.

Mechanical Properties of Pressed BiSbTe in Compression Perpendicular to

Pressing:

Three heats of BiSbTe were tested in compression from room tem-
perature to 450°C. One heat had a 1% addition of gold, the second 5%
gold, and the third no gold. The ultimate strength, Young's modulus
of elasticity, and Poisson's ration were measured. None of the speci-
mens tested exhibited a 0.2% yield strength; failure was always reached
before the 0.2% yield.

At room temperature, SR-4 resistance strain gages were used to
measure the strain, and at elevated temperatures a 2" SR-4 extensometer
was used. Two specimen sizes were tested. All specimens 1/4" wide by
1/4" thick were 1" long, and specimens 3/8" wide by 1/4" thick were 1/2"
long., With both specimen sizes, the load was applied in the length direc-
tion, which is perpendicular to pressing. The extensometer was used with
the 1" specimens only. It was fixed to two platens 1/2" in diameter at
each end of the specimen. As the specimen compressed, the platens follow-

ed the deformation which was measured by the extensometer. The platens

*
Module Improvement Program, Progress Report No. 3, March 15, 1962
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vere hardened and the compressive loads low so that a negligible deformation
occurred in the platens.

The results are tabulated in Table 1 and presented graphically in
Figure 1. They indicate that the gold additions did not significantly affect

the mechanical properties of BiSbTe. More tests are needed for conclusive

proof.
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TABLE 1

MECHANICAL PROPERTIES OF PRESSED BiSbTe
IN COMPRESSION PERPENDICULAR TO PRESSING

Test Modulus of
Specimen Width Thickness Temp. Ultimate Stress Elasticity Poisson's
Mark Inches Inches °c Lbs. Psi Psi Ratio
3276-1 0.376 0.247 RT 1205 12950 3.5 x 106 0.17
-2 0.249 0.250 RT 583 9350 4,6 " " 0.25
-3 0.250 0.250 RT 592 9450 4,6 " " 0.20
-4 0.250 0.250 350 563 9000 34" " +
-5 0.250 0.250 350 548 8750 3.1 " +
-6 0.376 0.247 400 262 2800 + +
3341-1 0.250 0.249 RT 658 10550 5.3~ " 0.16
-2 0.376 0.250 RT 1085 11550 3.gn " 0.22
-3 0.376 0.250 400 280 3000 + +
-4 0.250 0.249 450 141 2250 + +
3344-1 0.387 0.268 RT 920 9100 2.7 " " 0.20
-2 0.250 0.250 RT 625 10000 4,6 " " 0.29
-3 0.250 0.252 RT 678 10750 48" " +
-4 0.250 0.250 350 373 5950 2,2 " +
-5 0.250 0.250 350 652 10450 24" " +
-6 0.378 0.268 400 293 2900 + +

*This property was not measured

NOTE: 1. None of the specimens exhibited 0.2% yield.

2. Heat #3276 = Bi _Sb. _Te, + 5% Au

5°71.5°7°3
3. Heat #3341 = 81.38b1.7Te3
4, Heat #3344 = 31.3Sb1.7Te3 + 1% Au

5. The data in this table is presented graphically in Figure 1.

111-3



CURVE 565087
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Fig. 1-Mechanical properties of pressed Bi-Sb-Te

perpendicular to pressing direction
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The Effect of Sintering Treatments and Composition on the Mechanical Properties

of GeBiTe:

The effect of sintering treatment and composition on the mechanical
properties of GeBiTe was determined. The mechanical properties were me-sured
in compression at room temperature and 450°C, and the ultimate shear strength
was measured at room temperature.

The room temperature compression and shear tests were conducted on
pellets 1/2" diameter by 1/2" long. For the compression tests the load was
applied parallel to the pressing direction, and in the shear tests the load
was applied perpendicular to pressing. For the elevated temperature tests,
three 1/2" diameter by 1/2" long pellets were stacked for each test. SR-4
resistance strain gages were used to measure the strain in the specimen at
room temperature, and & one-inch SR-4 extensometer was used at the elevated
temperatures to measure the strain over the central one-inch of the stack.
The room tempevature tests were conducted in an air atmosphere, while the
elevated temperature tests were conducted in a flooded argon gas atmosphere.
A detailed description of the testing procedure is given in Central Technical
Services Report No. 62-173-567-R4¥*,

The composition of Heat Nos. 3365, 3366, and 3417 was Ge

0.93%%0.077¢

and the composition of Heat No. 3418 was Ge Two sintering treat-

0.95%10.05T
ments were used with Heat Nos. 3365, 3366, and 3417. Those marked dash H (-H)
or dash one (-1) were sintered in hydrogen gas for 1-1/2 hours at 600°C plus

1/2 hour at 685°C. Those marked dash L (-L) or dash two (-2) were sintered in

*
Module Improvement Program, Progress Report No. 3, March 15, 1962
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hydrogen gas for 1-1/2 hours at 600°C and 1/2 hour at 665°C. Heat No. 3418-1
was sintered in hydrogen gas 1-1/2 hours at 600°C plus 1/2 hour at 685°C, and
Heat No. 3418-2 was sintered in hydrogen gas for 3 hours at 600°C.

The compression test results are tabulated in Table 1 and Table 2
and the shear test data in Table 3. The compression test data is also pre-
sented graphically in Figures 1 to 4. Since the shear tests were conducted
at room temperature only, the shear data is not presented graphically.

The ’dnta shows that the modulus of elasticity is higher for the
heats with the higher sintering temperatures. These heats are marked -1
or -H. The ultimate compressive strength is also higher for these heats
at room temperature. The ultimate compressive strengths of heats 3417 and
3418 at 450°C were about the same for both sintering treatments of each
heat. With a few exceptions, none of the heats exhibited a 0.2% yield
strength at room temperature. All heats exhibited a 0.2% yield at 450°C.

Some values of Poisson's ratio are low, and in general, the speci-
men with the low Poisson's ratio gave a low value for Young's modulus of
elasticity. The low value of Poisson's ration could be the result of low

density or microscopic cracks in the specimens.
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TABLE 3

SHEAR STRENGTH OF PRESSED GeBiTe AT ROOM TEMPERATURE
MEASURED PERPENDICULAR TO PRESSING
HEAT NOS, 3365-L, 3365-H, 3366-L, 3366-H
3417-1, 3417-2, 3418-1, 3418-2

Specimen Test Ultimate Shear Stress
Identification Diameter Temp. Lbs, Psi
3365-L -1 .502 R. T. 240 1200

-2 " " 185 950
-3 " " 184 950
3365-H -1 495 " 204 1050
-2 494 " 305 1600
-3 .501 " 397 2000
3366-L -1 " " 231 1150
-2 " " 203 1050
-3 " " 246 1250
3366-H -1 499 " 305 1550
-2 493 " 350 1850
-3 .499 " 369 1900
3418-1 -1 496 " 299 1550
-2 496 " 236 1200
-3 .496 " 265 1350
3418-2 -1 496 " 199 1050
-2 496 " 253 1300
-3 496 " 202 1050
3417-1 -1 .501 " 540 2750
-2 .501 " 406 2050
-3 496 " 450 2350
3417-2 -1 .502 " 183 900
-2 .502 " 204 1050
-3 .502 " 161 800
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CURVE 565083
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Ultimate Compressive Strength

Youngs Modulus, psi x 100

0.2% Yield Strength, psi
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Fig. 2~Compressive strength of Ge g3 Bi g7 Te
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-L 600°C, 1% Hour, Hy + 665°C, % Hour, Ho
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1V, TEST PROGRAM

Introduction:

The purpose of this extensive test program is to evaluate the per-
formance of thermoelectric couples as to their life, power output, efficiency,
mechanical and metallurgical construction and many other factors which might
contribute to the successful operation of a static power conversion unit.

