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1. INTRODUGTION

This is the final repert covering the research study program
which has been conducted by the Servomechanisms, Inc. Research and
Development Center for the Bureau of Ships, Department of the Navy,
on Contract No. NObs - 86367. The scope of this contract was a study
of one method of thormociectric application technique. Specifically,
the work invelved fabrication and test to investigate a method of struc-
tural encapsulation of washer-shaped thermodect-ric elements under
pressure.

One goal of the program was to verify preliminary evidence
tiut thermoalectric elements are free from fermation of mechanical
cracks due to thermal shock, high thermal gradients, or thermal exe
pansion problems when the thermoelectric material is held beyond its
compressive yield strength. Th'uo. short path-length elements may be
used with high thermal gradients, resulting in high electrical yield per
kilogram of thermoelectric material with low degradation over long
operating life. Under these pressure conditions, the requirement for
matching the coefficients of thermal expansion of the thermoelectric
slements to that of other structural materials becomes of only secondary |
importance. However, data on the chemical effects of various contain-
ment materials on performance was investigated. It was also intended

to verify preliminary evidence that the use of high retaining pressures
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age

will allow hot junc'tlon temperatures in excess of those which are ner-

~ mally practical by inhibiting the sublimation of critical fractiens of the
thermoelectric material, particularly under vacuum conditions.
Anether goal of the program was to ‘vorify that the methed of producing
the encapsulated washer-type elemerts would iud te low contact resist-
ance within the generator.

During the course of the program, a number of experimental
modules were constructed using this encapsulation technique, and life
test data was obtained to establish the performance with time. These
tests were run near 600°C. in a vacuum environment. A series of
tests were also run on several of the test modules in which the heat
input was turned off and on to give complete thermal cycling. The ef-
fects of containmnet pressure on semiconductor thermoelectric pro-
perties was also investigated.

These tests indicated that modules of this construction are cap-
able of operating in vacuum at 600° C. for prolonged periods of time
without serious degradatien. The cycling tests indicated that this type
module is capable of undergoing at least 2, 500 start-up - shut-dewn
cycles without any degudation: It was found that the thermoselectric
properties of lead telluride were substantially independent of the ap-
plied retaining pressure and that good low resistance junctions ceuld
be formed and maintained by this pressure confinement. The tut.

modules were fabricated with lead telluride as the active semicenductive
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element, and no effort was made to obtain maximum efficiency since
tho ma$>F purpose of the program was to establish mechanical integrity

during prolonged operatien.
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11. TEST MODULE DESIGN AND CONSTRUCTION

The thermoelectric units fabricated during the program to ebtain
test results were of & cylindrical design confijuration. This form was
chosen since it represents an optimum way of containing the thermoelec-

LJ
tric material under the high compressive loads contemplated in the basic

approach. It was also a geometry about which a great deal is known at
SM/1, due to past experience with thermoelectric generators. Each test
module consisted of one "P'" and one "N" junction since this would give
adequate test results. Lead telluride was used as the semiconductive
material since a great deal is known about its mechmicd’ vpropertiel and
thermoelectric performance. The particular properties of lead tel-
luride, such as low tensile strength and high ceefficient of thermal ex-
| pansion, are similar to those of other thermoelectric materﬁln which
might be considered. A thermoelectric test module following this de-
sign concept consists of two short cy'lindrica.l washer-like sections of
lead telluride, one ''N' type and one "P" type, cylindrically contained
between metal inner and outer bands and separated by insulating wu‘hcrl.
A complete test module of this type is one inch in diameter and is shown
in the photograph in Figure 1. The design details are shown in the
cross-sectional drawiqg of Figure 2. The containment pressure is sup-
plied radially by the metal rings and longitudinal pressure was applied

by exterior means through the Lavite anvils shown in Figure 2. The
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lead telluride circular elements are .5 inches o.d., . 315 inches {.4d.,
and .07 inches thick. Each contain one gram of lead telluride. This '
test medule is a complete thermoelectric couple and may be tested in.
dividually to obtain the necessary performance data. |

The "N" and "P" type lead telluride used in the fabrication of
these modules was manufactured by Servomechanisms/Inc. following
the procedures outlined in Appendix A. No efforts were madse te opti-
mise the thermoelectric properties of the material te qbtain maximum
ofﬁchncy since the scope of the contract was limited to mechanical
fabrication and test.

