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ABSTRACT

This report describes the work performed on a 15 month development

program. The purposc of this program was the development of a high
performance, multi-stage thermoelectric (TE) cooler which would operate
satisfactorily under extreme military environments. Five coolers each of
three types (various heat loads), were designed and fabricated. Detailed
environmental and performance tests were performed on these coolers. The
electrical tests included measurement of COP/stage and performance under
various heat loads on each type of cooler. The effect of adding radiation
shielding to each type was also determined. All of the coolers performed
satisfactorily after environmental and performance testing. Performance
data, predicted from design calculations and computerized material para-
meter measurements, showed excellent correlation with measured test data.
A TE material development and evaluation program was conducted in
conjunction with the cooler design and fabrication effort. P-type TE
material was produced which was comparable to that commercially available.
Advanced computerized TE material evaluation techniques developed by Marlow
Industries were used to evaluate c,<;; ;;!and Z for a particular lot of

material toward the end of the program. \
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II.  PURPOSE
The purpose of this program was the development of a family of ruggedized,
high efficiency TE coolers. These coolers were to have low power inputs
and various heat load capacities to meet different requirements for the
second generation FLIRS. These objectives were to be achieved through
improved design techniques, better fabrication methods and/or improved

low temperature TE materials.
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NARRATIVE
A. Cooler Design, Fabrication and Testing
1. Stress Testing of GFE Cooler
In the early phases of the development program, a GFE cooler
manufactured in 1975 by Marlow Industries for the Night Vision Laboratory
was subjected to a shock and vibration testing sequence. The purpose of
these series of tests was to evaluate the stress limitations of the present

cooler design and fabrication process. Results obtained were to be used in

determining what changes in design and construction might be needed to improve
the cooler mechanical environmental performance.

Six GFE coolers were received for use in the test program. These
units were performance tested to establish reference data prior to environ-
mental testing. One of the units, S/N [A-018 was found to be open. Test data
for the other five units is shown in Table 1 of the Appendix.

One cooler, S/N IA-034, was selected at random from the GFE units
and subjected to the following series of stress tests:

a. The unit was vibration stressed per MIL-STD-810C, method 514.2,
over a frequency range from 10 hertz to 3500 hertz. A resonant search sweep
was made over the frequency range with each sweep having 20 minutes duration.
Nine sweeps were made in the horizontal axis for a total stress period of
six hours. During the testing period, an AC milliohmeter was used to monitor
an intermittent or permanent change in the cooler resistance. No resonances

or changes in the cooler characteristics were noted during the testing and

no damage to the cooler was found after test completion.




The cooler was then restressed in the same manner with an
applied force of 50 g's for two hours and, again no change in cooler
characteristics or physical damage was noted.

b. The cooler was then shock-tested per MIL-STD-883A, method

2002.1, test condition A (Half sine wave 500 g's, 1 ms duration pulse)
with the exception that the number of impacts was six in each of 3 mutually
perpendicular axes for a total of 36 impacts. An AC milliohmmeter was used
to monitor the cooler resistance during the shock testing. No variation in
the cooler resistance or physical damage to the cooler was noted.

The cooler was then shock-tested per MIL-STD-810C, method 516.2,
procedure IV with a shock pulse of 125 g's amplitude and 10 ms duration.
No damage to the cooler or change in resistance was noted.

The cooler was then shock-tested in the same manner as the first
shock test at a level of 3300 g's for a duration of 0.5 millisecond. Two

shocks were applied in each direction along each of 3 mutually perpendicular

axes for a total of 12 shocks. The above shock level represented the maximum

level available from the test equipment. No variation in the cooler resistance

or physical damage was detected after the completion of this test. The
vendor's Component Evaluation Report is listed in the Appendix. After the
completion of the vibration and shock testing, shown in Table 1 the test
cooler was given a resistance check and a performance test with the results
1isted in Table 2. No measureable change was noted in the operating

characteristics of the test cooler.

TABLE 1
Shock and Vibration Levels

SHOCK VIBRATION 4__4
AMPLITUDE DURATION AMPL ITUDE FREQUENCY RANGE
Specification 5C0 g's 0.3 ms 2.£¢g's 10Hz to 3500Hz
Test 3300 g's 0.5 ms 50 g's 10Hz to 3500Hz
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TABLE 2

Cooler S/N IA-034

Performance Test

Voltage (Volts)
Current (Amps)
Ty (°c)
Te (°C)

Resistance Check

First Stage (Q)
Second Stage (%)
Third Stage (Q)
Fourth Stage (Q)

Measurements Before and After Shock and Vibration Stress Testing

Before After
6.0 6.0
.864 .864
26.9 26.4

-78.7 -79.1
5.8 6.0
2.37 2.38
.95 .95
.32 .32

The results of the shock and vibration testing as shown in

performance or physical damage to the coolers.

Table 2 demonstrates that TE coolers which have been manufactured using
these materials and fabrication methods can be stressed at levels much

higher than that specified in the contract with no degradation in

The GFE multi-stage coolers, that were furnished for this

environmental testing were fabricated from the basic "“unitary" design,
i.e., with only one ceramic between each stage. No high-stress environmental
test data is available for "modular" multi-stage TE coolers which are

assembled by cascading individual single-stage cooler units. Thus, in view

of the satisfactory test results described above, no change in the basic

"unitary” multi-stage cooler design is recommended.




2. Cooler Designs
2.1 The coolers to be delivered under this program were to have

physical and electrical characteristics as shown in Table 3.

TABLE 3
Cooler Specification Data
Cooler Type
Characteristic I-A [-8 II
Top Stage (in.) 0.20 X 0.20  0.20 X 0.20  0.40 X 0.40
Centering (in.) 0.010 0.010 0.010
Parallelism (in.) 0.005 0.005 0.005
Input Voltage (Volts) 6.00 + 0.01 6.00 + 0.01 6.00 + 0.01
Input Power (watts) 3.5 7.0 10.5
Heat Load (mw) 30 60 150
TH (°K) 298 298 298
Te (°K) 193 193 193
Cool-down Time (min.) 2 2 2

2.2 The development of thermoelectric materials with improved low
temperature characteristics was undertaken in order to achieve the goal of
high cooler efficiencies at temperatures of 193°K. Additionally, the incor-
poration of radiation shielding and similar techniques together with further
cooler design effort was studied to fully exploit these non-power consuming
factors.

The characteristics of commercially available TE materials are
generally optimized for operation at room temperature (27°C). This fact is
illustrated in Figure 1 where the figure of merit (Z) is substantially lower
at 193°K than at 300°K. The material characteristics shown in Figure 1 are

the average of the n- and p-type parameters. During the materials effort
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2.3

portion of the program, substantial quantities of p-type and n-type thermo-
electric materials were produced and evaluated. The thermoelectric character-
istics of the p-type material were comparable with those of commercially
available TE material. However, the TE characteristics of the n-type material,
while substantially more uniform with temperature than commercially available
TE material, were lower in overall performance. For this reason, the TE
elements in the coolers, were processed from commercial material.
Thermoelectric material ingot Nos. N295 and P298 were used to fabricate the
TE coolers which were built and tested for delivery on this program. The
parameter values for the TE material which were used in the cooler design
calculations were based on published data for the material. As mentioned
previously the average TE material parameters for an n-p couple are plotted
over the cooler operating temperature range in Figure 1. This data was
utilized by the computer program design technology developed at Marlow
Industries to obtain the cooler design information. From this, the number
of stages, the number of couples per stage, the TE element dimensions and
the overall cooler dimensions for each type of cooler were determined.
Table 4 1lists the Specification, Design, and Predicted Performance for each
type of cooler. The Specification data was obtained from the Contract. The
Design data was calculated using data published for commercially available
material. The Predicted Performance was calculated using material parameters
(of commercially available material) measured by Marlow Industries.

It should be noted that the theoretical COP is independent of
cooler heat load. The specified COP for the Type I coolers was .0086 which
is achievable with commercial material. The specified COP for Type II was

.0143 which was not achievable with commercially available materials.

P




Consequently, the power consumption for the design and predicted performance
values for the Type Il cooler was increased somewhat over that given in the
specification. This was done in order to achieve the specified cold side
temperature defined in the specification.

The design curves for each type of cooler together with the
effects of active heat loading are shown in Figures 2 to 4. It should be
noted that the design point exceeds the cold side temperature specification
for each of the three cooler types using the published data for commercial
material.

At the time that the fabrication of the coolers was essentially
completed, a capability was developed at Marlow Industries which made
possible for the direct measurement of a, p, « and Z over a wide temperature
range for samples from TE material ingots. A sample of material, is cut
from a wafer lTocated at a representative section of an ingot. End caps
containing thermocouples are attached to the ends of the sample. One end
cap of the sample is attached to a TE cooler which, in vacuum, is capable
of maintaining any desired temperature under heat load from approximately
190°K to 345°K. Through computer derived measurements a, p, « and Z are
determined for the number of points required to define these parameters over
the above temperature range. This data is curve-fit using a second order
polynomial least squares process

Measurements of a, p, « and Z were made on samples from ingot
Nos. N295 and P298 and are shown in Tables 2 and 3 in the Appendix. Resultant
curve-fit parameters together with extrapolated values from 60°K to 400°K

are shown in Tables 4 and 5 in the Appendix.
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2.4

The measured TE material parameters over the cooler operating
temperature range are plotted in Figures 5 and 6 for p-type and n-type
respectively. This data was utilized by the computer design technology to
obtain calculated cooler performance data for the TE coolers which had been
fabricated under the program. These predicted performance characteristics
based on these measurements are listed in Table 4. It can be seen that the
measured material parameters in Figures 5 and 6 differ substantially from
those used in the design (Figure 1) and the result is the predicted performance
is not as good as the design. It will be noted under the section "Discussion
of Results" that the cooler performance test data and the predicted performance
data calculated from measured parameters agree well within testing error. The
predicted performance curves determined from measured material parameters for
each type of cooler are shown in Figures 7 to 9. The performance calculations
from which the above curves are derived are given in Tables 6-8 in the Appendix.

Two thermocouples were attached to each cooler assembly. A .001"
copper-constantan thermocouple was attached to the cold plate and a .003"
copper-constantan thermocouple was attached to the cooler base. This type of
thermocouple was used rather than that originaily specified because of its
greater accuracy over the temperature range. The use of .001" wires attached
to the cold plate reduced the conductive heat loss to a negligible value as
compared to .003" thermocouple wire.

Radiation shields were designed and fabricated for each of the
three cooler types. The material used was gold-plated bronze. Drawings of

the radiation shields are shown in MI Dwg. Nos. 2798, 2799, and 2800 in the

Appendix.
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The dimensions of the copper test bases are 1-1/2" X 1-3/4" X
1/4". Each test base has 8 insulated standoff terminals. The size of the
test base was increased slightly to allow space for the terminals without
requiring the power leads to be bent sharply. The thickness of the base
was made 1/4" in order to accomodate the terminal mounting studs.
3.0 Cooler Fabrication

Five TE coolers of each of Type I-A, Type I-B and Type II were

fabricated in accordance with Marlow Industries standard process specifications.

Detailed product specifications for these coolers, which are designated Models
SP 1102, SP 1103 and SP 1104 respectively, are shown in the Appendix. No
problems were encountered in assembling the coolers.

After assembly, each cooler was mounted onto a copper test base
using 96°C solder. The copper test base had eight insulated terminals to
accommadate the two power leads, four thermocouple leads and two heat load
resistor leads. Four through-holes were provided for mounting the cooler-
test base assembly on the cooler vacuum test fixture.

A .001" copper-constantan thermocouple was mounted onto the cold
plate of each cooler and connected to a pair of copper test base terminals.

A .003" copper-constantan thermocouple was mounted onto the copper test base
and connected to another pair of terminals. The cooler input power leads

were attached to a third pair of terminals. After completion of the vibration
and shock tests, a heat load resistor was mounted onto each cooler with 96°C
solder. The power leads to the resistor were attached to the fourth pair of
terminals. A radiation shield was mounted onto one cooler of each type with

96°C solder.
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4.0 Cooler Testing

Each of the cooler-test base assemblies was subjected to
performance and environmental testing. Selected units were given addi-
tional testing to further evaluate detailed cooler characteristics.
Details of the testing operations are given in Operational and Environ-
mental Test Procedure MI Dwg. No. 2898 in the Appendix.

The AC resistance and the Hy-Pot resistance of each cooler
was measured and recorded. Each unit was then performance tested in the
test console vacuum. The initial test data is given in Table 5.