When a thermoelectric couple is assembled it forms a power producing
system, which consists of thermoelectric elements, hot strap, spring braid
assemblies and various contacting materials. This system when tested will
give different performance results than will be obtained when the elements
are tested separately. A further change of behavior is observed when a
number of thermoelectric couples are integrated to form either a module or
a full size generator. These changes are direct results of heat transfer
conditions and electrical circuit conditions.

In this phase of the test program primary interest has been couple
testing, however, testing of single pellets must preceed the proper design of
couples. Thus whenever pellet tests have been performed or are in progress,
they will be indicated as such and correlated to the final couple.

In order to properly evaluate the performance of couples it is
necessary to have a test system which will provide accurate results as well
as to be able to accommodate a representative sample and test it under a
specified range of conditions. For this reason, a number of devices has been

designed and is discussed in the following paragraphs.
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Test Equipment

Single Couple Efficiency Tester

A test set-up was designed for measuring the thermal input power
and electrical output power of single thermoelectric couples. The design
was chosen for easy and rapid assembly and disassembly of the test thermo-
couples and for simple testing techniques to minimize the lapse between the
time of thermoelectric couple fabrication and the time of performance eval-
uation.

The tester is shown in Figure #1. Heat is supplied to the test
couple from an electrical heater and rejected to two cooling blocks which
are soldered directly to the cold caps of the couple. Springs placed on
each leg of the couple keep the thermoelements under compression to assure
good thermal contacts. The couple and the heater are surrounded by thermal
insulation which is contained by a guard heater block. A temperature con-
troller maintains the guard heater block at the same temperature as the
couple heater block in order to minimize thermal leakage from the thermo-
electric element and the couple heater. The guard heater is surrounded by
more thermal insulation which is enclosed by an outer container. Heavy
braids connect the cooling blocks on the thermoelectric couple to the elec-
trical load and instrumentation. The efficiency values are obtained by
measuring thermsl power input, heat exchanger dissipation, and electrical

power output,
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Multicouple Efficiency Tester

The multiple couple efficiency test fixture, Figure #2, is designed
to measure couple thermal power inputs, electrical power outputs, voltages,
resistances, and temperatures, The fixtures can accept as many as eight
thermocouples arranged to closely approximate a generator module. A variety
of module sizes can be accommodated.

The test rig contains a guard heater to minimize heat leakage from
the couple heater. The heat sink consists of both heaters and water coolers
to provide a wide range of heat sink temperatures. The gases around the
fixture can be evacuated under the bell jar to reduce heat leakages,

Single Couple Life Test Modules

Test fixtures of this type were designed for long time operation,
with the added features of controlling internal gas pressure and composition.
Provision for water cooling of the plate has also been made. An insulated
heater block is placed at the center of the plate on top of which the thermo-
electric couple is placed and soldered to the heavy power output braids. On
top of the couple hot side a lava block with another heater block is placed
and the assembly compressed to provide good thermal contact. A metallic |
enclosure with a sealed side window is then placed on top of the plate over
the couple assembly, and the final seal provided by an "O0" ring placed in
the groove of the plate and compressed by the flange of the metallic container.

Electrical power output, heat input, etc., can be obteined in the
same manner as on previously described test set-ups. Cycling is provided by

timing devices external to the test fixtures, Figure #3.
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Multi-Couple Life Test Hodu%el

The basic design of this type of test assembly is the same as the
single couple test rig previously described except that it is able to accept
up to 8 thermoelectric couples. Instrumentation of this type of module is
installed in such a way as to monitor each couple separately as well as the
whole assembly. Figure #4 shows the life test modules.

In addition to the modules in which atmospheric conditions are
controlled, special assemblies are used for in-air tests. These are much
simpler in their construction, consisting of a heater block on the hot side,
thermoelectric couple ladder, a water flow heat exchanger on the cold side,
and the temperature instrumentation.

Generator Simulator Test Fixtures

These fixtures provide great flexibility to produce any combination
of the following variables in special test modules:

1. hot side base material - steel, aluminum, etc.

2. hot side coating - glasses, ceramics, etc.

3. material to produce a good thermal contact between hot
side coating and hot strap of couple.

4, thermoelectric couple.

5. encapsulation.

6. thermal insulations.

7. materials to produce a good thermal contact between cold
strap of couple and cold side coating.

8. cold side coating - glasses, ceramics, etc.
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9. cold side base material - steel, aluminum, etc.
10. surrounding atmosphere - argon, helium, etc.

Information can be obtained on the interaction of all of the variables,
providing valuable data for module design including power output values and
life of a thermoelectric generator.

The test fixtures are designed to fit inside of a bell jar. They
consist of an insulated heater block for heating the hot side base material,
a cold side heater block which is also provided with water cooling to pro-
duce a wide range of temperatures on the cold side base material, a vacuum
discharge line, a gas charging line to provide the desired atmosphere,
thermocouples and power output, electrical feed throughs, and water cooling
lines.

These fixtures may be used to determine:

1. the electrical output and lifetime of the thermoelectric

couple.

2. the electrical resistance of various hot and cold side

coatings plotted against either temperature or time.

3. the thermal drops occurring across the interfaces between

the thermoelectric couple and the hot and cold side coatings.

4. the dielectric strength of the core coatings plotted against

either temperature or time.

5. chemical reactions which occur among the couple, encapsula-

tions, core coatings, and thermal insulation.

Four test fixtures (Figure #5) for generator simulator tests are

available, Additional information on test equipment is in Appendix A.
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Module Description and Test Results:

A total of 45 module assemblied containing various couple designs
and operating under different conditions are now on test. Of the above
tests there are; 1) 10 single couple tests in air, 2) 2 four couple module
tests in air, 3) 15 single couple tests in hydrogen argon atmosphere,
4) 17 four couple tests in hydrogen argon atmosphere, and 5) 1 eight couple
module operating in a nitrogen atmosphere. The hot strap temperatures vary
from 400°C to 550°C with a cold strap temperatures ranging from 40° to 170°C.
Since new tests modules are continuously being put on test the time of opera-
tion ranges from 1060 hrs. to 15000 hrs.
The following paragraphs give a brief description of representative
test modules. Their performance results are shown in the respective graphs,
Module EP-3 consists of 8 PbTe-GeBiTe couples (designated
as TAP-100F couples) with N and P leg dimensions of 1/2" dia-
meter x 1/2" high. These couples are an early "State-of-the-Art"
couple and have a performance factor of 0.94.* The module was
assembled using phlogopite mica as hot and cold side electrical
insulation, potassium titnate thermal insulation and a resin coat-
ing on the thermoelements. The module has been thermally cycled
for a total of 20 cycles to date., Total time of operation 9500

hrs, Figure #6.

*
A factor obtained by comparing any individual modules performance to the per-
formance that could be obtained from a module assembled with the highest per-

formance, TAP-100F type couples at the same oporatihg temperature and geometries.
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Module X-1 consists of four PbTe-GeBiTe couples (1/2"
diameter x 1/4" high legs) and has a performance factor of
0.77. The couples in the module were fabricated using Sn
diffused contacts on the thermoelements. The module has
been cycled at approximately one thermal cycle per week.

At the end of 4400 hrs. the module was transferred to the
Naval Engineering Experimental Station where tests are
being continued,

Module X-2 consisted of four PbTe-GeBiTe couples (1/2"
diameter x 1/2" high legs) with performance factor of 1.27.
Couples in this module were fabricated using a bi-metallic
hot strap of silver and cobalt in an effort to match the
thermal expansion of the hot strap to the T. E. material.

This module was disassembled at the end of 3000 hrs. due to
rapid degradation.

Modules X-3 and X-4 are the same as X-2 with performance
factors of 1.22 and 1.17 respectively. Figures #7 and #8 show
test results.