The "P'" and "N" type lead telluride, as manufactured, is in
the form of a solid cast bedy. This material was crushed and ground
and passed through a one hundred mesh screen to obtain a powder of
controlled particle size. The powder was then cold pru_ud at apﬁrud-
mately 60,000 psi in a mold having the proper dimensions uAbrm solid
bedies of the material. The ruu.lting lead telluride hodies wers then
assembled, as shown in Fiiuro 2, between the metallic inner and euter
retaining bands with suitable insulation between the ''N'' and ‘'P" type
eslements. These complete modules were then heat treated under l;tu-
sure in an inert atmosphere on a definite time cycle te enhance therme-
slectric properties. |

The inner and outer retaining ring material was varied te de-

termine possible interaction effects with thi lead telluride under eperat-
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ing ceaditions. The materials investigated were ARMCO iren and twe
stainless steels, namely, AIS] 416 and AISI 430 F. Basis for the selec-
tien of 'h;ld materials was high creep strength at the eparatiag tem-
peratures, corresion resistance, machineability, and chemical com- .
patibility with lead telluride. High nigkel containiang alleys were aveided
because of th; known possibility of contaminatien ef the lead telluride.
However, the AISI 416 has a small amount of nickel content and was in-
vestigated to determine possible delsterious effects. The insulating
material between the lead telluride wafers was varied to determine the
effects of this factor on the life performance of this particular type
generator configuration. The insulating materials investigated were
mica, titanium diexide, zircenium dioxide, and bgron nitride. The
latter three ceramic materials were introduced into the structure in

the form of a cold pressed wafer formed frem their powders.
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111. TEST PROCEDURE

The test modules were evaluated in test chambers designed and
constructed for this purpose. A four-statien test stand was censtructed
to expedite the acquisition of life test data. A photograph ef the test
stand is shown in Figure 3. Figure 4 shows, in more detail, the lay-
out of an individual station. Each station b‘antcally consists of an evacu-
ated bell jar with provision for introducinﬁ variable compressive forces
to the test modules. The pressure is applied by a means of two ad-
justable beam and fulcrum systems in cascade. The load of the cali-
brated spring seen on the left is reacted through a column in compres-
sion, whichincludes the radially restrained lead telluride elements of
the module. In this way, the test module within the vacuum system may
be subjected to a controlled and variable pressure of up to 50,000 psi,
thus allowing investigation of performance as a function of pressure.
The two halves of the compression column holding the module also pro-
vide an slectrical path for the heating cur;-ent. The hot junction tem-
perature is introduced by electrical resistance heating of the inner cyl-
indrical retainer of the test module. The power is supplied in the form
of a heavy A,C, current which is previded by a transformer that is seen
under the table in the photograph. The cold junctien temperature is es-
tablished by two water-cooled copper blocks which are spring loaded so

as to provide good thermal contact with the cold junction radial retainers.

FC 2004A REV. 2/60
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The hot and cold junctibnfempe ratures are measured by means of
chromel-alumel thermocouples. The output of the test module was
computed by measuring the output voltage across a known resistive
load. Provision is made for disconnecting the load to obtain the no
load Seebeck voltage of the test modules. Operating data, such as in-

ternal resistance, power, output, efficiency, etc., are computed from

FC 2004A REV. 2/60
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1V. TEST RESULTS

1.