The units were mounted on an adapter test plate and tested
under the following conditions:

Vibration Test

Frequency Range - 10 - 3000 Hz
Amplitude - 2.5 g peak
Sweep Rate - Logarithmic sweep from 10 Hz to 3000 Hz and
back to 10 Hz within a 30 minute period
Axes - 3 orthogonal, one sweep per minute
Shock Test

No. of Impacts 6 in each direction and amplitude

Axes - 3 orthogonal, both directions

Amp1itudes - half sine wave pulses, of 500 g's peak value
with a minimum duration of 0.3 millisecond
measured between the 10% value of peak amplitude.
Half sine wave pulses of 140 + 10 g's peak value
with a duration of 9 milliseconds + 10%.

A component evaluation report is shown in the Appendix.
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After completion of the vibration and shock testing, the
units were tested again. The post test data (Table 6) indicated that
two of the Type II units had degraded somewhat in performance. However,
the units were cleaned prior to the 85°C bake tests, subjected to the
bake cycle and tested again. These test results indicated that the
apparent subpar performance was the result of 0il on the cooler that was
received during the shock and vibration testing. The equipment used to
conduct the shock and vibration testing has a considerable amount of oil
associated with it and it is believed that the oil got onto the coolers
during the handling and/or testing operations.

The component evaluation report is shown in the Appendix.

No degradation in operating characteristics occurred during
the 48 hour, 85°C bake cycle as shown by the test results in Table 7.

Three coolers of each type were subjected to storage at -60°C
for 24 hours. A heat load resistor was mounted on one unit of each type.
These units were operated with the normal heat load at -40°C during the
cold stress test. No degradation of cooler performance was noted as a
result of either of these tests. Test data is given in Tables 8 and 9.

Heat load resistors were mounted on the cold plates of two
coolers of each type. Voltage leads and thermocouples were mounted on each
stage of one cooler of each type equipped with a heat load resistor. These
coolers were operated at nominal voltage and heat load, and data was recorded
to determine the power input and temperature for each stage. Similar data
was taken for conditions of zero heat load and 200% nominal heat load. The
test data and calculations for the COP's for each type of cooler was given

in Tables 10-13.
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One cooler of each type with heat load resistor was tested

to determine AT at a nominal voltage and heat loads of zero, nominal, and

— owms ouN

200% nominal values. The variation of AT with voltage at nominal heat

——
na

load was also determined. Radiation shields were mounted onto one each

of the above coolers. One of the coolers, SP 1102-2, was damaged while

[REETCT .

mounting the radiation shield. This cooler was not repaired since it was
felt that the cooler performance might be affected. Instead, a radiation i
shield was mounted on cooler, SP 1102-1, which had comparable performance
characteristics (refer to Table 5) and this unit was used for subsequent
testing with the radiation shield. The measurement of AT at nominal voltage
and heat load was repeated for each cooler after installation of the radiation
shields., Data for these tests is given in Tables 14-16.
The radiation (passive) heat load listed in Table 2 was

calculated using the equation:

Q. = oA (T} -1t
= 3.549 X 10°17 (watts/in® °k*)

Q
[

[y}
[}

effective emissivity, 0.8
A = surface area (inz) :
Tp® ambient temperature (°K) (
Tc= cold surface temperature (°K)
The final tabulated test data for each cooler is given in Table 17.
s B. Thermoelectric Material Development
1.0 Introduction
The operating range of multi-stage thermoelectric coolers has been
extended to temperatures of 193°K and lower. Consequently, a need exists
for thermoelectric materials with a high figure of merit, Z, particularly
at these lower temperatures. The figure of merit is defined by the equation,
Z = a2/px, where o is the Seebeck coefficient, p is the electrical resistivity

and x is the thermal conductivity.

-32-
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In examining the parameters for presently available TE materials,
the electrical resistivity (p) decreases with decreasing temperature while
the thermal conductivity («) increases. TE materials can be produced for
which the product of o and « decreases as the temperature is reduced, thus
tending to improve the figure of merit. However, the Seebeck coefficient
(a) invariably decreases with a decrease in temperature for high Z materials.
The net effect is a reduction in the figure of merit, particularly at
temperatures below about 225°K. The investigation of TE material character-
jstics at lower temperatures was one of the objectives of this program.

2.0 Process

In the early phases of the program, an extensive literature survey
was conducted in the field of thermoelectric materials. Most of the present
TE materials are composed of Bi2 Te3 - sz Te3 - sz Se3 alloys in various
concentrations with added dopants to form p-type or n-type material. The
TE material is composed of crystallographically oriented polycrystals usually
in the form of an ingot 10-20 mm in diameter and several centimeters long.

A common method for forming the polycrystalline material is the
utilization of the vertical Bridgeman technique. This technique produces the
TE material by the slow so]fdification of a molten ingot of the material over
a sharp temperature gradient. Other methods employ zone leveling and sintering
techniques but these methods have not been evaluated under the present program.

The detailed Thermoelectric Material Growth Procedure, MI Dwg. No.
2454 is listed in the Appendix. A description of the materials, equipment,

processing methods and evaluation techniques follows.
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The raw meterials needed for the process are bismuth, tellurium,
antimony, selenium, and the n-type dopant, antimony iodide. High purity
material was purchased in shot or powder form. The source and purity of
all starting materials is listed in Table 9 of the Appendix. The materials
were carefully weighed on a Model 1202 Sartarious balance, to the corresponding
stoicometric values required for the particular type of material. The molar
ratio of the starting materials for some of the p- and n-type ingots produced
under this program are listed in Table 10 and 11 of the Appendix.After the
materials have been weighed they are placed in a cone tipped quartz tube.The
tube is prepared by washing with hydroflouric acid,rinsing with deionized water,
and sealing one end so that the sides of the tube converge at an approximate
thirty degree angle. A small diameter tube is used to conserve material and
allow for a more orderly formation of the crystals. These quartz tubes are
cleaned one at a time and used immediately when dry to minimize exposure to
atmosphere and surface contaminants.

The tube containing the raw materials is connected to the vacuum
system and evacuated for an hour. The raw material is then compacted by
slowly melting the material with a torch. This compacting serves to reduce
surface area and thus decrease oxidation. The tube is evacuated for an ex-
tended period of time and then sealed with the torch under a vacuum. The
vacuum of the sealed tube is checked by visual examination of the tube. The
quartz capsule is then placed in the alloy oven and melted again. This time
the molten material is gently rocked to help in the mixing process, and
increase the homogeneity of the material. It is removed from the oven and
allowed to solidify. The material at this point is a mass conglomerate of
the pseudo-ternary alloys bismuth telluride, antimony telluride, and

antimony selenide.
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The next step in the process involves the Bridgeman Technique.

The ingot of material is slowly passed through a two zone resistance furnace.

The first zone the material passes through operates at an elevated
temperature which causes the material to become molten. The second zone
is substantially cooler therefore, causing a steep temperature gradient
for solidification. The cone-shaped end is the first section of the quartz
crucible to leave the molten zone and initiate the solidification process.
The cone acts as a seed to start the orderly formation of the crystalline
structure. The temperatures the ingot experiences are recorded by a Omegaline
Model # 0-5237-55 recorder. Two thermocouples at different positions on the
ingot allow for dual temperature measurement which are simultaneously measured
by the recorder. This generates a full furnace profile on every production
run as well as data for thermoelectric material characterization. A typical
furnace profile is shown in the TE Material Growth Procedure MI Dwg. No.

2454 in the Appendix.

After removal from the furnace the quartz tube contains the final
thermoelectric material. The tube is carefully broken from around the
material. The ingot is now ready for characterization. With a Keithly 503
milliohmmeter the resistivity is measured down the length of the ingot at
evenly spaced intervals using a special two point probe. This procedure is
repeated on three sides of the ingot. An average resistivity is calculated
from this data using the equation

o=
where p is the electrical resistivity, R
is the measured resistance, A is the cross-sectional area, and L is the

distance between the probes of the special two point probe. A1l data is
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recorded on the electrical resistivity record shown at the back of the
Thermoelectric Growth Procedure, Dwg. No. 2454,

The Seebeck coefficient is calculated by using a simple galvano-
meter, a hot probe, and a cold probe. The measurements are made in much
the same manner as the resistivity measurement. Galvanometer readings are
taken at evenly spaced intervals down the length of the ingot on three
different sides. Calculations use the equation

Voc = aAT
where Voc is the open circuit voltage,

a is the Seebeck coefficient, and AT is the difference in temperature between
the hot and cold probes. The calculations depend on the very important
assumption that AT remains constant throughout the test and the use of a
standard ingot of material for comparison. The standard ingot of material
was an ingot selected from commercially available n- and p-type material. The
parameters of the standard ingots were determined by building test coolers

and calculating the value of o from AC resistance and cooler performance

measurements. The data is recorded on the Seebeck coefficient record shown
in the Material Growth Procedure, Dwg. No. 2454. These two measurements,
electrical resistivity and Seebeck coefficient give a quick reference as to
the quality of the thermoelectric material.

To further test the material, selected ingots were cut in one inch
pieces. Single couple coolers were built from these one inch sections and

tested. A typical set of material parameters for a single couple is presented

in Table 12 of the Appendix and Figures 1 and 2.




When a particular set of ingots exhibits good material properties,
the one inch sections are set aside for MI 1060 cooler fabrication. A
combination of the ingot with good parameters and the commercial ingot are
used for cooler construction. The combinations are listed in Table 18.

TABLE 18
MI 1060 Material Combinations

Cooler P N
#1 MI CMI
#2 MI Std.
#3 std. MI
#4 Std. Std.

A typical set of MI 1060 material parameters derived from test data
are given in Figures 3, 4 and 5 of the Appendix. Typical performance of an
MI 1060 is shown in Table 13 of the Appendix.

There are two disadvantages associated with this system of material
analysis. The process of building special coolers for material evaluation
is costly and involves a period of several days. Thus, considerable time is
required to generate data by analysis of the test coolers and to feed back
this information into the material production process. In addition, this data
is based on the cooler performance rather than the basic material parameters
and includes production and testing variables. At best, the data reflects
the average parameters for the n-type and p-type materials used in constructing
the test coolers.

For these reasons two different approaches to material evaluation
were considered. Both of these characterization techniques are still under
development. One type of analysis is compositional characterization. The

electron microprobe was the instrument chosen for the analysis. An adequate
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analysis was not obtained with this technique during initial trials.
Verification of the basic chemical components was required to be done at

NVL on the samples tested since the values generated by a local vendor did
not correspond with the expected .values. The results of the initial compo-
sition analysis by the local vendor compared with the NVL analysis are shown
in Table 19. Later analysis done by a local laboratory using the electron
microprobe technique confirmed the measurements made by NVL and expected by
Marlow Industries. The analysis from the local laboratory is shown in Tables
20 and 21. Although the quantity of the dopant (Iodine) was not evaluated,
the major compositional quantities correlated very closely and the analysis
supported our hypothesis of hydrocarbon contamination due to oil backstreaming
associated with mechanical pumps. Further work on the development of the

methods to measure halogen concentration is desired in order to measure n-type

dopant levels. A typical data analysis summary is shown for several samples
in Table 14 of the Appendix.
The other type of evaluation required is a, p, x characterization.

The capability to obtain a, p, k characterization of entire ingots was still
being developed at program end. However, samples of thermoelectric material
ingots were analyzed over a temperature range of 180°K to 350°K using a
computerized characterization method unique to Marlow Industries. These
results were extrapolated to cover the range from 60°K to 400°K by computer

statisticallized data analysis.




TABLE 19

Comparison of Material Analysis using Electron Microprobe

Atomic Percent

P-Type Material N-Type Material

Matztgal Jgﬁﬁgr W MatZ:?al J;ﬁﬁgr

Bismuth 8.558 52.83 9.62 35.630 54,38
Tellurium  50.661 43.74 59.05 56.385 42.67
Antimony 39.738 ) 28.51 1.923 -
Selenium 1.014 3.4 2.82 6.046 2.95

NVL

38.87
55.83

1.40
3.90




TABLE 20

P-Type Material Composition (from local laboratory)
Electron Microprobe Analysis

Molar ratio of final compounds

‘ Sample Bi Te Sb Se

|

} | XPO15 9.662 58.518 29.848 1,972

{ XP022 10.150 59,067 28.750 2.032
XP024 6.203 58.498 32.772 2.527
XP027 10.197 58.655 29.257 1,891
XP028 9,222 61.190 27.711 1.876

These values conform to expected results very closely.




TABLE 21

N-Type Material Composition (from local laboratory)
Electron Microprobe Analysis

Molar ratio of final compounds

Sample Bi Te Sb Se
XNOO8 37.772 49.875 2.012 10.341

XNO12 35.384 56.345 4,327 3.944
XN021 35.501 56.983 3.762 3.754
XN022 34.438 57.025 4.570 3.967
XNO29 36.312 55.645 4.240 3.803
XNO308 35.443 56.443 4.229 3.885
XNO30T 37.525 54.878 3.824 3.773
XN032 35.970 56.567 3.774 3.688




The computerized material characterization technique produced
absolute values for the material parameters as compared to previous
systems where standards were required and the data obtained is only
relative to these standards. This system of a, p, « measurement is
invaluable to a materials research program. Data generated by this
technique is shown in Tables 15-18 in the Appendix and Figures 6 and

7 of the Appendix.