Module X-5 consists of four latest modified TAP-100F couples
and has a performance factor of 1.17. Thermal cycling is at a
rate of approximately one thermal cycle per week. This module
was also transferred and is being tested at the Naval Engineer-
ing Experimental Station. At the time of transfer the module

had operated a total of 4100 hrs.
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Module X-9 consists of four PbTe-GeBiTe couples and is similar
to Module X-1 except that pellet dimensions are 1/2" diameter x 1/2"
high. Module assembly consists of phlogopite mica and "hard coated"
aluminum as the hot and cold side electrical insulation. The module
is being thermally cycled at approximately one cycle per week,
Figure #9.

Module X-12 consists of four PbTe-SbBiTe couples. Pellet
dimensions are 1/4" x 1/4" x 1/2". The couples were fabricated
on a silver hot strap with a gold-indium alloy used as the hot
side joining material and tin as the cold side joining material.
Figure #10.

Module X-13 consists of four PbTe-SbInTe couples. Pellet
dimensions are 1/4" x 1/4" x 1/2". The P-leg contact is made by
the use of plasma sprayed Fe and a flash of Ni for wetting purposes.
The N-leg contact with plasma sprayed Co and a flash of Ni. Module
hot side is operating at 425°C. Data is given in Figure 11,

Module X-15 is the same as Module X-12 except the pellet
dimensions are 1/4" x 1/2" x 1/4", Test data is given in Figure #12.
Module X-20 consists of four GeBiTe-PbTe couples. Contacts
were made by a Sn diffusion process. The P-leg is 1/2" diameter
x 3/8" high. The N-leg is 1/2" diameter x 1/4" high. Hot straps
are made from stainless steel. Module is operating at a hot side

temperature of 500°C. Data is given in Figure #13.
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Module XD-1 consists of one PbTe-N-PbTe-P couple, with pressure
contact joint on the hot strap (iron) and Sn joints on the cold side,
Pellet dimensions &re 1/2" diameter by 1/4" high. This type of
couple assembly has proven to have rather fine cycling properties.
Test results are given in Pigure $14.

Module XD-3 is the same as Module XD-1 except four couples have
been assembled. This module is being cycled 6 times per day. Data
is given in Figure #15, -

Couple #6476 is a TAP-100F type couple. P-leg GeBiTe 1/2"
diameter by 1/2" high. N-leg PbTe 1/2" diameter by 1/2" high.

The couple is running in air with a nominal amount of cycling.
It has a silicone resin coating on pellet surfaces. Total
operating time is 12400 hrs. Test results are given in Figure

'16.

Measuring the efficiency of thermocouples and modules requires a great
deal of time, patience, care, and well designed equipment. Much effort has been
given to this aspect of the program. Two vacuum and inert gas type efficiency
checkers and several atmospheric type measuring systems have been developed with
accuracies suitable for the Module Improvement Program. The testers have been
described previously.

Since efficiency tests are rather lengthy and only two vacuum type
testers are available, only selected couple systems can be checked. Efficiency

data on most of the previously discussed couples has been obtained and was
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discussed in detail in previous reports,

Additional and more specific discussions on couple testing are pre-
sented in Appendices B and C.

Conclusions

The highest module efficiencies are achieved at low heat flux densi-
ties. As heat flux density is increased in an attempt to reduce generator size,
the efficiency is reduced. This loss in performance is caused primarily by
thermal and electrical contact resistances inherent in any module system. 1In
designing a module for minimum size or maximum efficiency, the heat transfer
characteristics of the heat source, the heat sink, and the module must be con-
sidered from a system aspect.

A thermoelectric generator can be defined as a heat engine in which
heat enters at a relatively high temperature, and is rejected at a lower tem-
perature. A percentage of the heat that passes through the generator is con-
verted to electrical energy. The d-c output voltage is approximately propor-
tional to the difference in temperature between the heat entering and the heat
rejected by the generator. The rate at which heat can enter the generator, and
consequently the electrical power that can be generated, is determined by the
rate at which t! : generator heat sirk can reject heat. The electrical power
generated is determined by the product of the efficieﬁcy of the generator times
the rate of heat flowing through the generator.

The thermoelectric generator is composed of one or more thermocouples

made up of P- and N-legs connected in series by an electrically conducting
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material. All thermoelements in a single stage generators are connected in
parellel in the heat flow circuit. A module is a discrete section of a gen-
erator -- an independent structure or enclosure that houses one or more
thermocouples. This basic module concept may, in practical form, appear in

a variety of shapes and sizes. Among the many geometries that have been
considered are thermoelements that are rectangular, round, washer shaped,
concentrically mounted, and multi-column. However, despite the shape of

the thermoelements, there are many common factors that determine the perform-
ance and characteristics of a module.

There are two important factors that limit the power generating
capability of a module., The first factor, thermal contact resistance, degrades
generator efficiency by introducing irreversible losses into the heat flow
circuit. It is one of several obstacles that inhibits reduction in generator
size and reduces generator efficiency. The second factor, electrical resist-
ance, degrades generator efficiency by introducing resistance in the series
electrical power circuit. This resistance also increases the irreversible
losses in the system and limits the reduction in thermoelement length that
can be achieved.

The thermoelemené area, length, and shape are restricted by mechanical
stresses in the bulk material caused by the temperature difference between the
hot and cold sides., Additional stresses can arise due to differences in coef-
ficient of expansion between the thermocouple legs and the connecting strap.

Also, consideration must be given to the stresses introduced into the thermo-
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couples by the expansion and contraction of the module structure as it passes
through cycles of heating and cooling. The structure design problem is com-
pounded by the requirement that the hot and cold walls of the module maintain
good thermal contact with the respective hot and cold straps of each thermo-
couple.

Once a thermocouple design has been finalized, it will have a char-
acteristic efficiency that is determined by thermoelement material character-
istics, compatibility between the various materials, contact resistance, the
degree to which the design has been optimized, and operating temperatures.

Major changes in thermocouple length, area and shape have been found to influ-
ence the performance of the thermocouple., Contact resistance and internal
stresses in the thermoelements presently limit the heat flux densities at which
thermocouples can effectively operate.

Calculations indicate that couples which are long in the direction of
heat flow compared to the cross sectional area will tend to have smaller stress-
es than those that are shorter in the direction of heat flow, thus indicating
better overall performance and longer life. Practical evaluations, however, have
shown contrary to the above. As an example couples assembled with 1/2" diameter
1/4" high pellets have been shown to perform better from the standpoint of
cycling and life that those manufactured from 1/2" diameter 1/2" high pellets.
This can be attributed to manufacturing conditions. When using a powder press-
ing process to form pellets, it was found that the 1/4" high pellet was mechani-

cally stronger and more homogeneous than pellets of greater height.
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When operated in a moduie, the performance of thermocouples is de-
graded by the following factors:
1. non-uniform temperatures on the hot and cold sides of the
module.

2. Temperature drops that appear across the hot and cold thermal
contacts of the couple and across the flexible braids if they
are used.

3. heat that leaks past the thermocouple through the thermal

insulation, the encapsulation material, and the sealing
plates.

The cumulative effect of the above factors for heat fluxes of 30 watts/
1n2 can lovwer the effective efficiency of a thermocouple 10 to 20 percent in a
generator.

Extensive development programs, however, have minimized the above
described degradation factors. Temperature distribution has been improved to
the extent that a 5°C gradient can be obtained over a one square foot area and
30°C gradients over areas up to 12 ftz with standard gas or liquid heat sources.
Temperature drops and heat leaks have been minimized with better assembly tech-
niques and improved insulations respectively. As a result of these improvements
and the continued development of improved couples, considerable increase in the
overall performance of modules has been observed. Single couple operation has
exceeded the 15000 hr. mark. Test modules have operated in excess of 10000 hrs.
with less than 25% degradation and an increase rate of cycling. The average
module life has increased about 5000 hrs. in the last two years from 2500 hours

to 7500 hours.