The following test results were obtained from the modules con-
structed on the prog}nm:

A. Life Tests

The test modules which were fabricated by the methods

described previously were put on life test as early as possible
in the program to get the maximum time span of test results.
The following is the history of the modules during the course

of the tests:

Test module #1 was made using ARMCO iron as the re-
taining metal and used mica as the insulator between ele-
ments. The life test in a vacuum environment at about
10 microns pressure was conducted with hot junction
temperatures in the range of 550°C. « 600°C. and a
AT of 465°C. Figure 5 is a curve showing the per-
formance parameters versus life under these conditions.
At the end of 1,600 hours, the unit had experienced a
16% loss in power output and some decrease in the elec-
trical conductivity. Most of the change in the perform-
ance occurred in the first 300 hours of life with little
change after this i:oint. The specific power output of
this module was initially . 73 watts per gram of active

material.

FC 2004A REV. 2/60
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Page 15
Test module #2 was with ARMCO iron retaining rings
and mica insulators and accumulated 1,000 hours during
the course bf life test and shc;md 8 12% loss of power
output. The test conditiogu were the same as Item | and
again, the most degradation occurred during the first 300
hours. The results are shown in Figure 6. The specific
power output of this module was initially . 78 watts per
gram of active material.
Test module # 3 was also an ARMCO-mica unit and ac-
cumulated 1,000 hours during the courﬁo of the life test.
The high degradation of this unit is explainable since
early in its history an accidental failure of the test setup,
in terms of a broken water line, caused it to operate for
an unknown period of time in a steam and water vapor
atmosphere. The test was continued after the correction
of the failure, and the curve of Figure 7 shows a slow re-
covery from the artificial conditions that were imposed.
Specific power was initially . 69 watts per gram.
Test module #4 put on life test utilised ARMCO iron re-
taining rings and a TiO, insulating material. It ac-
cumulated 900 hours of life test and indicates a power
output degrad&tio;z of about 9%. The curve of life per-

formance is shown in Figure 8. Specific power was
initially . 77 watts per gram.
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5. Test module #5 was constructed using AISI 416 stain-
fess steel as the metal retaining rings and a mica
wafer = as the insulator. During the shert peried of
the contract, this module experienced 330 hours of
life test showing 6% of degradation, as shown in the
curve in Figure 9.

6. Test module #6 was constructed utilizing AISI 430 F
stainless steesl for the metal retaining rings and mica
as the insulating material. The short time span of the
contract has only aliowed 330 hours of life test on this
unit which shows a 10% power degradation. This per-

formance curve is shown in Figure 10.

B. Thermal Shock

A series of tests wore'carried out in order to investi-
gate the effectiveness of compressive retainment in combating
the fracturing of the thérmoelectric elements caused by the
thermal shock and thermal cycling. Two standard ARMCO iren
contained modules which had each completed upwards of 1000
hours of continuous operation were then each subjected to 2500
thermal cycles. Figure 11 shows the temperaturs prefile per
cycle plotted as a function of time for the hot and celd junctions.
Figures 12 and 13 show power output and internal resistance for

each of two compressively retained modules plotted as a !unction‘

FC 2004A REV. 2/60
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of completed thermal cycles. For comparison, Figure 14 shows
a plot of the internal resistance and power output of an identical
module without compressive retainment when subjected to the
same thermal cycling. It is seen that the interna'li\:"!gg:siltmce
increases quite rapidly while the Seebeck coefficient remains
constant. When a condition of equilibrium was reached after
approximately 360 cycles a ‘retaining pressure of 15,000 psi was
imposed and the properties of the module were observed to re-
turn rapidly to almost their original value. This series of tests
indicate clearly that the compressively retained module is im-
mune to the effects of thermal cycling and thermal shogk.~ No
tests involving mechanical shocks were carried out, but in is
probable that the same immunity would be evidenced.