IV.  DISCUSSION OF RESULTS
A. Thermoelectric Coolers

A GFE multi-stage cooler was subjected to severe mechanical
stress testing as described in Section III - A, 1. of this report. A
performance test made after completion of the stress tests showed no
measureable change in the operating characteristics of the cooler. Also,
no visible damage to the cooler was noted. As a result of this testing,
it is felt that the basic "unitary" design configuration, i.e., with only
one ceramic between each stage, provides a completely satisfactory cooler
that will meet all military environmental requirements.

Three types of coolers were designed and fabricated for use with
30, 60 and 150 mw active heat loads and designated SP 1102, SP 1103 and
SP 1104 respectively.

Five coolers of each of the three types were acceptance tested with
satisfactory results. All of the coolers were subjected to the shock and
vibration testing as called out in the "Operational and Environmental Test
Procedure". No performance degradation or mechanical damage resulted from

this testing. The Component Evaluation Report is given in the Appendix and




the test data are listed in Table 2 . All of the units were baked at
85°C for 48 hours. The post-bake test data listed in Table 7 showed no
change in operating characteristics.

Three TE coolers of each type were stored at -60°C for over 24
hours. One unit of each type was operated at -40°C under nominal heat
Toad conditions. The test data recorded for the tests is shown in Tables
8 and 9 and indicated all operations were normal.

The Coefficient of Performance calculated for each cooler based
on test data is shown in Tables 10-13. A summary of the COP data for
nominal heat loading is given in Table 22. Performance curves for the
three cooler types are shown in Figure 10.

As discussed previously the overall COP design values for the
SP 1102 and SP 1103 type coolers were selected to achieve the goal of
reduced power consumptions. Based on published material parameters, it
was originally felt that the performance could be achieved using the
selected COP value. Later, the actual material parameters were measured
using computer techniques. These measured quantities were used to deter-
mine the coolers predicted performance and the calculated values for Tc
with nominal heat 1nads are listed in the "predicted performance" column
of Table 4, However, the cooler designs had been frozen and fabrication
of the test coolers was essentially completed by the time the measurements
were made. If the measured material parameter values had been available,
a lower design figure for COP would have been chosen in order to meet the

193°K specification.
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Because of the higher COP specification for the SP 1104 type
cooler, a somewhat lower design value was used in order to fill the 193°K
performance as specified. As above, it was later determined that the
measured material parameters, when used to calculate the cooler predicted
performance, indicated that the coolers predicted performance would be
somewhat lower than that determined from published Tt material parameters.

It can be seen that the coolers predicted performance calculations
that were based on measured material parameters using the computer technique
agree very closely with the measured performance on the test coolers. The
comparison is shown in Table 23. The variations are well within those to be
expected from manufacturing tolerances and test measurement errors.

A cooler of each type was tested to determine its heat load character-
istics and voltage-performance data. The data from these tests is shown in
Tables 14 and 15. A radiation shield was mounted onto each of these coolers
and the heat load characteristics of the cooler/radiation shield assembly was
measured. The data from these tests is given in Table 16.

The measured performance data and the heat load characteristics for
the coolers without and with the heat shields are plotted in Figures 11-13.

It can be seen that excellent correlation exists between the measured perfor-

mance data and the predicted performance values determined from computer
characterized material parameters and thermoelectric computer modeling
techniques.

The measured performance of the SP 1102 and SP 1104 coolers showed
an improvement after installation of radiation shielding. However, the
improvement was less than anticipated and the SP 1103 cooler showed very little
measured performance improvement after the radiation shield was mounted. Only

one radiation shield design was investigated.
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TABLE 23

Comparison of Cooler Calculations and Measured Performance

PREDICTED MEASURED
DESIGN PERFORMANCE PERFORMANCE
192.0 202.5 200.9
191.7 195.9 197.6
192.5 197.6 196.3
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Although beyond the scope of this program, it is felt that further investi-

gation of various shield designs, measurement of the emissivity of materials
and finishes, etc., will result in substantial improvement in performance
through the use of radiation shielding.
B. Thermoelectric Materials

A total of 48 ingots of TE material were grown during the course of
the program. There were 21 p-type ingots and 27 n-type ingots produced. The
evaluation of the p-type TE material by parameter measurements and sample
cooler performance indicates that it is comparable to commercially available
material. However, the n-type material evaluation based on similar measuyre-
ments shows that it is of somewhat lower quality in performance.

There were a number of problems which arose during the course of the
program. All of these problem areas were resolved or solutions developed

during the latter phases of the work.

The initial procedure for evaluating the material parameters consisted

of the following steps:

(1) Measurement of the resistivity at 3 equally spaced radii at
intervals along the surface of the ingot and averaging the
individual values.

(2) Measurement of the Seebeck coefficient (a) with a heated
probe and galvanometer. The output of the sample is compared
with that of a standard ingot for which o has been determined.

(3) Measurement of the characteristics (a, p and Z) of a single

couple cooler with 1" long elements of n-type and p-type

ingots.




(4) Fabrication of a seven-couple cooler from these materials

and determination of a, p and Z from cooler performance test

data.

With the exception of the resistivity measurements, the techniques
described are subject to appreciable measurement error, involve a consider-
able amount of effort and do not directly measure thermal conductivity (x).
In addition the resulting time delays prevent quick feedback of information
for constructive changes in material processing factors.

Computerized measurement techniques were recently developed at
Matlow Industries to provide the simultaneous evaluation of the individual
quantities a, p, and « on a TE material sample .15" square and .19" long.
These quantities can be measured over a temperature range from 190°K to
340°K. Thus, it is possible to provide the basic information for use in
material evaluation studies or TE cooler design within a matter of hours
after the material is available. In addition, all parameters including
thermal conductivity are measured with an accuracy equal to or greater than
the previous methods.

Early in the program, arrangements were made with a local vendor
to perform chemical analyses on the TE material ingots. The test results
appeared to be subject to considerable error and this assumption was verified
by NVL laboratory testing. Later, a local laboratory was used to perform the
chemical analyses. The analysis data furnished by the latter laboratory and
the data from NVL both agreed very closely with that expected from the

material quantities used in preparing the TE material samples.
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The TE material chemical analyses and parameter measurements
indicate the following factors contributed to lower material quality,
particularly in the n-type.

(1) Evidence was obtained indicating lack of control of the dopant
which was present in the ingot. This was indicated by the wide range of
resistivity measurements shown in Figure 14.

(2) Contaminants such as carbon and chlorine were detected through
the chemical analyses. These degrade both p-type and n-type TE material.

(3) Measurements indicated that the material was non-uniform from one
section of an ingot to the other. These factors have been studied and
proposed solutions to each problem area have been generated. These solutions

will be evaluated in future experimentation.

. CONCLUSIONS

A. Thermoelectric Coolers

1. Test thermoelectric coolers have been fabricated using design and
assembly procedures developed at Marlow Industries. Tests on these coolers
demonstrate their ability to satisfactorily meet military environmental
requirements.

2. Using computer techniques developed by Marlow Industries, a, o, x
and Z can now be measured over a temperature range from 190°K to 350°K and
will be of major importance on future programs. Extrapolated values of
these parameters can be determined over the temperature range from 60°K to

400°K with this technique.
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3. The material parameter data, as determined in 2. above, can be

|
I
]

utilized by the computer program design technology developed at Marlow
Industries to determine all essential cooler design information.

4. The results of testing the coolers designed and fabricated on
this program show that the correlation between the measured performance
data and the coolers predicted performance is well within manufacturing
tolerance and testing variances.

5. The use of radiation shielding enhances thermoelectric cooler
performance.

6. P-type TE material was produced which is comparable to commercially
available material.

7. Computerized techniques have been developed that will measure directly
and simultaneously the TE material parameters (a, p, and x) of a small bulk
sample over a wide temperature range.

8. Chemical analyses have confirmed that ingot compositions conform to
that of the basic ingredients and that some contaminants were present,

9. Improved processing techniques have been determined that will improve

the characteristics of both material types.




VI. RECOMMENDATIONS FOR FURTHER DEVELOPMENT

1. Implement the process improvements that will bring the quality

& 4t e - -

of the n-type material up to that of the p-type and will further improve

both types of material.

e ey

2. Evaluate TE material processing methods which utilize zone leveling

L

techniques and sintered materials.

3. Investigate the properties (a, p and x) of selected materials at
temperatures below 240°K using the recently developed, computerized para-
meter measurement techniques described previously. This information will
be used to optimize thermoelectric materials specifically for use at low
temperatures.

4, Utilize a recently expanded facility which provides room for a
laboratory specifically designed for thermoelectric material production.
5. Utilize a transient thermal model program that was developed for
designing coolers, determining performance capabilities, and overall
analysis of integrated systems variables.

6. Utilize Marlow Industries capability to produce its own patterned

P T

ceramics which allows full flexibility to utilize to the fullest extent

} design and material improvements.
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GFE Cooler Test Data

TE Material Data, N295

TE Material Data, P298

TE Material Curve-Fitted Data, N295

TE Material Curve-Fitted Data, P298
Performance Calculations, SP 1102
Performance Calculations, SP 1103
Performance Calculations, SP 1104
Source and Purity of all Starting Materials
P-Type Material Analysis

N-Type Material Analysis

TE Materials For Single Cooler

TE Single Couple Cooler Test Data
Microprobe Analysis of Several Ingots
TE Material Data, BTXP027

TE Material Data, ANCOS8

TE Material Curve-Fitted Data, BTXP027
TE Material Curve-Fitted Data, XNOO8

TE Material Characteristics, XNOO8
TE Material Characteristics, XP027
TE Cooler Performance, No. 2

TE Cooler Performance, No. 3

TE Cooler Performance, No. 4

TE Material Characteristics, BTXP027
TE Material Characteristics, XNOO8

Shield, MI Dwg. No. 2798

Shield, MI Dwg. No. 2799

Shield, MI Dwg. No. 2800

Product Specification for SP 1102

Product Specification for SP 1103

Product Specification for SP 1104

Operational and Environmental Test Procedure, Dwg. NO. 2898
Component Evaluation Reports (2)

Thermoelectric Material Growth Procedure, MI Owg. No. 2454
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l 12:09:78

MARLOW INDUSTRIES DATE

SAMPLE NAME SER # FILE ¢ DATA POINTS DATE TESTED
- - - N295BOT . - - . 4.1 3.0 12,12 11:08: 78/19:44
$0,X0,RO S1,K1,R1 S2,K2,R2 A,K,R,2 D,C,V
2.7922E~-06 -1.0324E-06 1.2490E-09 ~194.535 69.2648
3.5086E-02 -1.2231E-04 1.8359E-07 14.918 -50.9797
-3.4896E-05 2.5718E-06 2.5809E-09 9.689 -0.1099
R . 2.618
TEMP K ALPHA KAPPA RHO z
- {V/DEG C) (W/CM*DEG C) (OHM/CM) (/DEG K)
345.24 4 _2 0433E-04 1.4944E~02 1.1565E-03 2.4157E-02
Cale -2,0478E-04 1.4744E-~02 1.1606E-03 2.4508E-02
A5 -0.223 1.357 -0. 352 -1.432
331,82 - -2.0317E-04 1.4619E-02 1.1049E-03 2.5558E-03
-2.0228E-04 1.4717E-02 1.1026E-03 2.5214E-03
0.443 -0.668 0.202 1.362
318.41 -1.9792E-04 1.4518E~02 1.0456E-03 2.5806E-02
-1.9932E-04 1.4756E~02 1.0456E-03 2.5749E-03
-0.704 -1.615 -0.005 0.221
302.73 -1.9665E-04 1.4963E-02 9.8399E-04 2.6264E-02
-1.9530C-04 1.4886E~02 9, 801 8E-04 2.6141E-02
0.690 0.516 0.389 0.474
288.28 -1.8994E-04 1.4895E-02 9.2069E-04 2.6307C-02
-1.9105E-04 1.5085E~02 9.2098E-04 2.6271E-02
-0.579 -1.262 -0.032 0.139
272.28 -1.8740E-04 1.5724E-02 8.5639E-04 2.6080E-02
-1.8573E-04 1.5396E-02 8.56 70E- 04 2.6154E-0:
0.900 2.134 -0.036 -0.284
258.04 -1.8162E-04 1.6143E~02 7.9968E-04 2.5552E-0:
-1.8046E~04 1.5751E-02 8.0056E-04 2.5825E-0"
‘ 0.645 2.489 -0.109 -1.057
243.92 -1.7241E-04 1.5573E~02 7.4655E-04 2.5569E-0 -
-1.7473E-04 1.6176E~02 7.4598C-04 2.5301E-0"
-1.327 ~3.731 0.077 1.059
227.09 -1.6802E-04 1.7147E-02 6.8194E-04 2.4144E-0:
-1.6726E-04 1.6780E-02 6.8224E-04 2.4438E-0:
0.457 2.190 -0.043 -1.203
210.14 -1.5705E-04 1.7271E-02 6.1783E~-04 2.3115E-0"
-1.5901E-04 1.7492E~02 6.1952E-04 2.3334E-0.
-1.235 ~-1.262 -0.273 -0.938
198.57 -1.5551E~04 1.8454r5-02 5,76 79E-04 2.2720E-0
-1.5293E-04 1.8039E~02 5,7756E-04 2.2461E-0
1.656 2.301 -0.133 1.149
192.85 -1.4906C~-04 1.8046E~02 5.5889E-04 2.2031E-0:
~-1.4987E-04 1.8327E~02 5.5707E-04 2.1999E-0:
-C.537 ~1.536 0.327 0.146