Iv-13



39389] Aoua1d1333 a1dno) aiduls

1 @an814

Iv-14

N.PM - 1417



193891 Aouaio133d 21dnoy FITNW

Z 9and13

v-15

963

N.PM-~



19383], 937171 31dno) ay8uig

€ aan81a

Iv-16

NPM.~ 1418



s19383] 3317 91dnon T1ITNK

Loy
2ig) e el 414)$1%) £];

61, L BRRRIERRRsReNsYy

% aan314

w-17

NPM- 1419



$1931893]

103RNUWIS I03BIDUIY

¢ 2an8y13

Iv-18

N.PM.- 1420



61-AX

9 FANOI1A
sinoy ‘aunj

000 ‘01 0006 0008 0002 0009 §m

I

2

%1¢ 'G'N | st =7/ ‘baq ‘wJdoN €

T \J

b

S
052
00¢
0s¢

<]

05

(<1

‘wjy usboyIN | 09

$9j4J 02 <

20061~ dwa] 'S°)
2006y~ ‘dwal S °H 0L
€-d3 ajnpow osed I3 ¢l
8 s31dno) 4001-dV1

. 08
€2LE2S SAdND

%6 IV spem ‘Jamod

VW ‘Y104



Ve i

L TANO14

sinoy ‘awi]
000 ‘01 0006 0008 0004 0009 Sma
I
~ 6¢ l
%02 "0 °N ¢
1
S
00¢
(1,49
(117
91
81
02
F24
006y = 11 b2
sdesjs Jnepwig
buol 2/l 810 .2/ 311999 +214d 9%
82
(s31dno) p) ¢-X afnpow o

lele2s anund

Sjem ‘1amod

Jo IV

VW Y04



000 ‘01

12-A1

g TANO1a
sinoy ‘awij
0006 000 0009 SRo
I ©
£
~12 ¢ 5
%91 "Q°N €5
Av w
4
00€ [~
ose <
-]
§ (o]
12
91 -
81
Z
H % =
Jolsh =1 & 3
dens |ejoung o
:N\.— X :N\_.. o._._mcw - w.zn_ QN
(s31dn0) ) H-X alnpow %
82

gaLle2s FAUND



TT~AL

6 TENOI4
sinoy ‘awn}
000 000 = 1
=¥ - %5 ¢l %) W|l.§
%yl ‘Q°N —~ 6] ~01 $319AD 11
T | — 41
——
— ]
\ -
—— — \v\

Jo08 = U.h.

Jo0sh = I..._..

UbIH ,2/T X "BlQ wafl

sa|dno) ¢

6-X 3|npow

N T NN - O

g§ % §
%0 LV

12LE25 FAUND

shem ‘Jamog

swyojjw * IH



€Z-AI

01 FUNOIJ
sinoy ‘aung
000s 000y 000¢ 0002 0001
1l $3|9 €[
=—%6 "0°N -9/ ‘g wioN

KT

208991 D002y =1
..N\.— X :Q\— X :V\m
©1184S - 21190d) $31dn0) p

¢I-X ainpow

62L€2S FAund

N O 00 VW S N O

. .
— 4

0se

J0 IV SHem ‘Jamod

W "YIoH



#2-Al1

O o w T N O

11 FANOI1A
sinoy ‘awij
000y 000¢ 0002 0001
~0T S—] e Y N () §
%9 Q"N -9/ ‘63q ‘waoN
|

JoSlb = :»
:g X :Q\H X :V\~
@LUIqS - 31qd) sajdno) p
€1-X a|npoy

0L

00T
ott

OELE2S FAHND

174}

SHeM ‘1amod

Jo ‘IV

sw ‘Y04



ST-AI

Z1 F4NO14
sinoy ‘awnj
000s 000y 000¢ 0002 0001 0
~01 2
%9 Q"N —————S3|AD ¢
——90) ‘63Q ‘wJoN

o5z = M1 L

siiem ‘Jamod

N & NN~ O

R R

%0 IV

g

Bw ‘Y04

:V\— X ..N\— X :#\m \
@119qs - 31qd) saidno) ¢ —

SI-X 3|npow

etLeeS =AuND




9Z-A1

¢1 FANOIaA
sanoy ‘awij
0005 000 000¢ 0002 0001 0 0
I
2
S
I
4
\ 21
St
Y e
20005 = | 91
314d - UbIH ,p/T x ‘e1g .21 631-N I
311699 - YbIH ,8/ X °BIq ,,2/1 691-4

81
(s31dno) ) 0z-X ajnpow o1
02

9TLES FAuND

g § R

Jo IV Siem ‘Jamoy

BW Yoy



000 ‘01

LT-AX

%1 |WNOIA

2) s4noy ‘awi)

0006 0008 000Z

0
N_a&o 91 1 S
— %P1 “WION ~ ol o
o wZAN @ | =
2 2
£
(D @) 0% >
I Rv -
S
00S
\‘l o
\
passaday desjs uoJg ——16 5
*S *H "JU0) a4Nssald @ o
@M YBIH b1 "B, 21dn0) o1
alqd adAL N +d I
1-0X a|npow
0005 000V 000¢ 0002 0001 0%
SelfzS aaund (1) sanoy ‘awj)



BT Nl

ST JANO1A
sinoy ‘awn|
000V 000¢ 0002 0001 0
~ 0¢%
%22 "0°N 591249 091
T1°a'N
/ *.v

—~—=T

90006 = M)

3pIS JOH U0 “Ju0) 3unssatd
*el@ ,,2/T UBIH , p/T

©1qd adAL N3d)

sa|dno) ¢
€-0X 3|npow

gTLE2S 3A¥ND

00 M~ W wn o« oM N — (=]
Sjem ‘1amod

BRERKRLK=2 g8RK

(=4
~

Jo IV

BW YIioH



62-AL

91 IAWNOIA
sanoy ‘awij

000 ‘ST 000 Y1 000 ‘€T 000 ‘21 000 ‘11 000 ‘0t
.

G08- *D°Q - UIS3Y aU0dI|IS - Bujyeo) X

VWG T- ¥pI0) Nug o o —%¢Z ‘Bag ‘wioN |..

o086 ‘dwal apis joy | *STC AN ¢

-

c
153 J1y U1 52p9¢ 91dnog Qg - de] 002
052
LTLE2¢ Faund 8m

spem ndinp Jamod

Jo IV



V. FINAL MODULE FABRICATION AND PERFORMANCE

Three sections of a module having a power output slightly in excess
of 30 watts have been built and delivered to the Engineering Experiment Station
for life-performance testing. Couples for each of the three sections are
different and were chosen on the basis of life-performance testing. A brief
sumpnary of each of these module sections and the initial performance follow:

MIP-I PbTe-BiSbTe couple:

This couple utilizes an alternate p material (BiSbTe) developed for
power generation use up to a hot side temperature of 425°C.* The relatively
small size of the couple makes a rather high heat flux unit. In order to
minimize the temperature drop across the braids, large braids, relative to
leg cross section, were used. No springs were used; instead the spring
action of the braid itself is relied upon. A sketch of the couple is shown
in Figure 1, and initial performance data for a 24 couple module section
are given in Table 1.

MIP-11 PbTe-GeBiTe with hard joints on the hot sides:

The technology for this couple was first developed several years ago.
With subsequent improvements in materials and joints, it has become the standard
against which other materials and couple fabrication procedures are evaluated.
A sketch of this couple is shown in Figure 2, Average properties over the tem-

perature range for the materials used in these couples are as follows:

—
Thermoelectricity, Quarterly Progress Report No. 2, August, 1962
NObs 86595
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— ®, -— '3
o&.ésV/C @ 2-cm x 10

450°C-100°C 450°C-150°C
PbTe -222 2.15
GeBiTe +130 1.00

Ten of these couples are mounted in series in the module section.
Initial performance data are given in Table 1.