C, Effect of Pressure on Module Thermoelectric Properties

In order to determine the effect of the compressive re-
taining pressure upon the thermoelectric properties of a module,
one of the ARMCO contained modules was placed in the test fix-
ture in a vacuum environment and a thermal gradient imposéd.
The Seebeck c¢o efficient a:'xd internal resistance were recorded
while the confining p;'es;pre was vari;d from 32,000 psi down
to 150 psi. Figure 15 sun:rpp.z:izes the results c'of‘this test. The

v - ‘

: ..
slight increase in Seebeck coefficient was probably a function

{ b
of increasing hot junction temperature. No gross changes in

3
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properties was gbserved to be caused by the variation of re-

taining pressure.

D. Materials Compatibility

Variations of the standard module were fabricated and

their performance determined over a range of temperature up

| tc; 600° C. for comparison with the standard mica separated
ARMCO retained module. Figures 16 through 21 summarise
the results of this series of tests. For each variation of module
there is a plot of module internal resistance versus temperature,

| Seebeck voltage versus temperature, and Seebeck voltage per
degree C. versus temperature. Figure 16, for comparison, is
the standard ARMCO iron retained mica upuat.;l module.
Figure 17 has ARMCO retainers and z:oz. Figure 18 shows
ARMCO iron retainers with '1‘102 separators and Figure 19,
ARMCO iron retainers with BN separators. The module whose
performance is presented in Figure 20 employs AISl Type 416
stainless steel, and that of Figure 21, AISI Type 430-F stainless
steel, both with mica separators. Type 416 is a martensitic
stainless stesl. with good corresion resistance and high tem-
perature creep strength. AISI Type 430-F is a ferritic stain-
less steel exhibiting excellent corrosion resistance and high
temperature creep strength. Type 430-F containe ne nickel

and Type 416 a small amount.
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CHINICAL ANALYSE

Cample < Mn P Su Si Cr N Mo Cu

416 nlu 042 .\,15 0330 l6° !30 19 'l' oos 009

430-F .06 .48 .012 ,254 .38 17,61 .33

PHYSICAL PROPERTIES

Yield Strength Tensil Strength Elongation in Reduction
Sample in Poundsper in Pounds per [Percentags of Ares
Square Inch  Square Inch Inchperinch Fercentage

416 75,000 98, 000 21.5 58.9

130-F 80,500 93,000 28 60.4

These n.odules were assembled and heat treated as described
under module fabrication. It is suggested that these results
be taken as an indication of provable behavior since individual
n.odules rather than a series of identical modules provided the

data for each represeatative plot.

Zffect of Tieat and Pressure During a Sintering and Heat

Treatment "abrication Process

The individual modules must be heat treated after
the cold swaging process and before evaluation in order to
develop acceptable internal resistance. Figure 22 sum-

marises the results of the approximate optimisatien of the

heat treatment of the standard ARMCO iron contained
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module. The electrical resistance of the modular couple

assembly including the hot and cold junction contacts is pletted
as a function of time for various selected temperatures and
pressures of heat treatment. From a consideration of the
geometry of the module, it can be shown that a module resist-
ance of 10°20 corresponds to & mean resistivity of 1,17 x
10.30 cm. It does not seem therefore, that the junction con-
tacts are contributing significantly to the internal resistance

of the modules. It is evident that the rate of development of
these properties is accelerated by both the application of tem-
perature and pressure; further, that this effect is more in-
fluenceci by temperature. If the heat treatments were carried
out in a good vacuum, the results would have been more satis-
factory. The pressure level of 3500 psi was chosen for heat
treatment since it had been previously determined that this was
above the yield strength of the lead telluride at the heat treat-
ment temperature. Appendix B dﬁcunu the variation of com-

pressive yield strength of lead telluride with temperature.

FC 2004A REV. 2/00

e



b

S A S i e

RTINS

RESEARCH AND DEVELOPMENT CENTER - SERVOMECHANISMS, INC.