— SAMPLE NAME SER #
| - P298 BOT 2.1
v S0,KO0,RO
~-2.68 75E-05
| ——————239469E-02———7:2232E-05-- —
) 5.5395E-05
TEMP K ALPHA
(V/DEG C
342.28 2.0682E-04
2.0562E-04
T = -~ 0.583"
328.99 2.0149E-04
2:0226E-04
-0.379
31586 1-9799E-04 -
1.9849E-04
-0.251
300.56 1.9184E-04
1.9353E-04
e mmee- <0.8730
286.57 1.8960E-04
’ - .'108846E-04
0.605
270260 " ° ~""1.8287E=04
1.8206E-04
0.445
256.35 1.7486E-04
1.7579E-04
~0.529
242.02 1.6930E-04
1.6896E-04
0.201
224.99 1.6318E-04
1.6014E-04
1.896
206.87 1.4960E-04
1.4994E-04
-0.227
194.76 1.3507E-04
1.4264E-04
-5.310
188.97 1.4602E-04
1.3902E-04
5.038

sl ,K1l ,R1
1.1227E-06

9.7876E-07

C TE ANoAErr s/ LoV
MARLOW INDUSTRIES

FILE #

7.0

S2,K2,R2
-1.2956E-09
6.9207E-08
7.5521E-09

KAPPA

(W/CM*DEG C)

1.2929E-02
1.2853E-02
0.590

1.3421E~02

-~ 1.3196E-02

1.709

1.3311E-02

1.3558E-02
-1.821

1.3772E-02
1,4011E-02
-1.706

1.4416E-02
1.4453E-02
-0.257

1.4976E-02
1.4991E-02
-0.096

1.5411E-02
1.5500E-02
-0.574

1.6486E-02
1.6041E-02
2.771

1.7232E-02
1.6721E-02
3. 057

1.7602E-02
1.7488E-02
0.650

1.6406E-02
1.8026E-02
-8.987

1.9805E-02
1.8291E-02
8.277

DATA POINTS

DATE

12.12

A,K,R,2
193.336
14.028 -
10. 287
2.590

RHO

1,2713E-03-
1.2752E-03
-00307 .

1.1953E-03
- 1.1948E-03 -
0.036

1.1177E-03~ —
1.1180E-03
~0.029

1.0335E-03
1.0318E-03
0.163

9.5822E-04
9.5606E-04
0.226

8.7584E-04
8.7322E-04
0.299

B8.0454E-04
8.0258E-04
0.244

7.3246E-04
7.3462E-04
-0.295

6.5409E-04
6.5789E-04
-0.578

5.8023E-04
5.8107E-04
~0.145

5.3510E-04
5.3247E-04
0.494

5.0959E-04
5.1004E-04
-0.088

b
12:09:78

DATE TESTED
11:13:78/13 :56

D,C,V
67.8562
49,1680

0.1081

T T e D e D G i G D S e . - — T ——— — A - — > D D - ——— . ——— —— — —— - — - i - —— -

2.6024E-03
2.5796E-03
0.885

2.5309E-03

"2.5947E-03

-2.459

2.6348E-03
2.5991E-03
1.374

2.5857E-03
2.5908E-03
-0.197

2.6025E-03
2.5705E-03
1.245

2.5496E-03
2.5321E-03
0.689

2.4660E-03
2.4841E-03
-0.727

2.3736E-03
2.4224E-03
-2.016

2.3623E-03
2.3313E-03
1.333

2.1912E-03
2.2123E-03
-0.953

2.0780E-03
2.1197E-03
-1.968

2.1128E-03
2.0717E-03
1.986




- = ApAeri o] Cerrve Firted 57S - TSbl &
l MARLOW INDUSTRIES DATE 12:09:78
SAMPLE NAME SER # FILE ¢ DATA POINTS DATE TESTED
] l N295SBOT 4.1 3.0 12.12 11:08: 78/19: 44
$0,KO, RO Sl ,K1,R1 S2,K2,R2 A,K,R,2 p,Cc,v
2.7922E-06 -1,0324E-06 1.2490E-09 -194.535 69.2648
] 3.5086E=02" " =1.2231E-04" ~ '1.8359E-07 14.918 ~°=50.9797
-3.4896E-05 2.5718E-06 2.5809E-09 9.689 -0.1099
L . 2.618 o
I TEMP K ALPHA KAPPA RHO A
(V/DEG C) __(W/CM*DEG C) __(oAM/CM)  (/DEG K)
j 400.00 -2.1035E-04 1.5538E-02 1.4068E-03 _ 2.024 3E-03
390,00 -2.0989E-04 ~~  1.5311E-02 1.3607E-03 2.1147E-03
380.00 -2.0919E-04 1.5120E-02 1.3151E-03 2.2007E-03
370.00 -2.0823E-04 1.4967E-02 1.2700E-03 2.2812E-03
—————3§0.00 — =2.0702E=04 — " 1.4849E-02 7 1.22S4E<03° ~ 2.3553E-03
350.00 -2.0557E-04 1.4769E-02 1.1814E-03 2.4219E-03
330. 00 =2.0386E-04 1.4725E-02 1.1379E-03 2.4803E-03
330.00 -2.0190E-04 1.4718E-02 1.0949E-03 2.5297E-03
320.00 -1.9970E-04 1.4748E-02 1.0524E-03 2.5695E-03
T TTT310.00 0 =1.9724E-04 1.4814E-02 1.0104E-03 2.5991E-03
300.00 ~1.9453E-04 1.4918E-02 9.6892E-04 2.6182E-03
290.00 ~1.9158E-04 1.5058E-02 9.2797E-04 2.6267E-03
280.00 ~1,8837E-04 1.5234E-02 8.8755E-04 2.624 4E-03
270.00 -1.8492E-04  1.5447E-02 8.4763E-04  2.6115E-03
260.00 -1.8121E-04 1.5697E-02 8.0824E-04 2.5883E-03
250.00 -1.7726E-04 _ 1.5984E-02 7.6936E-04 2.5550E-03
240.00 -1.7305E-04 1.6308E-02 7.3099E-04 2.5122E-03
230.00 -1.6860E-04 1.6668E~02 6.9314E-04 2.4604E-03
220.00 -1.6390E-04 1.7065E-02 6.5581E-04 2.4002E-03
T210.00 -1.5894E-04 1.7498E-02 6.1900E-04 2.3323E-03
200,00 -1.5374E-04 __ 1.7969E-02 5.8270E-04 _  2.2574E-03
190. 00 -1.4828E-04 1.8476E-02 5.4691E~04 2.1761E-03
180.00 -1,4258E-04 1.9020E-02 S.1165E-04 2.0891E-03
170.00 -1.3663E-04  1.9600E-02 4.7689E~04 1.9971E-03
160,00 -1.3043E-04 2.0217E-02 4.4266E-04 1.9008E-03
150.00 -1.2397E-04 _ 2.0871E-02 4.0894E-04 1.8007E-03
140.00 -1.1727E-04 2.1562E-02 3.7574E-04 1.6975E-03
130.00 -1,1032E-04 2.2289E-02 3.4305E-04 1.5916E-03
__120.00 _ -1.0312E-04 2.3053E-02 3.1088E-04 1.4836E-03
110,00 ~9,5664E=05 2.3854E-02 2.7923E-04 1.3740E-03
100.00 -8.7963E~-05 _ 2.4692E-02 2.4809E-04 _ 1.2631E-03
90.00 -8,0011E-05 2.5566E~02 2.1747E-04 1.1514E-03
80.00 -7.1810E~-05 2.6477E-02 1.8736E-04 1.0395E~03
70.00 -6.3359E-05 _ 2.7425E-02 1.5777E-04 9.2777E-04
60.00 -5.4658E~05 2.8409E-02 1.2870E-04 8.1709E-04
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o AMfovr ) Cori? FIIBL (e T SaS
l MARLOW INDUSTRIES DATE 12:09:78
SAMPLE NAME SER # FILE # DATA POINTS DATE TESTED
———P298BOT 271 = -7.0 - - 12.12 - 11:13:78/13:56
S0,KO0,RO S1,K1,R1 S2,K2,R2 A,K,R,2 p,Cc,v
———=2-;68 75E-05 1-1227E-06 —- ——1.2956E-09 -193.336 67.8562
2.9469E-02 -7.2232E-05 6.9207E-08 14.028 49.1680
5.5395E-05 9,.7876E~-07 7.5521E-09 10.287 0.1081
S e ST 20690 T T T T
TEMP K ALPHA KAPPA RHO z
H{V/DEG-C)y——— — ~(W/CM*DEG C) "(OHM/CM)— —° °  (/DEG K)
— —400-00—271492E-04 — - - "1.1649E-02 1.6552E-03 — —2.3954E-03
’ 390.00 2.1392E-04 1.1825E-02 1.5658E-03 2.4405E-03
: 380.00 2.1267E-04 1.2014E-02 1.5179E-03 2.4803E-03
—370-.00——2+1116E~-04—— -1.2218E-02 ~ 1.4514E-03 ~— 2.5145E-03
360.00 2.0939E-04 1.2435E-02 1.3865E-03 2.5431E-03
350.00 2.0736E-04 __1.2666E-02_ ___ 1.3231E-03 . _.2.5660E=-03
340.00 2.0508E-04 1.2910E-02 1.2612E-03 2.5829E-03
330.00 2.0253E-04 1.3169E-02 1.2008E-03 2.5939E-03
__..320.00__ 1.,9973E-04__ . _1l.3442E-02 1.1419E-03 2.5988E-03
310.00 1.9666E-04 1.3728E-02 1.0846E-03 2.5976E-03
300.00 1.9334E-04 ____ _ _ 1.4028E-02 1.0287E-03 . 2.5902E-023
290.00 1.8975E-04 1.4342E-02 9.7437E-04 2.5766E-03
280.00 1.8591E-04 1.4670E-02 9.2154E-04 2.5567E-03
270.00 1.8181E-04. 1.5012E-02 8.7021E~04 .. _2.5304E~03
260.00 1.7745E-04 1.5367E-02 8.2040E-04 2.4977E-03
250.00 1.7283E-04 1.5736E-02 7.7209E-04 2.4584E-03
28000176 795E=04 — " ~1.6120E-02 7.2530E-04 " T 2.4126E-03
230.00 1.6281E-04 1.6517E-02 6.8002E-04 2.3601E-03
220.00 1.5742E-04 1.6928E-02 6.3625E-04 2.3008E-03
- 210700~ —1.5176E=04 - 1.7352E-02 5.9398E-04 2.2345E-03
200.00 1.4584E-04 1.7791E-02 5.5323E-04 2.1611E-03
19000 1.3967E=04— " T"1.8243E-02 5.1399E-04 ~ " "2.0804E-03°
180.00 1.3324E-04 1.8710E-02 4.7626E-04 1.9922E-03
170.00 1.2654E-04 1.9190E-02 4.4004E-04 1.8964E-03
~———160:00" ‘1:1959E-04" 1.9684E-02 4.0533E-04 1.7927E-03
150.00 1.1238E-04 2.0191E-02 3.7213E-04 1.6809E-03
——_ 140.00__ 1.0491E-04 __ . _ 2.0713E-02 .3.4044E-04 . 1.5609E-03
130.00 9.7183E-05 2.1248E-02 3.1026E-04 1.4326E-03
120.00 8.9195E-05 2.1798E-02 2.8160E-04 1.2961E-03
. 110.00_____ 8.0947E-0S . 2.2361E-02 2.5444E-04 1.1517E-03
100.00 7.2441E-05 2.2938E-02 2.2879E-04 9.9994E-04
90..00 6.3676E=05 _ . ._2.3529E-02 2.0466E-04. - .8.4202E-04
80.00 5.4651E-05 2.4133E-02 1.8203E-04 6.7988E-04
70.00 4.5367E-05 2.4752E-02 1.6091E-04 S.1675E-04
,,,,, _60.00___ _3.5824E-05_ . . _2.5384E-02 1.4131E-04 3.5778E-04