MIP-I111 PbTe-CeBiTe with Sn diffusion joints:

The thermoelectric couples utilized in Module Section No. MIP-III
were prepared by means of a tin diffusion technique applied at both the hot
and cold junctions. Thermoelectric materials used are pressed and sintered
bismuth doped lead telluride for the N-leg and pressed and sintered G°0.935
310.0651‘ for the P-leg. Dimensions for the N-leg are 1/2 inch diameter by
1/4 inch long and for the P-leg are 1/2 inch diameter by 3/8 inch long. The
hot junction strap and the cold junction disks are of 304 stainless steel.
All mating faces of both the stainless steel parts and the thermoelectric
pellets vere ultrasonically wetted with tin and were diffusion bonded before
assembly. Diffusion bonding of the tin was perforped by heat treatment in
argon, The treatment used for tin to stainless steel was 10 minutes at
800°C; the treatment used for tin to germanium bismuth telluride and tin to
lead telluride was 10 minutes at 600°C. The hot junction straps were

geometrically modified to provide improved resistance to thermal cycling.

These couples are intended for relatively high thermal density applications

where portability, efficiency and thermal cycling are primary considerations.

They are suitable for use over the 500°C to 150°C temperature range for



which they will produce approximately 1.4 watts per couple under matched
load conditions. A sketch of this couple is shown in Figure 3, and the

initial performance data of the 10 couple module section is shown in

Table 1.
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IWG. 6254359

Armco Fe Hot Strap

/ '/Au-Zn Joining Alloy

Ni-P Joining Alloy Pressed on Iron Cap

1 Dia. x 1 lg. Pressed — 1~ 15 Dia. x5 lg. Pressed
3 Diax3 lg. 277727 pyTe(n)
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Fig. 2—Pb Te-Ge Bi Te couple with hard joints on the hot sides (Tap-100 style)
MIP-11
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Fig. 3—Pb Te-Ge Bi Te couple with Sn diffusion joints
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TABLE 1

INITIAL PERFORMANCE OF MODULE SECTIONS

T, °C T ° v v
H, c, I L o R, P
No. Couples Av. 5 Points Av. 5 Points A T,°C Amps Volts Volts -wfi- Watts
MIP-1
24 393 113 280 7.9 1.26 2.55 163 9.99
MIP-11
10 " 446 43 403 17.0 0.60 1.20 35.2 10.2
MIP-I11
10 485 66 411 18.0 0.80 1.48 36.1 15.1
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APPENDIX A

TESTER FOR GENERATOR THERMOCOUPLES IN CONTROLLED ATMOSPHERE

C. K. Strobel

This appendix describes a tester designed to measure performance and
life of a generator thermocouple in a controlled atmosphere. The tester is the
calorimeter type consisting of a nine-inch diameter glass bell jar cover over
a circular metsl base on which the heat sinks with calorimeters and the spring-
loaded heat sour.e elevated on vertical adjusting screws are mounted. The
arrangement is such that the generator couple can be placed vertically between
the heat sinks at the bottom and heat source at the top. Provisions are included
for measurement-thermocouples, electric lead wires, water connections and
atmosphere-control connections.

Figures 1, 2, and 3 show the general construction of the tester. The
performance evaluation is obtained from a comparison of data in tests, using the
same couple, in an earlier tester and in the tester described in this appendix.
It should be noted here that different methods of measuring couple heat flows
were used in the two testers. In the earlier tester which will be referred to
as the case loss type A, the couple heat flow was obtained by subtracting the
calibrated tester case losses from the measured source heater power. In the
present tester, which will be referred to as the sink loss type B, the couple
heat flow was obtained by subtracting the calibrated stray heat flow to the

sinks from the measured total heat flow to the sinks.
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Referring to Figure 1, the tester of the present study consists of
the test equipment mounted on a horizontal circular brass plate, which is
supported by legs at the bottom and provided with a bell jar cover for the
top. The equipment is mounted on the bagse plate inside of the jar with
provisions for atmosphere, water and electrical control from the outside. The
overall outside dimensions, exclusive of support legs, are about 9-1/2 in. dia.
by 18 in. high and the overall dimensions of the test equipment are about
4-1/4 in, dia. by 6 in. high.

The base plate supports the test equipment and contsins sealed con-
nections to the outside for water, gas and electricity. 1t also has O-ring
seals for the bell jar and the sink case which can be oriented for convenience
in mounting of the couple. The inlet and outlet water tubes are soldered into
the base of the sink casing. The other connections are sealed through the
main base with the aid of O-ring flanges. These are the gas or pumping con-
nection, the current leads with the aid of glass insulators, and both the
thermocouple and voltage leads with the aid of '"Conax" thermocouple glands.
The orientation of the tester and the location of the leads in the "Conax"
glands shown in the drawings are for clarity and not necessarily the same
as used in the testing for this study.

The sink assembly consists of the water cooled sinks with associated
reservoirs mounted centrally in a stainless steel container and packed with
potassium titanate insulstion. The container is a thin-wall cup, about 4-1/4

in. OD by 2-1/4 in., high with a bottom O-ring projection, about 2-1/4 in. OD
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by 1/2 in. high., There are two separate heat sinks, electrically and thermally
insulated from each other with insulating spacers at top and bottom and
supported on a layer of potassium titanate in the bottom of the container,
80 that the top surfaces of the sinks are level with the top edge of the
container. Each sink has a single-layer copper-tube helical cooling coil, the
ends of which are connected to reservoirs which have tube extensions through
the titanate and container base to inlet and outlet water connections. Each
of the two inlet lines is equipped with a separate vater flowmeter, (not shown)
which is calibrated for calorimeter measuring purposes.

Further details on the calorimeter may be seen by referring to
Figures 2 and 3. For each heat sink, there are two cylindrical copper
reservoirs, each containing an insulated thermocouple well. One reservoir
is connected in the water inlet line and the other in the water outlet line,
for each sink cooling coil. The inlet reservoir is thermally isolated from
the cooling coil by a rubber tube connection and the outlet reservoir is
thermally isolated from the water supply line by a rubber tube connection.
For each sink, the two measuring thermocouples (0.010 in. dia. chromel-
alumel wires), inserted in the wells of the inlet and outlet reservoirs,
are connected electrically in series opposing so as to provide for measure-
ment of the difference between outlet and inlet water temperatures with the
aid of a potentiometer. This temperature difference and the water flow-rate
are used to calculate the heat flow to the sink. Disturbing heat flows,

from the sink to the inlet calorimeter reservoir and from the outlet calori-

VI-A-3



[P

meter reservoir to the outlet water tube, are made negligible by use of the
rubber tube connections, mentioned earlier. Other calibrated stray heat
losses, obtained from measurements with the test couple replaced with titanate
insulation, are subtracted from the sink heat flows to obtain the heat flow
through the couple.

The heat source assembly is somewhat similar to the sink assembly.

A 115V-100W cartridge heater, 1-3/8 in. long by 3/8 in. dia. is mounted in

a length wise hole in a rectangular stainless steel block, 2 in. by 3/4 1in.

by 3/4 in. The block, with thin stainless steel supports, is mounted centrally
on the inside bottom of a cupjohaped stainless steel container (3-7/8 in. OD
by 1-1/2 in, high), so that the block face (2 in. by 3/4 in.) is level with
the circular edge of the container. There are two thermocouples, one for
temperature measurements and one for a Magamp temperature control, inserted
in lengthwise thermocouple holes in the block. The thermocouples consist
of 0.005 in. dia. chromel-alumel wires in an inconel sheath 0.042 in. dia.
The thermocouples and heater leads are brought out through holes in the cup
container. Potassium titanate insulation, flush with the circular edge of
the container, imbeds the source.