Page 38

V. CONCLUSION

[N

The conclusion to be derived from the examination of the test
data in the previous section indicates that the technique of the pres-
sure containment of the semiconductive material does give significant
;dvantagdn. Although some degradation was indicated in the life tests,
the test conditions were unusually severe and, without the pressure
ccntaimﬁcnt technique, the unit most probably would not have survived.
It indicates that prolonged operation at 600°C. in vacuum environment
is possible with this technique with relatively low degradation, raest
of which occurs in the first 300 hours of operation. During life test
operation of the units, there was no evidence in the test container of
loss of tellurium due to sublimation, which certainly would have been
very prono{mced at these temperatures without the pressure contain-
ment technique.

The thermal shock testing indicates that units built by this
method are totally immune to start-up - shutedown cycling. Thisis
a severe test, and most other methods of construction show severe
degradation due to the formation of cracks.

It has also been proven that the use of thermoelectric material
under conditions above its compressive yield strength does net have

significant effect on its thermoelactric behavior. The tests with

FC 2004A REV, 2/60
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various structural materials indicate no serious problems with re-
taining rings or with the insulation.

Although the test program was conducted with fairly small
thermoelectric elements as individual couples, the techniques could
be applied to full scale thermoelectric generators. The individual
modules can be stacked to form a series of couples, as shown in
Figure 23. This method of construction offers the advantage of
being able to fabricate individual couples and thoroughly test them
before assembly into a complete thermoelectric generator. The
size of the test modules was relatively small and was selected
arbitrarily purely for test purposes. In actual application, the
size of the individual modules could be increased several times to
give greater power output’ per module and to allow more flexibility
in the heat input sources.

The tests indicate that generators utilizing this principle can
be operated with high thermal gradients, which may be used to give
high specific output, since the use of high thermal gradients would
lead to high thermal flux densities. In thermoelectric generators,
the power output is proportional to the thermal flux density, and the
efficiency is not affected, so that higher output per gram of thermo-
electric material is obtained. Specific outputs approaching one watt

per gram of thermoelectric material were obtained with good life
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expectancy. It is felt that in operating at these conditions, two watts
per gram would be readily obtainable. The thermal flux density at the
hot junction will be in the order of 400 watts per square inch. To
harness this approach with emphasis on high specific power output
requires a heat source capable of supplying the required thermal flux
density. One possible application is the use of an atomic reactor

heat source in which the hot junction input could be supplied with a
liquid metal transfer loop from the reactor. In this approach, a
substance such as NaK could be piped through this cylindrical hot
junction and adequate thermal flux could be obtained.

It would generally be difficult to obtain this high value of
thermal flux density directly from flame sources of heat, even with
the introduction of turbulent flow. Thermal densities between 50 and
100 watts per square inch are probably the maximum obtainable di-
rectly from flame sources. However, it has been shown that radiant
heating is an interesting method of power transfer at the tempera-
tures involved. Therefore, it is felt that a radiating solid body
operating at considerably higher temperature than the desired 600°C.
of the hot junction could supply the thermal flux densities required
for high apeéiﬁc output. A burner which is suitable for this type
application has been developed by Consolidated Diesel Electric Cor-

poration in Bethel, Connecticut, and there may be other such burners.

FC 2004A RKV. 2/80
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This is a re-entrant type burner containing a small silicon carbide
cy;linder which can be operated at temperatures up to 1, 700°C.
using either gas or liquid fuels. Radiant heat transfer from such
a burner could probably supply the thermal flux densities.