T ble &
SPO2T,DAT(50541,1) 17131 139 JANT9 PAGE 1
PERFORMANCE CALCULATIONS GENERATED 13°JANe79 17305
THERMAL MODEL GENERATED 13=JANe79 17303
__SP 1102 _13®JAN®?9 36089 _
TH TC Q 1 v P cOP
. ..298,0 267,1 0,000 0,050 _ 1,000 _ 0,050 0,00000
298,0 281,14 0,030 0,054 1,000 0,054 0,56049
298,0 2954 0,060 0,057 1,000 0,057 1,05649
_298,0 _ 240,9 0,000 _ 0,130 2,000 0,219  0,00000
298.0 2543 0,030 0.132 2,000 0,225 0,13342
298,0 268,2 0,060 0,186 2,000 0,231 025964
296,0  220,4 _ 0.000 0,179 _ 3,000 0,533 0,00000
298,0 233,14 0.030 0,180 3,000 0,541 0,05545
298,0 246,43 0,060 0,183 3,000 0,549 0,10920
298,0 205,5 0,000 0,255 4,000 1,018 0,00000
2998,0 2175 0,030 0,287 4,000 1,027 0,02922
298,0 230,14 0,060 0,259 4,000 1,036 0,05790
298,0 196,0 0,000 0,338 5,000 1,690 0,00000
298,0  207,4 0.030 0,340 5,000 1,698 0,01766
298,0 219,85 0,060 0,342 5,000 1,708 0,03513
298,0  191.4 0,000 _ 0,425 _ 6,000 2,553 0,00000 .
298.0 202, 4 0,030 " 0.427 6,000 2,560  0.01172
298,0 214,0 0,060 0,429 6,000 2,568 0,02336
_ 298,0 191,4 0,000 0,514 7,000 3,595 0,00000 )
298,0 202,0 0.030  0.514 7,000 3,600 0,00833
298,0 213,2 0,060 0,51S 7,000 3,605 0,01664
_298,0 195.,3_ _ 0.000 0,599 8,000 _ 4,791 0,00000
296,0 205,86 0,030 0,599 8,000 4,793 0,00626
298.0  216,7 0,060 0,599 8,000 4,794 0,0125%
 298,0 202,6 0,000 0,678 9,000 6.106  0,00000 )
298,0 213,13 0,030 0,678 9,000 6,103 0,00492
298,0 224,0 0,060 0,678 9,000 6,100 0,00984




N

; . 7éé/e 7
| SPOJT,DAT(50541,1) 17134  13eJANe?9 PAGE 1
[
|
| ' PERFORMANCE CALCULATIONS GENERATED 13=JANe79 17145
| THERMAL MODEL GENERATED 13eJAN=79 17114
l ~ SP 1103 NO SHIELD _ $3=JAN®?79 1781y e
TH b {4 Q I v P coP
. 298,0 263,.4 0,000 0,099 1,000 0,099 0,00000 -
1 298,0 278,6 0,060 0,106 1,000 0,106 0,56695
; 298,0 294.2 0,120 0,113 1,000 0,113 1,06059
| 298,0 23%,2 0,000 0,217 2,000 0,434 0,00000 L
298,0 249,55 0,060 0,223 2,000 o.447 o.13431
298,0 264,1 o 120 0,230 2,000 0,460 0,26079
_298,0 233,8 000 0,355 3,000 _~P1.054,“ 0,00000
T T290,0 0 221,% o ‘060 T0,360 3,000 1,081  0,05549
298,0 240,8 0,120 0,366 3,000 1,099 0,10916
298,0  198,5 q.ggo o.s;x 4tgpo 2,044 0,00000
298,0 211,0 0,060 0,516 4,000 2,063 0,02908
298,0 223,9 0,120 0,521 4,000 2,083 0,05760
z9q, 188,9 o0, ggg_“mwp 683 5,000 3,409 0,00000
298,0 200,8 0,060 0,685 5,000 3 427 0,0178%
298,0 213,0 o.xzo 0,689 5,000 3,447 0,03484
____zsp.q__uza4 5 0,000 o.qsx 6,000 5,167 o.ooooo o
298,0 19,9 0,060 0,964 6,000 5,182 0,08188
298,0 207,6 0,120 0,866 6,000 $,199 0,02308
_ 299.o”_w18¢.e~“ 0,000 1,042 7,000 7.292 0,00000
298,0  195,8 0,060 1, 1043 77,000 7.302 0,00822
298,0 207,1 0,120 1,045 7,000 7.313 0,01641
_ 298,0 189,22 0,000 1,216 a.ooo ‘V9.132 0,00000
"298,0 200,0 0,060 1,247 8,000 9,734 0,00616
296,0 211,1 0,120 1,217 8,000 9,737 0,08232
i _g9s.o 197,3 0,000 1.379 9,000 12,409 0,00000
298,0 208,% 0,060 1,378 9,000 12,401 0,00484¢
298,0 219,! 0,120 1,377 9,000 12,395 0,00968




: E Teble &
X
B ' SPOAT,DAT(50541,1) 17131 13=JANe?9 PAGE
' PERFORMANCE CALCULATIONS GENERATED 13®JANe79 17525
THERMAL MODEL GENERATED 13eJANe79 37323
‘ _ 8P 1304 NO SHIELD __13eJAN®79 17120 I .
TH TC Q I v P coP
___298,0 264,5 0,000 _ 0,244 1,000 0,241 _ 0.,00000
298,0 279,5 0,150 0,257 1,000 0,257 0,58340
298,0 295,1 0,300 0,275 1,000 0,275 1,09142
. 298,0 236,8_ 0,000 0,527 2,000 1,083 0,00000
298,0 250,9 0,150 0,542 2,000 1,004 0,13839
298,0 265,8 0,300 0,559 2,000 1,117  0,26852
_ _298,0  215,5 0,000 0,860 3,000 2,581 0,00000
296,0 228,8 0,150 0,874 3,000 2,622 0,0572%
: 298,0 242,7 0,300 0,889 3,000 2,666 0,11251
+ 298,0 200,3 0,000 1,238 4,000 4,954 0,00000 o
298,0 212,8 0,150 1,250 4,000 4,999 0,03001 o
> 298,0 226,0 0,300 1,262 4,000 5,049 0,05942
. 298,0 190,7 0,000 1,681 5,000 = 8,256 0,00000 = @
298,0 202,86 0,150 1,660 5,000 8,299 0,03807
298,0  215,1 0,300 1,670 5,000 8,349 0,03593
298,0 186,3 0,000 2,084 6,000 12,506 0,00000
298,0 197,6 0,150 T 2,090 6,000 12,54}  0,01196 T
298,0 209,7 0,300 2,097 6,000 12,584 0,02384
298,0 186,5 0,000 2,528 7,000 17,646 0,00000
298,0  197,5 0,150 2,524 7,000 17,670 0,00849
298,0 209,} 0,300 2,528 7,000 17,697 0,01695
298,0 1908 0,000 2,943 8,000 23,542 0,00000
298,0 201,86 0,150 2,944 8,000 23,550 0,00637
298,0 213,0 0,300 2,945 8,000 23,557 0,01273
298,0 198,5 0,000 3,335 9,000 30,087 0,00000
298,0 209,7 0,150 3,333 9,000 29,998 " 0,00500 i
299,0 220,9 0,300 3,334 9,000 29,982 0,0100%




TABLE 9
SOURCE AND PURITY OF ALL STARTING RAW MATERIALS

Source: Kawecki-Berylco Industries
P.0. Box 567
Boyertown, Pennsylvania 19512

Purity: Bismuth 59's i.e, 99.999
Tellurium 5 9's
Antimony 5 9's
Selenium 5 9's

Source: Alfa Division
Ventron Corporation
16207 So. Carmenita Road
Cerritos, California 90701

Purity: Antimony lodide 99%




TABLE 10

P-Type Material Analysis

Molar ratio of starting compounds
(Calculated from weight data on material growth record)

Sample Bi Te Sb Se Excess Te
< XPO15 9.942 58.484 29.800 1.774
1 XP022 9.701 59.449 29.100 1.751
XP024 5.874 61.066 30.261 2.798
] XP027 9.801 59.038 29.393 1.769
‘ XP028 9.701 59.449 29.100 1.751

1 * These values basically conform to the formula:

(SbZSe (szTe3)72 (BizTe3)25

+ 3.08 weight %Te

3)3

Except sample XP024, which fits the formula:

(Sb25e3)s (szTe3)79 (812Te3)16
+10.54 weight %Te




TABLE 11

N-Type Material Analysis

Molar ratio of starting compounds
(Calculated from weight data on material growth record)

Sample B1 Te Sb Se Excess Te
XNOO8 35.630 56.385 6.046 1.923

XNO12 35.994 57.009 3.977 3.088

XN021 35.905 56.890 4.008 3.001

XNQ22 35.948 56.923 3.997 3.033

XN029 35.912 56.912 4.009 2.982
XN0308 35.912 56.901 4.009 2.892
XNO30T 35.912 56.901 4.009 2.982

XN032 35.968 56.970 4.014 3.049

These values conform to the formula:
(Sb28e3)5 (szTe3)5 (BiZTe3)90

Except sample SNOQ8, the corresponding formula is:
(SbySes)y 3 (SbyTes)yy 3 (BipTeslgy 4

+3.92 weight % Bismuth
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| TABLE 12
TE MATERIAL PARAMETERS FOR SINGLE COUPLE
(Elements: 12mm diameter, 1 inch long)
1
XP0Q7
L Position  ax10*  oxi0t  zx1w03
{ - v/°C ohm cm o1
1 1.67% 19.5 0.959
2 2.050 18.0 1.556
3 1.675 17.0 1.100
4 1.675 17.0 1.100
XNOOS8
Position aXx 1074 o x 1074 z x 1073
v/°cC ohm cm o1
1 0.775 9.0 0.444
2 1.25 7.5 1.388
3 0.575% 7.75 0.284
4 0.250 6.75 0.062
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O\ 14DUST

RIES Tmbé& /5 DATE 12:22:7¢
' SAMPLE NA'IL SCR & FILE & DATA POINTS DATE TISTED
3TXP027 16.0 17.0 12.12 12:01:02:04: 41
" - 50, K0, RO s1,k1,Rl  S2,K2,R2 A K,R,Z t,c,v
-1.4317E-C4 1.8840E-06  -2.5617E-09 191.485 63.9368
B.2479E-03 7.9572E-05 __ ~-1.8744E-07 __ _ _15.250. __ __ 49.0889.
5.8306E-05 4.9752E-07 9.2321E-09 10.384 0.1067
2.315
TEMP K ALPHA " kapPPA ~ RHO z
(V/DEG C) (11/CM*DEG C) (OHM/CM) (/DEG K)
T T 340433 2.0278E-04  1.3740E-02 1.2957E-03  2.3096E-03
2.0131E-0C4 1.3619E-02 1.2970E-03 2.2945E-03
_ 0.727 0.890._ . ___ =0.095_.._ _ __  _0.659_-..
329.18 2.0027E-04 1.4342E-02 1.2206E-03 2.2912E-03
1.9943E=04 1.4131E-02______1.2224E=03_____2.3024E-C3.
0.423 1.492 -0.151 -0.484
317.13 _1.9470E=04 1.4286E-02 _. ___1.1465E-03_—__ 2.3145E-03
1.9668E-04 1.4632E-02 1.1446E-03 2.3098E-03
-1.004 ~2.366 0.170 0.207
7T 7T T303.35 1.8959E-04  1.4907E-02  1.0603E-03 2.2742E-03
1.92625-04 1.5138E-02 1.0588E-03 2.3149E-03
_ -1.570_ .. __ -1.526 . 0.185__ . -1.7571 -
290.17 1.8970E-04 1.5688E-02 9.8122E-04 2.3377E-03
o .. 1.8783E-04. ___._1.5555E-02 . .. 9.8003E-04 2.3142E-03
0.957 0.855 0.122 1.016
e _275.22_ 1 8143E-04 .. _.1.5827E-C2--_ - -8.9403E-04 2.3254E-03
1.8132E-04 1.5950E-02 g.9455E-14 2.2041E-03
0.065 Z0.771 -0.058 0.965
© 261.54  1.70958-04  1.5607E-02 8.1836E-0C4 2.2820E-C3
1.7435E-04 1.6238E-02 8.1995E-04 2.25325-03
. o -1.952 . __ ~3.887 -0.123 0.213
257.54 1.7315E-C4 1.8171E-02 7.46595-04 2.2101E-03
o . . 1.86222-04 1.5460E5-02 7.4715E-04 2.2463F-03
4.165 10.395 -0.075 -1.643
231.25 ... 1.5742E-04 1.7182E-02 6.7058E-04 2.15635-03
1.5553E-04 1.6625E~C2 6.67125-04 2.1810E-02
1.216 3,347 0.518 -1.363
214.63 1.3995E-04 1.5866E-02 5.8635E~04 2.10535-03
1.43195-04 1.6692E-02 5.9036E-04 2.0806E-03
. ___ . =2.263 ~4.943 ~C.679 1.186
203.24 1.29115-C4 1.5557E8-02 5.4200E-04 1.9769E-C3
1.2292E-04 1.6678E-C2 5.4076E-04 1.98E7E~02
-2.597 ~6.722 0.229 -C.5¢5
197.54 1.3422E-04 1.8115E-02 5.1729E-04 1.9226E-03
1.2904E-04 1.66525-02 5.1684E-04 1.9347E-03
4.01¢ £.782 C.087 ~0.62¢