The bottom of the container cup is attached to a horizontal tri-
angular stainless steel plate, which has mounting holes with insulating
bushings at the corners. The bushings have clearance holes for the three
threaded vertical stainless steel rods which are mounted on the bell jar

base. The triangular plate is placed on the rods so that the cup is inverted
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and the face of the source rests on the hot junction strap of the couple to
be tested. Compression springs with adjusting nuts are placed on the rods
on top of the plate so that the nuts might be tightened to obtain the desired
assembly force on the test couple, (10 pounds per leg for the present tests,)
In general, the couple to be tested is mounted between the source
and sinks (vith a thermal resistor and ball type of joint interposed between
the cold end and sink for each leg), so that mechanical strains are minimized,
the heat flow is directed downward through the couple, and there are provisions
for temperature and electrical measurements. For the present tests, the arrange-
ment was as shown in Figure 1 except that a thin (0.001 in.) sheet of mica was
used between the source and hot junction strap and the thermal resistors were
omitted at the cold ends. The mica prevented electrical resistance changes
with contact variations and the ball and socket joints, between the cold ends
and sinks, prevented serious mechanical strains in the couple. All pressure
contact surfaces at the cold ends, including those of the ball and socket
joints, were coated with gallium-indium liquid alloy to ensure low resistance
through the joints. Split and cored disks of potassium titanate were inserted
around the couple, between the source and sink, for heat insulation. Sheathed
thermocouples and stainless steel wire voltage leads, attached in holes in the
back strap and cold end terminal disks, were used with appropriate meters for
temperature and voltage measurements. Electric current measurements were
made with the aid of a 50 mv-50 amp shunt, a variable resistance and s switch-

ing device, connected in series with the sink cooling coils as shown in Figures
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2 and 3. In this circuit the test thermocouple was the electric generator; the
sinks with cooling coils were the generator terminals; and the shunt with vari-
able resistor was the load.

The unencapsulated thermocouple, No. 93, used for the tests of this
study, consisted basically of a parallel mounting of a P-leg and an N-leg on
a common stainless steel back strap with stainless steel flat disks, 3/32 in.
thick, attached to the free ends. The semiconductor material in each leg was
about 1/4 in. long by 1/2 in, dia; germanjum bismuth telluride, batch No. GBT
93-3-15, for the P-leg; lead telluride batch No. Q-24 for the N-leg. The leg
contact faces for use at the cold junction were initially flat and those for
use at the hot junctions were initially 0.001 in. deep concave. The back
strap, 1-3/8 in. by 3/4 in. by 1/4 in., had two flat-bottom circular recesses,
0.505 in., dia. by 0,064 in. deep, into which the hot junction ends of the legs
were inserted. Before assembly, the contact faces of the stainless steel parts
and the ends of the legs were coated with a tin solder which was then diffused
by a heat treatment. The parts were then tin-soldered together without further
diffusion treatment,

Couple No. 93 was tested first at room ambient in the case loss type
of tester. Basically, the couple with electric leads and measuring thermocouples
attached, was mounted in a vertical cylindrical case between an electric heat
source at the bottom and water-cooled spring-loaded heat sinks at the top, so
that there was a force of about 10 pounds on each leg. A sheet of 0.001 in.
mica was placed between the heat source and hot junction strap, and a gallium-

indium layer was used between the cold ends and sinks. The casing was filled
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with potassium titanate insulation and had measuring thermocouples attached
to the outside for use in determining the average case temperatures. The
average case temperatures vere used to determine the test couple heat flow
by correcting the electric heater power for case losses, obtained from a
calibration of average case temperature versus heater power with potassium
titsnate insulation substitution for the test couple.

Steady-state electrical and temperature measurements were made,
with appropriate meters, at the start and at intervals during 37 days of
matched load life test. For these measurements, the source temperature was
adjusted for 450°C at the hot junction, with the sinks water-cooled by a
constant water flow, and the couple on open circuit. After the open circuit
measurements, matched load was applied without changing the source tempera-
ture control, and the closed circuit measurements were made. Then the test
was continued with matched load. 1In addition, on the last day of test, a
third set of data was obtained with matched load and the source temperature
raised so as to elevate the hot junction temperature to 450°C. The measure-
ments made on the last day of the life test, along with the calculated couple
properties, are recorded in Tables I and 11 of this appendix.

After the above test, couple No. 93 was transferred to the sink
loss type of tester for performance measurements both at room atmosphere con-
ditions and in argon atmosphere at about 12 psi. For these tests, the couple
was mounted in the tester as described earlier with reference to Figure I,

except the bell jar cover was not used in the case of the room atmosphere test.
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For the test in argon, the bell jar enclosure was evacuated at a pressure of
less than 5 microns for 24 hours (to remove moisture from the titanate insuls-.
tion) and then back filled with argon to a pressure of about 12 psi.

Steady state open and closed circuit couple measurements were made
in the same manner as with the case loss type of tester. With both testers,
steady state condition was obtained after operation for about an hour at a
given setting.

Data for calculating the total and stray heat flows to the sinks were
obtained by calibration tests. For the case of total heat flow each flowmeter
in the sink water supplies was calibrated by measuring the amount of water
which flowed in two minutes for a scale reading of 16 divisions. Since it
was found that the flows might vary as much as from 34 to 26 cu cm per minute
(cu cm and ml considered same), because of contamination of the flowmeters
with prolonged usage, the flowmeters were calibrated for each test. For the
case of the stray heat flows, for each of the two ambient conditions, measure-
ments were made of the total heat flow to the sinks for various source
temperatures, when the test couple was replaced with the same form of potassium
titanate insulation. The calculated heat flow through the titanate, replacing
the couple, was subtracted from the measured total heat flow to obtain the
correction for stray heat flow. The correction factors were 3.30 watts for
a source temperature of about 500°C in the case of the room atmosphere ambient
and 2.8 watts at a source temperature of about 510°C in the case of the argon

ambient.
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The test data and calculated performance characteristics obtained
with couple No. 93 in the sink loss type of tester are recorded in Tables
1 and 1I. In order to illustrate an advantage of this type of tester, in
providing for heat flow measurements in each leg separately, performance
characteristics for each leg in the argon ambient test, are also shown in
Table II. It should be noted that the individual leg data are not for the
equivalent of matched load for each leg.

Referring to the earlier descriptions of the testers and to the
three lines of data listed in Table I, for the room atmosphere ambient
conditions, for both testers A and B, it will be seen that the test conditions
for the couple in the two testers were generally comparable. The basic differ-
ence was that the ball and socket joints at the cold ends of the couple in
tester B caused the temperature drop across the couple in this tester to be
a little lower than the drop obtained in tester A without the ball and
socket joints. This lower drop with practically the same hot junction tempera-
tures caused the average temperature of the couple to be higher in tester B
than in tester A. These differences in temperature conditions can partly
account for the slight differences observed in comparing the other data for
the testers in the lines referred to above, as will become apparent from the
following discussion of the associated data in Table 1I.

In Table 11, a comparison of the room-ambient couple performance
data, listed in the three lines for tester B with the corresponding data

for tester A, shows that generally the data obtained with the two different
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types of testers are in close agreement and that the lack of agreement is
consistent with the difference in couple temperatures. The lower Seebeck
coefficient for the couple at the higher average temperature in tester B
is consistent with the saturation at the higher temperatures shown for the
Seebeck coefficient versus temperature curves vhich we have available for
thermoelectric materials similar to those used here. Also assuming a
positive temperature coefficient of resistance for the thermoelectric
materials, we might expect the higher resistance values at the higher
average temperatures in tester B as shown by the data. In the case of
thermal conductivities, the temperature coefficients might be either
slightly positive or negative, and the values obtained should agree closely

as shown in the table. The lower temperature drop across the couple in

tester B, should cause both the lower value of heat flow and the lower value

of efficiency (lower Carnot value) shown in Table II for tester B. Thus,
considering that we might expect some differences caused by transferring
the couple from one tester to the other, the data obtained with the same
couple in the two testers are in good agreement,

The vertification of the agreement of the test results with the
two testers was the major purpose of this investigation. The agreement
shows that either tester might be used for couple measurements involving
heat flows and efficiencies at room ambient and that the efficiencies
have been verified by two different methods of test, Also the values of
resistances and Seebeck coefficients obtained with these testers are in

close agreement with values measured for single legs of similar materials
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in other test devices at our laboratory.