The thermoelectric generator construction technique des-
cribed herein would also be applicable to uses where high specific
power output is not important and more normal hot junction tem-
peratures are used. Normal flame sources could be used for hot
junction temperatures up to 450° C. and the benefits of this construc-
tion would lie in reliable long life with very high resistance to
mechanical and thermal shocks and rapid response to turn-up and

turn-down commands.
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MATERIAL PREPARATION

Two identical samples of each type of lead telluride were used
in the test program. These samples wers in the form of discs one~half
inch in diameter and one-eighth inch thick. The cast material was crushed,
passed through 100 mesh and cold pressed at 30,000 psi, The resulting
biscuits were then sealed in a quartz tube under vacuum and initially heat
treated at 700° F., then cooled 50° F per day, to 300° F. No metallog-
raphic examinations were made of these samples. The heat treated sam-
ples were then each placed alternately in the separate apparatuses for
the measurement of electrical and thermal conductivity.

The temperature of these tests was limited to 350°C. because of
evaporation problems commonly encountered with unencapsulated lead
telluride above these temperatures. Of the two samples of each type of
lead teliuride, each was alternately placed on the apparatus for electrical
conductivity measurement and then that for t;xermal conductivity and See-
beck coefficient determination.

Electrical conducitity was measured by a four-point probe with
microscopic penetration of the surface. The apparatus provided a vacuum
environment and was equipped with heater, muffle, and radiation shields
in order to produce a uniform sample temperature,

In order to measure thermal conductivity, the sample was sand-

wiched between two precise half-inch-diameter discs of alumina. Logi-
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tudinal heat flow through the stack was induced by means of a heater
placed at one end and a heat sink at the other end. The whole was sur-
rounded by a muffle, furnace elements and radiation shields, and main-
tained in a vacuum. Considerable care was taken in the design of this
apparatus to encourage unidirectional heat flow from the heat source to
the heat sink; however, the method of computation took into account ra-
dial heat losses from the sample. Computations were based on the mea-
sured absolute temperatures occurring at each face of the two alumina
standards and the sandwiched lead telluride sample. Some difficulties
which were encountered concerning thermocouple calibration and radial
heat losses were overcome and acceptable results were eventually ob-
tained. The Seebeck voltage developed as a result of the temperature
gradient which was maintained in order to measure thermal conductivity
conveniently enable Seebeck measurements to be made at the same time.
Some data which was obtained from these runs is presented in Figures 1
through 4.

The thermoelectric materials used in this work are basically
lead telluride of the alloyed type. The ''N' material contains 18 M %
lead selenide to reduce the thermal conductivity. This alloy was doped
with bromine as lead bromide to yield .05M %. An excess of .5M %
lead is added to aid the electrical conductivity across the inter-crystal-
line boundaries and improve the doping yield. The doping is achieved

from a dope concentrate of lead bromide and lead dissolved intellurium.
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The initial doping yielded carrier concentration about 60 % of the bro-
mine ion concentration and it was necessary to add additional lead bro-
mide to compensate. This yield is effected by the crystallization condi-
tions. The redoping yielded an '"N" type leari telluride with a factor hav-
ing a maximum "Z'" of about 1.1 x 10.3/° C at 200°C.

The ""P" type lead telluride was likewise of the alloyed type con-
taining 18 M % tin telluride. The doping was Sodium added from a lead-
sodium alloy and the resulting material contained .6 M % sodium and
.2M % excess tellurium. The resulting material yielded a higher car-
rier concentration than was expected with the consequence that the See-
3

beck voltage was low and the''Z" factor about .4 -.6 x 10"~ /° C.
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COMPRESSIVE YIELD STRENGTH OF PhTe

Figure 1 shows the short time compressive yield strength of a
sample of lead telluride plotted as a function of temperature. The sam-
ples were taken from an engineering grade of lead telluride which was
prepared ai: Servomechanisms/Inc. In a mechanical system, which is
subjected to rapid changes of temperature, the short term thermal stres-
ses are important. The compressive strengths here shown are those
which are approached by the process of creep in a sample which has
been subjected to stress at the indicated temperatures for not more than
five minutes. These results were obtained by compressively loading a
cylindrical column. This column was ; " diameter and 1" long and fabri-
cated by cold pressing at 56,000 psi followed by a heat treatment at 400°

and 800 psi.
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