Teba /&

"ARLOW INDUSTRIES DATE 12:09:78

SAMPLE NAME SER # FILE ¢ DATA POINTS DATE TESTED
- XNOO8 13.0._ __ 14.0_._ . 12.12___ . 11:17:78/08:14
S0,KO, RO s1,K1,R1 S2,%X2,R2 A,K,R,Z 5,C,V
~5.1643E-05 _ =5.2514E-07 _ _4.9999E-10____ -164.185_ _48.7533
3.4656E-02  -8.8404E-05 9.9959E-08 17.131 ~43.8167
6.97 21E~05 2.1446E-06 3.2573E-09 10.063 ~0.0950
N : 1.564
TEMP K ALPHA KAP PA RHO 2
(V/DEG_C)  (W/CM*DEG. C) __._. ___(OHM/CM)___ ___(/DEG X)
340.11 -1.7279E-04 1.7063E~02 1.1732E-03" 1.4915E-03
-1.7241F-04__ ___ 1.6152E-02__ ____1.1759E=03___ _1.5651E-03
0.221 5.641 ~0.229 —4.702
327,83 -1.6754E-04 1.5213E=02__ 1.1266E=03 1.6377E-03
~1.7006E-04 1.6418E-02 1.1228E-03 1.5689E-03
~1.485 Z7.336 0.333 4.387
315.36 ~1.7073E-04 1.7200E-02 1.0669E-03 1.5885E-03
-1.6753E-04 1.6718E-02 1.0700E-03 1.5689E-03
_ 1.915_ _______ __ 2.883 .. -0.292 .. _  1.252 _
301.36 ~1.6290E-04 1.6887E-02 1.0156E-03 .5473E-03
~1.6449E=04 ___ . _1.7093E-02 1.0118E-03 . 1.5644E-03
-0.967 ~1.205 0.370 -1.094
288.49.._ _-1.6188E-04._ . . 1.7604E-02 9.5872E~04 .. 1.5527E-03
-1.6153E-04 1.7472E-02 9.5950E-04 1.5563E-03
0.220 0.756 ~0.081 -0.232
273.79 -1.5977E-04 1.8283E-02 '9.0200E-04 1.5479E-03
-1.5794E-04 1.7945E-02 9.0105E-04 1.5427E-03
o 1.1s9_ . 1.882 - 0.105 0.337
260. 89 ~1.5483E-04 1.8661E-02 8.4920E-04 1.5127E-03
. =1.5461%-D4_.. . 1.8396E-02 . 8.5093E-04 1.5272E-03
0.136 1.439 ~0.204 Z0.948
247.63. .  =1.5036E-04 1.8710E-02 2.0008C-04 1.5104E-03
~1.5102E-04 1.8894E-02 8.0C ~1E-04 1.5079E-03
~0.436 ~0.978 -0.054 0.162
231.87  -1.4438E-04 1.9031E-02 7.4251E-04 1.4752E-03
-1.4652E-04 1.9532E-02 7.4211E-04 1.4812E-03
-1.451 Z32.565 0.055 20.400
216.10 -1.4264E-04 2.0555E-02 6.8440E-04 1.4463E-03
. _-1.4178E-04 2. 0220E-02 6.8530E-04 1.4506E-03
9.606 1.655 -0.132 -0.301
s -1.38535-04 2.1577E-02 6.5081E-04 1.3687E-03
-1.3854E-04 2.0696C-02 6.4907E-04 1.4289E-03
3.067 4.256 0.268 -2.211
-1.37225-04 2.0206E-02 6.3039E-04 1.4782E-03
-1.36276-04 2.0942E-02 6.3119E-04 1.4175E-03
. 245 Z3.515 -0.128 4.28%




Tabl /7
1 l MARLOW INDUSTRIES DATE 12:09:7g
|
| ¥ SAMPLE NAME SER $§ FILE ¢ _ ___ DATA _POINTS ______ DATE TESTCD.
' BTXP027 16.0 17.0 12.12 12: 01:02:04: 41
, S0, KO, RO s1,K1 Rl S2,K2,R2 JR,2_ D,C,V
l ~=1.4317E-04 1.8840E-06 ~2.5617E-09 191 285 63.9368
' 8.2479E-03 7.9572E-05 -1.87442-07 15.250 49.0889
5.8306E=-05 4.9752E-07 9.2321E-09 10.384 0.1Q67
‘ 2.315
TEMP K ALPHA KAPPA __ RHO z
l (V/DEG C) (W/CM*DEC C) (OHM/CH) (/DEG K)
400.00 2.0057E-04 1.0087E-02 1.7344E-03 2.2994E-03
l 390.00 2.0197E-04 1.0772E-02 1.6565E-03 2.2859E-03
380.00 2.0285E-04 1.1419E-02 1,5805E-03 2.2799E-03
370.00 ~2.0322E-04 1.2029E-02 1.5063E-03 2.2793E-03
i 360.00 2.0308E-04 1.2602E-02 1.4339E-03 2.2824E-03
350.00 2.0243E-04 1.3137E-02 1.3634E-03 2.2879E-03
340.00 2.0127E-04 1.3635E-02 1.2947E-03 2.2947E-03
_330.00 1.995SE-04 __ 1.4095E-02 _ ______1.2279E-03___ __.2.3018E=03._
320.00 1.9740E- 04 1.4517E-02 "1.1629E-03 2.3082E-03
310.00 1.9470E-04 1.4903E-02 1.0997E-03 2.3130E-03
300.00 1.9149E-04 1.5250E-02 1.0384E-03 2.3153E-03
290.00 1.8775E-04 1.5560E-02 9.7900E-04 2.31425-03
. 280.00___ 1.8352E-04.. ___ 1.5833E-02__. _ ___9.2141E-04 _ 2.3086E-03
270.00 1.7877E-04 1.6068 E-02 8.6565E~04 2.2976E-03
260.00 1.7351E-04 1.6266E-02 8.117SE-04 2.2800E-03
250.00 1.6773E-04 1.6426E-02 7.5969E-0C4 © 2.2545E-03
240.00 1.6144E-04 1.6549E-02 7.0948E~04 2.2199E-03
o _ . .230.00_____1.5464C-04 1.6634E-02 6.6111E-04 2.1746E-03
220.00 1.4733E-04 1.6682E-02 6.1459E-04 2.11725-03
210.00 1.3951E-04 1.6692E-02 5.6%92E-04 2.045E5-03
200.00 1.3117E-04 1.6665E-02 5.2709E-04 1.9587E-03
199.00 1.2222E-04 1.6600E-02 4.8611E-04 1.€5415-03
180.00__ _ __1.1296% -04 1.6498E-02 4.4698E-04 1.7302E-03
170.00 1.0308E-0 1.6358E-02 4.0969E-04 1.58552-03
150.00 9.2696C- os 1.6181E-02 3.7425E-04 1.4189E-03
150.00 8.1797E-05 1.5966E5-02 3.4066E-04 1.2301E-03
140.00 7.0386E-05 1.5714E-02 3.0891E~04 1.0206E-03
130.00 . 5.2462E-05 1.54255-02 2.7901E-04 7.94185-04
120.00 4.6026E-05 1.50975-02 2.5095E-04 5.5913E-04
110.00 3.3078E-05 1.47335-02 2.2474E-04 3.3045E-04
100.00 1.9617E-05 1.4331E-02 2.0038E-04 1.3402E-04
90.00 2.64432-06 1.3891E-02 1.7786E~-04 1.2894E-05
80.00 -3.5409E-06 1.3414E-02 1.5719E-04 3.7068E-05
70.00 -2.3839E-05 1.2899E-02 1.38370-04 3.1838E-04
60.00 -3.9346E-05 1.2347E-02 1.2139E-04 1.0330E-03




TSl &

l MARLOY INDUSTRIES DATE 12:09:78
ANPLE NAMLE SER § FILE # DATA POINTS DATE TESTED
—XN008— - - 120 140 - —1}2+12——131:17:78/08:14—--- -

50,KO, RO S1,K1,R1l S2,K2,R2 A,K,R,2 D,C,V
————— -5--1643E-05 5.-2514E-07 -4,9999E-10 - - --—164+185—- —4837533—
' 3.4656E-02 -8.8404E-05 9.9959E-08 17.131 -43.8167
6.9721E-05 2.1446E-06 3.2573E-09 10.063 -0.0950
TEMP K ALPHA KAPPA RHO z

l —— —(V/DEG—C)—————(W/CM*DEG C)— ———(OHM/CM) (/DEG-K)——

———400-00- — -—-—1:6170E-04— ——1,5288E-02— — —154487E-03 1-4906E-03—-

' 390.00 -1.8040E-04 1.5382E-02 1.4016E-03 1.5095E-03

380.00 -1.7900E-04 1.549%7E-02 1.3550E-03 1.5258E-03

—370-00—1-7749E-04———3-5631E-02——1:3091E-03—315395E-03——

360.00 -1.7589E-04 1.5785E-02 1.2639E-03 1.5507E-03
——358500—-—1-74319E-04 1-596 0E-02— -1.2194E-03 1:5592g-03 - —
340.00 -1.7239E-04 1.6154E-02 1.1754E-03 1.5651E-03
330.00 -1.7049E-04 1.6368E-02 1.1322E-03 1.5685E-03
——320<-00- -~ —-1.6849E-04 ——1.6603E-02- - 1.0895E-03 ——--1.5693E-03
310.00 ~-1.6639E-C4 1.6857E-02 1.0476E-03 1.5677E-03
——300:-00— --—- -1.6418E~-04 — — 1,7131E-02 - - -1,0063E~03 —--1.5637E-03
290.00 -1.6188Z-04 1.7426E-02 9.6559E-04 1.5575E-03
280.00 -1.5948E~-04 1.7740E-02 9.2558E-04 1.5490E-C3
- 270.00 ~-1.5698E~04-—~-——1,8074E-02— -— -~ 878622E-04 - --1.5335E-03
260.00 -1.5438E-04 1.8428E-02 8.4751E-04 1.5260E-03
250700 =~175168E-04— - - —-—"1788B03E-02" " - 8.0945E-04 — ~ 1.5116E-03
240.00 -1.4888E-04 1.9197E-02 7.7205E-04 1.4955E-03
230.00 -1.4598E-04 1.9611E-02 7.3529E-04 1.4777E-03
220700 - ——=-174297E-02 2.0045E-02 6.9919E-04 1.458SE-03
210,060 -1,3987E-04 2.0500E-02 6.6373E-04 1.4379E-03
200.00 - ~1.3667E-0C¢ 2.0974E-02 ©6.2893E-04" 1.4160E-03
190.00 -1.3337zZ-04 2.1488E-02 5.9478E-04 1.3930E-03
130.0C -1.29572-0% 2.19%2E-02 5.6129%E-0/ 1.3690E-03
-170.069 -1.2647E-C4 2.2516E-02 5.2844E-04 1.3442E-03
150.00 -1.22875-04 2.3071E-02 4.9624E-04 1.3186E-03
150.00 -1.1916E-0C4 2.3645E-02 ‘4,6470E~-04 1.2924E-03
145.00 -1.1536E-04 2.4239E-02 4.3381E-04 1.2657E-03
130.00 -1.1146E-C4 2.4853E-02 4.0357E-04 1.2387E-03
120.090 -1.0746E~C2 2.5487E-02 3.7398BE-04 1.2115E-03
110.00 -1.0336E-0C4 2.6141E-02 3.4504E-04 1.1844E-03
100.00 - -9.,9157£-05 2.6815E-02 3.1675E-04 1.1576E-03
90.00 -9.4835E-03 2.75C9E-02 2.8912E-04 1.1313E-03
gC.00 -9.02542-03 2.8225E-02 2.6214E-04 1.1059E-03
7C.0¢C -2.58052322-05 2.8258E-02 2.3580E-04 1.081%E-03
60.00 -8.,1351E-C3 2.9712E-02 2.1012E-04 1.0601E-03




A s

/

T
i
{
—
{
i
{
I
! °
w o
S T

B O O B
| |
M |
m '

X5

b

4
4

!