The other data in Table I and II are supplementary but present
additional information which is of importance in our testing. The data
in the third line, under the room atmosphere tests for both testers in
both tables, show that there is no great error introduced by not raising
the hot junction temperature back to its initial value after the load is
connected to the couple, These data also show the magnitude of the errors
involved., The tests with different atmospheres in tester B show that
initially the data for the complete couple are essentially the same in
room air or argon.

The calculated performance for the P-leg and N-leg separately,
as tabulated in Table II, illustrates the additional feature of tester B
which provides for obtaining values of thermal conductivity and efficiency
of the leg materials separately. There will be some errors introduced by
contact and strap resistance but these should not be large for s newly made
couple. Also, if desired, the couple loading could be adjusted to obtain
the equivalent of matched load for each leg separately.

Unfortunately, we cannot compare the values obtained in the present
tests with literature values since we do not have the specifications or
reference data for the materials used for couple 93, and the data recorded
are values obtsined after 37 days of life test. However, the initial
Seebeck coefficient and electrical resistivity values (obtained in tester
A) of 148 microvolts per °C and 1.51 milliohm cm respectively for the

P-leg, and 196 microvolts per °C and 2,72 milliohm cm respectively for
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the N-leg, are consistent with corresponding literature values for similar
materials at an average temperature of about 520°K. Also the initial value
of 0.02 watts per cm per °C for each leg, estimated from the values in Table
11 and the amount of change in combined thermal conductivity in 37 days of
test, is consistent with literature values for similar materials., These
values indicate thst fairly accurate results should be expected from measure-

ments of thermoelectric properties with such testers.
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Sample Calculations - Tester B - Argon Atmosphere - Source
Temperature not Adjusted for Electrical Load

For Complete Couple
Ty~ T, = 450.2°C - 42.9°C = 407.3°C (open couple circuit)
TH - Tc = 441.8°C - 45.9°C = 395.9°C (load couple circuit)

Seebeck Coefficient =

open counle microvolts _ 144.6 mv 354.7 microvolts

o - - [ 7 =
TH Tc 407.3 %¢

vol. of vater

Corrected Heat Watts (open circuit) = sec

x density water

4.19 watt sec

x Temp. Rise x specific heat x ——=——g e

- stray heat flow

- 28.9cucm 1 min. lg o 1 calorie
in X &0 sec *caca X (7.68 + 7.68)°C x Tsx1

4,19 watt sec

calorie - 2,80 vatts = 30.91 watts - 2.80 watts = 28,11 watts

Thermal watts per °C through both legs = corrected heat watts per °C

28.11 watts 28.11 watts watts
T,T_(open) %07.3°C 0.0689 ==

Equivalent thermal conductivity at two legs of thermoelectric material in

b length one leg
parallel = k = combined thermal watts x 2x area one leg’

Measured length of each leg = 0,653 cm =i
3.6 x (1.27 em)?

Area of each leg = A = 1,265 8q, cm, = A
_0.653 cm. _ _0.515 A _
A 1.265 sq. cm. cm z 1.942 cm.
. 0.0689 watts 0.515 vatts
k="% * Tem " 0018 o
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Corrected heat watts for closed circnuit with matched load

o 28.9 cu cm x 1 min lg x (8.33 + 8.38)°C x 1 cal,

min. 60 sec * cu cm 1g x 1°C
x “—1-3.‘1'42 - 2.804 = 33.70W - 2.80W = 30.80 watts

Electric power output at matched load = load (volts x amps)

3

= 72,3 x 10 v x 21.80 amp. = 1.577 watts

Bfficiency = %z:—;—::—;—s? x 100 = ;05;;: x 100 = 5,10 percent

internal voltage drop with load _ 144.6 mv - 72.3 mv
load amps. 21.8 amp.

Couple resistance =

= 3,315 milliohms

Equivalent electrical resistivity of two legs in series = couple resistance

x %— = 3.315 milliohm x 0.971 cm = 3.220 milliohm cm.

For P-Leg Alone

T, - T, (open) = 450.2°C - 47.9°C = 402.3°C

TH - ‘l‘c (closed) = 441.8°C - 50.8°C = 391,0°C

Seebeck coefficient = -2%52—5'% = 159.9 nic___t;c:_v___colt-

28.9 cu cm 1l min 1g o 1 cal.
win. X8 lecxcucn"7'6scx 1g 1°C

Corrected heat watts (open) =

4.19 watt sec

cal - L.40W = 15.49W - 1.40W = 14.09W
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Thermal watts _ 1:4.0W

W
= 202.3° = 0.0350 % °

0.515
Thermal conductivity = 0.0350 -;- X S = 0,0180 -rc—

28.9 cu cm x 1l min

Corrected heat watts (closed) = . 50 sec * cucm

x 1 cal, x 4.19 w sec
1g x 1°C cal.

- 1.4W = 16.78W - 1.4W = 15,38W.

Electric power output » 35,6 mv x 21,8 amp = 0,775V,

0.775W

15.38W X 100 = 5.05 percent. (Not for matched load).

Efficiency =

64.2 mv - 35.6 mv o 28.6 mv
21.8 amps 21.8 amp

Resistance = = 1,312 milliohms.

Resistivity = 1,312 ohms x 1.942 cm = 2.547 milliohm cm.
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APPENDIX B

PERFORMANCE OF ZINC ANTIMONIDE, GERMANIUM BISMUTH TELLURIDE AND
LEAD TELLURIDE IN GENERATOR THERMOCOUPLE ASSEMBLIES

C. K. Strobel

The results of some recent tests are bteing reported here in order
to accumulate both performance data on the materials which are presently
being considered for semiconductor thermocouple generators, and reliability
data on a new tester. The tests were made with two similar unencapsulated
thermocouples, Nos, 107 and 115B, under comparable conditions, in the con-
trolled atmosphere couple tester B described in Appendix A,

Each of the two couples consisted basically of a parallel mounting
of a P-leg and an N-leg on & common flat steel back-strap, 1-3/8 in. by

/4 in, by 1/4 in., The strap was low carbon steel for couple No. 107 and
stainless steel for couple No. 115B., A flat stainless steel disk, 1/2 in.
diameter by 3/32 in. thick, was attached to the free end of each leg. The
dimensions of three of the legs were 1/2 in. diameter by 1/2 in. long and of
the fourth leg (zinc antimonide) were 1/2 in. diameter by 15/32 in. long.
Couple No. 107 was made with a zinc antimonide P-leg (batch HT 3072) and a
lead telluride N-leg (batch HT 3249). Couple No. 115B was made with a
germanium bismuth telluride P-leg (batch B-36) and a lead telluride N-leg

(batch HT 3249, Both N-legs were made from the same batch of material.

The ends of all legs were initially flat, Before assembly, the contact faces
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of all steel parts and the ends of the legs were coated with a tin solder
which was then diffused by a heat treatment. The parts were then tin-soldered
together without further diffusion treatment. Appropriate holes in the end
disks and back-straps provided for the attachment of measuring thermocouples
and stainless steel voltage measurement leads. 1t should be pointed out that
these couples were designed for initial testing only and not for long life with
heat cycling.