!
4
1

i

et s 2
0.0/8

i
T
i
H
i
he
1
v
i
1
T
)
1
i
]
{
‘
;ni" #

i
i
{
i
;
TS
+
!
i
!
I
;
i
I
{
T
1
i
:
!
l
{
!
3
—

10 Millimeters to the Centimeter
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19 Milfimeters to the Centimeter
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UNLESS OTHERWISE SECIFIED | Agvisions
Yo:n.:::.u o.l?:“. JIPLACE DEC LTR OESCRIPTION ODATE AFFROVED
2.03 2.0%
f ANGLES
MACHINED FORMED SHEANED
20° & 21°* 20° 3o
HOLE TOLERANCE PER AND YaOR?
| “emmretsim:
ALL Died. WNCHES & NCLUDE APPLIED S iNISKH
R
MARE e
s ATMOVE ALL BURARS AND SHARP EDGES
SE ,0185 TIR
| /——‘_-froP Q-TciBA . 015
; . / H_ _POS (N 26 GA. BUSS
1 = Ze| . ‘ .
0 | ‘
© Z B2 -
. 2] , |
? FFZZZH - Ne (5 26 GA BUSS
| ———
,005
1 COOE PART OR NOMENCLATURE
. ] 'TEM| (DENT |IDENTIFYINGNO. | ORDESCRIFTION
QTY REQD NO.
== - MARLOW INDUSTRIES, INC.
1023 JUPITER RD. GARLAND, TEXAS 75042, 214-494-2521
e 10— 17gL PRODUCT SPECIFICATION |
Y ewasolzre SP|IIOZ2 :
m l:l Gﬁoslslsbsﬂsﬂ'l" Z 7@ l
MRao SCAI.; Z.S: , NEV. SNty ' or 4




AD-A083 225  MARLOW INDUSTRIES INC 6ARLAND TEX F/6 13/
HIGH EFFICIENCYs LOW POWER THERMOELECTYRIC COOLERS.(U)
. DAAK70=78=C~0016

NL
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‘ MATERIAL LIST
-05 | -04 [-03 [-02 [-01 [iTeM| PART NUMBER DESCRIPTION
‘ 27&1 - Ol |cootr , SPliO2
1 | 12791 -2 CERAMIC , BASE )
| 2 2792 -~ O | _|[leRamic , 242
| 3 274-0O| |[CtERAMIC, R RP
1 4 2765 -01 CERAMIC, 4 TH
[ 5 | 2766-01 lteeamic, ToP
] 21l | & [ilg|l-0Z | TAB_
4 7 1826-02 TAB , SPECIA L
106]| 8 2789-o01 ELEMEBOLT P/
1061 9 2789 -02 ELEMENT ‘N’
AR | 10 1260-Q7 SoLDeER , |138°C
) AR [ 1781 -0 | FLUX ELem ASSY
y AR | 12 1781 -06 | ELUX , TINNING
| AR | 13 1774 -03 | WIRE ,BUSS, 26 GA
1|4 2336-02 |MATRIX, 15T STG
: { 15 2337~ OZ |MATRIX , 24P S7T¢
{ /o 2338 -o0% [MATRIX 3 RD STG
! 17 2793 -0OT | MATRIX , 4TH ST§
I
NOTES:

| I FABRICATE PER ASSY. PROCESS |82 3
Y2 TEST PER TEST PROC. 1486 REF TEST SPEC.

-~ 3

TEST SPEC:
AT TEST:
1 -
™=
|ac REsisT:
HI-POT TEST:

INSPECT PER WORKMANSHIP STD'S.

1023

SIZE |CODE IDENT W

A 55688

- SP 1102
" Z705) |

SCALE: M/A

e it e,

| 204 | ‘
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UNLESS OTHEAWISE SECIFIED | REvisions
TOLERANRCE S On-

3PACS 08 JrLaca 4C LYR OESCRIFPTION oAave AIFROVED
3.8 2.0%

“‘:E::m-u roRueED ':.-nu A Che plﬁ.SItWoL?s ch woes /.”—7’ ﬁ/
s20® w 29° 20" 3

MOLE YOLEAANCE PEA anD vedu?
WURSACE ROUGHNESS PER UBAS Bas. Y 138
MACKHINGD SURPACE Pirilse

DINENIONING & TOLARANCING PER LBAS- Y14 o
SCCENTRICITY SR TWEEN AN Y DIAIS) O Tig
SAME CENTERLING SnaLL MOT SNCEED .00
TOVAL INCICATOR REAONG

ALL 0104 104 HiCHE S & WCLUDE APPLUED & a8

WELD SYMOOLS PEA USas. YD

AVET COOE PR nAS 823

THACADS PUR wiL &-7742 -

MARK PEA ML STD-39

REMOVE ALL BURAS AND SHane EOOLS

——ToP 4-To BDASE ,015 TIR

D C 3

. TPOS (O
A

L T v o
-4 l - " ,
] T2 e—— 2,00 _

[ COOE PART OR NOMENCLATURE
- . —|ITEM| IDENT | IDENTIFYING NO. OR OESCRIPTION
. ) : QTY REQD NO - a

l NEXT ASE"Y VSED O

L ——F——F— - MARLOW_INDUSTRIES, INC. _

— g>—trs, PRODUCT SPECIF\CATION |
—— RELEASED "% [™%me " 2762

MAR 30 W79 ety zsll ™™ A " lor 4




MATERI

AL~ LIST

-05 |-04 |-03 |-02 |-01 |ITem PART NUMBER DESCRIPTION
2762 -o| CooLer. . SP [IO3
) [ 1225 -2 CERAMIC , BASE
| 2 1228 - O lepnmic , ZAB
| 3 27664 -0 LeRAMIC, B RD
] 4 2765 -0 CERAMIC, 4TH
I 5 2766 -01 |Lteeamic, ToP
211 b 1181 -02 TAB
141 7 1826~-02 TAB , SPeCIAL
10| 8 1990 - ot ELEMEDLT P/
XA 1990 -o02 ELEMENT ‘N’
AR | 10 1260-07 SoLDER , |38°C
Ae | u 1781 = O\ FLUX, ELEM ASSY
AR | 12 1781 -06 | FLUX, TINNIN G
ARl 13 1774 -03 WIRE ,Buss, 26 GA
| 4 1828 —o0Z [MATRIX, |3 ST
1| IS |828-22Z [MATRix, 228 <T%
[ lo 1822~ 02 | MATR) 348
[ 17 2795 -~oZ MATRIX, 4¢TH STG
NOTES:
. FABRICATE PER ASSY. PROCESS |82 3
‘12 TEST PER TEST PROC. 1486 REF TEST SPEC.
-{3. INSPECT PER WORKMANSHIP STD's. 1023
TEST SPEC:
AT TEST:
I.
Vs
TH =
TC =
A.C. RESIST: Sp ' ‘05
Hi-POT TEST: SIZE [ CODK IDENT : --’ : o, -
A 55688 276 Z

SCALE: M /A
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UNLESS OTHERWISE SECIFIED .

" HOALS TOLERANGE PER AND @07
SURPACE AOUGHNEBEFERA LBASB4S.Y o0

TOLERANCES ON-
INace DEC 3PLACE DEC
2.08 2.0
angLes

AEVISIONS

LTR

DESCRIFTION

WACWINGD s0RMED
s6® o 21®

sngane0
20° 3o

HACKHINED SURPACS Fingn
[ 1.}

CCCENTRICITY BETWEEN AanY DIAISION TrE
SAME CENTEALING SNALL NOT EXCEE0 010
TOTVAL HHOICATOR READNG

ALL D34, 18 WNCHES & HNCLUDE APPLIED F 1eIBHe

WELO SYMEOLS PEA VBAS- VY32

3 AvET coot ren nas 823

THAGADS PSR ML 8-7782 .

MARE PER MILSTO-130

AEIMOVE ALL BUARS AND SHaRF S0GLS

& TOoL sgn usas-vie d

.|
-l)
P

doa—

T+
N

CHes PER GC OO S

——ToP &- ToO DASE ,015 TIR

T POS (B

7 a0 4

1 ' COOE PART OR NOMENCLATURE
.rnvau-v uSED on -“ M-ARLOWGJ.!B',U?S.IB’I’EE' INC.
4 ——1 pProbucT

SPlIIo&4

=

A

€O0E IDENT @

276> .

SCALR: NOOOE

fev.

A

| oF 4




i MATERIAL __ LIST
ndl -05 |-04 [-03 |-02 [-o1 [ITEM| PART NUMBER DESCRIPTION
E 2762 -O| |COOLER, SPIIO4
] \ 1126~ 0O |CeraMic , BASE
! 2 IL27 -0O1l. |CErAMIC , TM2
1 3 2776 0| lepAMic , 38D
Ll 4 2777 -0 |CeRrAmMic , 4 TH _
H 115 27178 -01 _[CERAMiC , TOP
- 215| & 009 -02 |TAB®
12| 7 I\W\ -02Z | TAB , SPECIAL
i 106] 8 2790 -©1 ELEMENT P’
P 106] 7 2790-02 |ELEMENT SN
: AR | 1o 1260~ 01 |SOLDER, 138°¢
5 AR | 11 1781 —O1 |FLux, ELEM ASSY
[ AR | 12 1781 = O0b |FLUK TINNING
L AR| 13> 1774 - o4 |WIRE ,BUSS Z6 GA.
’ | |4 2796-n2 ATRIX
NOTES:

I. FABRICATE PER ASSY.

AT TEesT:
| .-
V=
TH =
' TC =
ALl RESIST:
H1-POT TEST:

| TEST SPEC

PROCES‘S 1823

’
.

' TEST PER TEST PROC. 14806 REF TEST SPEC.
3. INSPECT PER WORKMANSHIP STD's. 1023

size é”l IDENT
A | sse88

-~ 8P 04
2763

4

SCALE: N LA

REV.

A

SHEET Z oF 4_







EFET ] o
Vit

\\ TIITITITTTT.
\ ENESET—

o v e <
\Hmﬂaﬂ 4 &

@ O

SP 1104

SIZE |COOE I0ENT

A 55688 '




UNLESS OTHERWISE SPECIFIED ACVISIONS

LYR OCSCRIPTION DATE APPROVED

OPERATIONAL

v
| AND

ENVIRONMENTAL
TEST
PROCEDURE

“..' ™ 3\ » & 3 1 "»

] CODE PART OR NOMENCLATURE
ITEM| IDENT | IDENTIFYING NO. OR DESCRIPTION
QTY REQD NO

wnco on MARLOW INDUSTRIES, INC.

1021 JUPITER RD. GARLAND, TEXAS 73042, 214-494-252)

x | PRE LIMINATRY
Rl R 2898

SCALK: /REv. SHEEY ‘ oF 7




OPERATIONAL AND ENVIRONMENTAL TEST PROCEDURE
SP 1102, SP 1103, SP 1104

The purposes of the test procedure are to determine the internal and
external performance characteristics of the three types of coolers de-
signed and fabricated under this program and to conduct environmental
testing of these coolers which were designed for operation in rugged

environmental conditions.

Electrical Performance Testing

Mounting Cooler(s)

Mount the cooler(s) to be tested on a copper test base using 96°C solder
(MI Dwg. No. 1260-05) and Alpha 200L flux (MI Dwg. No. 1781-06).

Attach the power leads to the test base terminals using 138°C solder,

MI Dwg. No. 1260-07 and Alpha 20QL flux MI Dwg. No. 1781-06.

Mount a .001" Cu-constantan thermocouple on the top surface of the cooler
using the solder and flux referenced in Section 2.1 above. Attach the
thermocouple leads to the test terminals using the same materials.

Mount a .003" Cu-constantan thermocouple on the test base adjacent to the
cooler base and attach the leads to the test base terminals using the
same materials referenced in Section 2.1.2.

Thoroughly rinse the cooler-test base (CTB) assembly in hot water (60°C)
and dry with compressed air.

AC Resistance/Hy-Pot Testing

Measure the AC Resistance of the cooler and record the reading on the

traveler.
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2.2.2 Measure the Hy-Pot resistance from the leads to the test base (>100 megohms

at 500 volts).

Thermal Performance Test

-
N
.
w

2.3.1 Mount the cooler-test base (CTB) assembly(s) on a cooler test jig per MI
Dwg. No. 2248 and connect the power and thermocouple leads to the CTB
terminals.