For testing, each generator couple in turn was mounted between the
heat source at the top and two separately cooled heat sinks at the bottom in
such a wvay as to obtain s compressive force of 10 pounds on each leg. A thin
(0.001 in.) sheet of mics was interposed between the source and hot junction
strap to prevent electrical resistance changes with contact variations. A
ball and socket joint was interposed between the cold ends and sink for each
leg in order to minimize mechanical strains in the couple. All pressure
contact surfaces at the cold ends, including those of the ball and socket
joints, were coated with gallium-indium liquid alloy to ensure low electrical
and thermal resistance through the joints. Split and cored disks of potassium
titanate were inserted around the couple, between the source and sinks, for
heat insulation.

The tests were conducted in an argon atmosphere at about 12 psi.
With the source temperature and calorimeter water flows held constant for a
given test, measureuw.2nts were made of the source temperatures, couple junction

temperatures, couple voltages, couple current, calorimeter temperatures and
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calorimeter water flows. From these measurements the characteristics of the
complete couple and of each leg separately vere determined.

Three different tests were conducted with each of the two generator
thermocouples (Nos. 107 and 115B) under steady state operating conditionms.
Rach of these tests was the same for each couple. In the first test, the hot
junction strap was at s temperature of 450°C, the cold end sinks were water
cooled and the output circuit of the couple was open. For the second test,
the couple circuit was closed through a matched load without changing the
control temperature of the heat source. The third test was similar to the
second test except that the source temperature control was adjusted to raise
the hot junction strap temperature back to 450°C with matched couple load.
The water flows to each of the two sinks and calorimeters were held at the
same constant values for all six tests. The experimental and performance
data for these couples are recorded in Tables I and 1I.

From Table I, it may be seen that the test conditions for the two
generator couples were comparable in each of the three tests. Small differ-
ences in temperature drops across the couples probably resulted from differ-
ences in thermal conductivities and Peltier effects.

The data of Table II show not only the consistency of the measured
material characteristics with literature values but also the compatibility of
the thermoelectric materials with assembly materials. The calculated values of
Seebeck coefficient, electrical resistivity, and thermal conductivity for each

of the three materials at an average operating temperature of about 515°K are
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consistent with literature values which we have available for similar materials,
In the assemblies, the pure tin solder seemed to be satisfactory for all junct-
ions. Lead telluride gave equally good performance when assembled either on

a low carbon steel or a stainless steel hot junction strap. For the P-legs,
zinc antimonide on a low carbon steel strap and germanium bismuth telluride on
a stainless steel strap were about equal in regard to electric power output and
overall efficiency. The values of output voltage and internal resistance were
lower for the zinc antimonide than for the germanium bismuth telluride. Since
lead telluride gave equally good perfotnlncefon either strap material, it might
be llldﬂed that a stainless steel back-strap ;ould be satisfactory for zinc
antimonide although this has not been tried exp;;imeétally. It appears that
either couple might be considered for operation, in the temperature range

used here, provided known assembly methods are used to provide for life with
hest cycling. There is some preference for couple No. 115B in that all of

its materials are operable at temperatures appreciably above 450°C whereas
couple No, 107 is limited to about 450°C operation by the zinc antimonide

and to some extent by the low carbon steel.
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APPENDIX C

EFFECT ON INITIAL PERFORMANCE OF RECESSING THE HOT
JUNCTION STRAP OF A GERMANIUM BISMUTH TELLURIDE -
LEAD TELLURIDE GENERATOR THERMOCOUPLE

C. K. Strobel

In the continued development of semiconductor thermocouples for
generators, data have been obtained with two generator couples on the effect
on initial performance of one of the known assembly modifications for improve-
ment of heat cycling life., The description and initial performance of the
first couple, No. 115B, which was designed with flat pellet ends on a plain
flat hot junction strap for initial test.-:; only, are covered in Appendix B.
The description and initial performance of a second similar couple, No. 118,
having a recessed hot junction strap to improve heat cycling life, are covered
in this appendix. Heat cycling life test data, showing beneficial effects of
recessing, have been obtained in laboratory tests but are not included here.
This discussion deals only with a comparison of the initial performance
qualities of the two couples mentioned above, to show any effects of recessing.

Bach of the unencapsulated couples, Nos. 115B and 118, used for the
tests of this study, consisted basically of a parallel mounting of a P-leg
and an N-leg on a common stainless steel hot junction strap, 1-3/8 in. by
3/4 in. by 1/4 in., with a stainless steel flat disk, 1/2 in. diameter by
3/32 in. thick, attached to the free end of each leg. The semiconductor

material in each leg was 1/2 in, diameter by 1/2 in. long; germanium bismuth
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telluride, batch No. B-36, for the P-leg; lead telluride, batch No. HT 3249,
for the N-leg. The leg contact faces for both hot and cold junctions were
initially flat. The hot junction strap was plain and flat for couple No. 115B.
For couple No. 118, the strap was similar except for two flat-bottom circular
recesses, 0.505 in. diameter by 0.125 in. deep, into which the hot junction
ends of the legs were inserted. Before assembly, the contact faces of the
stainless steel parts and the legs were coated with & tin solder which was then
diffused by heat treatment. The parts were then tin-soldered together without
further diffusion treatment. Appropriste holes in the cold junction disks and
hot junction strap of each couple were used for attaching voltage leads and
instrument thermocouples.

The performance dsta on the two generator couples were obtained with
the controlled atmosphere tester B, which is described in detail in Appendix A.
In testing, each couple in turn, in an argon atmosphere at 12 psi, was held
between an electrically heated source at the top and two calorimeter heat
sinks, one for each leg, at the bottom, so as to obtain & compression force
of 10 pounds on each leg. A thin (0.001 in.) sheet of mica was interposed
between the source and the hot junction strap to prevent electrical resistance
changes with contact variations. A ball and socket joint, coated with liquid
gallium indium alloy, was interposed between the cold end of each leg and its
heat sink to prevent serious mechanical strains in the couple. From measure-
ments of the various couple temperatures, voltages and currents along with the

measurements of the calorimeter temperatures and water flows, the performance
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characteristics of each couple were obtaine.. The couple heat flows were ob-
tained by correcting the messured sink heat flows for the calibrated stray
heat flows to the sinks.

Three different tests were conducted with each of the two generator
couples under steady-state operating conditions. Each of these tests was the
same for each couple, In the first test, the hot junction strap was at a
temperature of 450°C, the cold end sinks were water cooled, and the output
circuit of the couple was open. For the second test, the couple circuit was
closed through a matched load witﬁout changing the control temperature of the
heat source. The third test was similar to the second test except that the
source temperature control was adjusted to raise the hot junction strap tem-
perature back to 450°C with matched couple load. The water flows to each of
the two sinks and calorimeters were held at the same constant values for all
six tests. The experimental and performance data for these two couples are
recorded in Table I and II.

From Table 1 it may be seen that the test conditions for the two
generator couples were comparable in each of the three tests. Small differ-
ences in temperature drops across the couples probably resulted from differ-
ences in contact resistances, thermal conductivities, and Peltier effects.

The data of Table II show that recessing, as might be expected, had

little or no effect on the Seebeck coefficient but did affect the other properties
as a result of a shortening of the effective pellet length, Effects of the reduced
length were to reduce the resistance snd increase the thermsl conductance. The

lower resistance with unchanged voltage was bensficial in increasing the electric
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current output. The higher thermal conductance with unchanged temperature
was detrimental in increasing the couple heat flow.

The beneficial effects did not quite outweigh the detrimental
effects as evidenced by the generally lower efficiencies for the recessed
couple. Although the efficiencies were lower, there was some increase in
electric power output with the increased heat flux. This could result in
some saving in couple weight when the source heat is plentiful, or an excess
generator weight when the source is integral and limited. However the per-
formance measured here, which might have been affected to some extent by
ordinary assembly variations, is probably small enocugh to be neglected for
many applications.

The investigation, covered by this memo, was conducted in cooperation
with Messrs. C. S. Duncan, S. J. Scuro, and C. A. Dirkmaat, as a part of the

L]

general development of thermocouples for generator applications.
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