2.3.2 Mount the cooler test jig on the test console and mount the heat exchanger
on the cooler test jig.

2.3.3 Connect the power thermocouple electrical plug, turn ON the vacuum system
and set CTB temperature at 25 + 2°C.

2.3.4 Turn ON power to cooler and set the input voltage of the first test cooler
to 6.00 + .01 volts.

2.3.5 Allow the cooler cold plate temperature to stabilize and record the following

data on the traveler:

Serial number of cooler assembly
Base temperature (25 + 2°C)

Cold side temperature

Input voltage

Input current

Vacuum (<10-4 torr)

“+ ® QA 060 O @

2.3.6 Repeat steps 2.3.4 and 2.3.5 for all cooler assemblies on test jig.
2.3.7 Turn OFF power supply, allow vacuum chamber to reach atmosphere pressure,

disconnect electrical plug and remove cooler test base (CTB) assemblies

‘ from test jig.
3.0 VIBRATION AND SHOCK TESTS
3.1 Mount ehe CTB assemblies on the shock and vibration test adapter plate.

3.2 Bolt the adapter plate to the vibration test stand.
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Attach an acceleration sensor to the adapter plate.

Perform the vibration test under the following conditions:

Frequency Range - 10 - 300 Hz

Amplitude - 2.5g9 peak

Sweep Rate - Logarithmic sweep from 10 Hz to 3000Hz
and back to 10 Hz within a 30-minute
period

Axes - 3 orthogonal, one sweep per minute

Remove the adapter plate from the vibration test stand and bolt to the
shock test stand. !
Perform the mechanical shock test under the following conditions

No. of impacts - 6 in each direction and amplitude
Axes - 3 orthogonal, both directions

Amplitudes - half sine wave pulses, of 500 g's peak value with a
duration of 1.0 millisecond measured between the 10%
values of peak amplitude. Half sine wave pulses of
140 + 10 g's peak value with a duration of 9 milli-
seconds + 10%.

Remove the adapter plate from the vibration test stand and remove the

CTB assemblies from the adapter plate.

THERMAL PERFORMANCE TEST

Repeat Section 2.3 above.

HIGH TEMPERATURE TESTS
Place the CTB assemblies in an oven with the temperature stabilized at
85°C and allow to remain for 48 hours.

Remove from the oven and repeat Section 2.3 for each cooler.
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6.0 LOW TEMPERATURE TEST
6.1 Select one CTB assembly of each type and mount the assembly in a test

vacuum chamber, ST 1018 Modified.

— oms o

6.2 Connect power and thermocouple leads to the CTB assembly.
3 6.3 Coat the 0-ring gasket for the test vacuum chamber with a thin layer
of vacuum grease, install in annular groove and mount the cover on the
- test vacuum chamber.
6.4 Place the test vacuum chamber in a cold chamber, exhaust the system and :

back fill with argon.

6.5 Stabilize the cold chamber at -60°C and allow to remain for 24 hours.

6.6 Raise the cold chamber temperature to -40°C and evacuate the test chamber.

6.7 Turn ON the power supplies to the cooler and adjust for proper values.

6.8 As soon as operating conditions stabilize, read and record TH’ Tc, In’
and V.

6.9 Turn OFF power and vacuum and remove test vacuum chamber from cold chamber.

6.10 Remove CTB assembly(s) from test vacuum chamber(s).

7.0 TEMPERATURE SHOCK TESTS

7.1 Stabilize oven temperature at 70°C and cold chamber temperature at -60°C.

7.2 Place CTB assemblies in cold chamber and allow to remain for four hours.

7.3 Remove assemblies from cold chamber, place in oven within five minutes

and allow to remain for four hours.

. 7.4 Remove assemblies from oven and place in cold chamber within five minutes.
7.5 Repeat steps 7.2 and 7.3 for a total of three cycles.
7.6 Remove CTB assemblies from oven and repeat Section 2.3 for each cooler.
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TE COOLER TESTS

COP Tests

Take two CTB assemblies of each type of cooler and mount a heat load
resistor on the cold plate of each cooler.

Mount a .001" Cu-constantan thermocouple on a metallized pad on each

of the intermediate ceramics of one cooler of each type and attach
voltage measurement leads to each stage of the cooler.

Mount one of the CTB assemblies from Section 8.1.2 on a vacuum test
fixture and connect the power, voltage and thermocouple leads from the
CTB terminals to the test fixture feed throughs.

Attach the heat exchanger to the vacuum test fixture and mount the
assembly on the test console.

Connect the power, voltage and thermoccuple leads from the test fixture
to the test equipment and attach the temperature controller water lines
to the heat exchanger.

Tunr ON the vacuum system and set the CTB base temperature at 25 + 2°C.
Set the coold; power voltage at 6.00 + .01 volts and the resistor heat
Toad at the nominal value.

Turn ON the power supply and allow the cooler cold plate temperature to
stabilize.

Measure and record the following data:

a. Base temperature

b. Temperature for each intermediate stage
c. Cold side temperature

Input Voltage

Voltage for each stage

Input current

Heat load

a -Hh ©®© A
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8.1.10
8.1.1

8.1.12

8.1.13

8.2

8.2.1

8.2.2

8.2.3

8.2.4

8.2.5

8.2.6

8.2.7

Set the resistor heat load at zero and repeat Sections 8.8 and 8.9.

Set the resistor heat load to 200% of nominal value and repeat Sections
8.8 and 8.9.

Turn OFF power supplies, disconnect leads, remove vacuum and remove

test fixture from test console.

Repeat Sections 8.1.3 to 8.1.12 for each of the other two cooler types.
Cooler characteristics with heat load

Mount a CTB assembly with heat load resistor on a vacuum test fixture
and connect the power and thermocouple leads from the CTB terminals to
the test fixture feed throughs.

Attach the heat exchanger to the vacuum test fixture and mount the assembly
on the test console.

Connect the power and thermocouple leads from the test fixture to the
test equipment and attach the temperature controller water lines to the
heat exchanger.

Turn ON the vacuum system and set the CTB base temperature at 25 + 2°C.
Set the cooler power supply voltage at 6.00 + .01 volts and resistor heat
Toad at nominal value.

Turn ON power supply and record time for cold plate temperature to reach
193°K.

Allow the cooler cold plate temperature to stabilize and record the

following data on the traveler.
a. Base temperature

b. Cold side temperature

Input voltage

. Input current

Heat load

. Vacuum (<10-4 torr)

- ® a 0O
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8.2.9

8.2.10

8.2.Nn

8.2.12

8.2.13

8.3
8.3.1

8.3.2

8.4

9.0
9.1

Set the resistor heat load at zero and repeat Section 8.9.

Set the resistor heat load to 200% of nominal value and repeat Section
8.9.

Set the resistor heat load at the nominal value and set the cooler input
voltage to 1 + .01 volt and repeat Section 8.9.

Increase the cooler volts in steps of 1 volts, repeating Section 8.9 at
each step until the cooler cold plate temperature increases with higher
voltage.

Turn OFF power supplies, allow vacuum chamber to reach atmosphere pressure,
disconnect electrical connections and remove cooler test base assembly
from test jig.

Repeat Section 8.2.1 to 8.2.12 for each of the other two cooler test base
assembiies.

Cooler performance with radiation shield and heat load.

Install the proper radiation shield on each of the test coolers used in
Section 8.2.

Perform the tests listed in Sections 8.2.1 to 8.2.8 and 8.2.12 on each

of the three cooler types with the radiation shield installed.

Calculate radiation heat load per unit area vs. cold surface temperature.

INSPECTION (Q.C.)
Inspect per MI Workmanship Standards, Dwg. No. 1023 and the cooler Product
Specification.




COMPONENT EVALUATION

Cedar Rapids ., lowa
xx- Dalias. Texas
e Newport Beach. Calif.

REPORT - Toronte. Ontarie
COLLINS PART NOS.

ORI T o comero PURPOSE OF TEST None REV
REPORT -WRITT ENGINEERING INFORMATION TR NO

A. C. Ha&wm WANUFACTURER QUAUFICATION | ET #805028
REPORT APPROVED BY PRODUCTION LOT ACCEPTANCE | paRT NANE

B. T. Ward ADDITIONAL SOURCE Cooler Assy.
TEST REQUESTED BY X | OTHER TOﬂtracs MFG'R & CODE IDENT NO.
Marlow, Ind.

NO.OF SAMPLES CONTRACT NO. Marlow, Ind.

One (1) P0#3309 MFGRS PART NO.

MFGR DATE CODE &P

Unk. 36~-2014 UNK.

SUMMARY OF RESULTS

Test No. Name of Test or Environment No. Tested HNo. Failed Remarks

1. Vibration 1 0
2. Shock 1 0

APPROVAL STATUS

COMPONENT APPLICATION ENGINEERING REFERENCE:

[J aeeroven [ Jorsaperoveo [ ] encinecmng o [_J penoine

CAL STATUS 10€P P.0. #3309

REMARKS EQUIPMENT CHECKOUT: APPROVED

[ wisarrroveo

[XX] ot req

PROJ ENGR SIGNATURE

DATE

QUALITY INSPECTION ACCEPTABLE
Q.A. ENGR SIGNATURE

COMP_ APPL. ENGINEER

DATE

MILITARY/CUSTOMER WITNESS
(IF REQUIRED)

DATE

PAGE 1 ofr 4 PAGES

074-8143-100 (12-74)




e ——— - -

) s s G e ms Gue eme ¢ G OGNS NS BN oww

)

00€-8LLS~¥L0

COMPONENT TEST REPORT CONTINUATION SHEET

REPORT NO __T_ifB.Qﬁ.QZﬁ_E
_Z__O’ —J—Mltu

MHMEET

TEST PERFOMMED

i~
TEST

REMARKS ONR TYPE OF DISCREPANCY

1.1
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hertz with a constant 2.5G
input. Scanning speed is
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above mentioned frequency
range in twenty (20)
minutes. Nine sweeps in

and major horz), for a
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sweeps or six (6) hours.

o

Vibration:

As in Test No. 1, except
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hours.
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Marlow instructions.
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1.0

2.0
2.1

3.0
3.1
3.1.1
3.1.2

3.1.3

Drawing No. 2454
THERMOELECTRIC MATERIAL GROWTH PROCEDURE

Scope
The following describes the procedure to be followed to
produce thermoelectric material in the form of rods 12.5 milli-

meters in diameter.

References

The following process, tests, and control documents are included

in this specification by reference,

Orawing 1454 - Wafers - Procedure for sawing

Drawing 1455 - Elements - Procedure for dicing

Drawing MI 1060 - Product Specification

Drawing 1486 - Procedure for testing thermoelectric coolers

Drawing 1110 - Diffusion Barrier - Procedure for coating thermoelectric
material.

Procedures

Cleaning of quartz tubes.

Caution: Gloves must be worn when using hydrofloric acid

Prepare a cleaning solution of 10% hydrofloric acid and deionized water

by volume, and carefully pour the solution in the squirt bottle labeled

10% HF.

While rotating the quartz tube, pour a portion of the 10% HF through

the tube for several revolutions.

Rinse the tube for approximately 2 minutes with deionized water.




3.3.3

3.3.4

Dry the tube with the HG - 501 Heater.

Preparing quartz tube.

Caution: Protective dark glasses must be worn when using the torch.
Fasten hydrogen-oxygen torch to bench. Light and adjust flame. Light
hydrogen first, then add oxygen as needed.

Heat the center of the quartz tube by rotating the tube over the flame.
As the quartz gets soft, simultaneously twist and gently pull the two
sections of the tube apart so that there are two tubes with sealed ends.
With the torch, form each tube so that the walls converge to form a 30°
angle at the tip.

Allow tube to cool to room temperature.

Measure material and place in tube.

Select a sequential ingot serial number, starting with XPOOO for p-type
material or XNOOO for n-type material, and all material growth data or
comments or traveler 2454-01.

The amount of each raw material, in grams, required for each type of

material is listed below.*

P-Type N-Type
Bismuth 15.70 48.47
Tellurium 55.79 46.86
Antimony 27.44 3.14
Selenium 1.04 1.53

*Typical Composition

Turn ON the Model 1202 Sartonies Balance and turn OFF the laminar flow
vent hood. Use weighing paper during all weighing operations.

Attach the quartz tube to the tube stand and fit the special funnel on
the top of tube.




3.3.5

3.3.6

3.4.2
3.4.3
3.4.4

3.5
3.5.1

3.5.2

3.5.3

3.6

The raw material should be added to the tube in the order; dopant,
selenium, antimony, tellurium, and then bismuth.

Weigh out the pre-specified amount of the raw material and then carefully
transfer the material to the quartz tube. Record all required data on
traveler 2454-01.

Evacuate tube and seal.

Remove tube from weighing station and attach tube to the vacuum station
with O-ring and compression seal.

Evacuate tube.

Close off vacuum valve after thirty minutes.

With the torch, carefully melt the contents of the tube to compact the
material into the bottom of the tube.

After the material has solidified, re-evacuate the tube for at least 30 min.
When the tube of material is cool enough to hold with the hand, close
vacuum valve and use the torch to seal the tube about 2 inches above the
top of the material. Seal the tube in the same manner as in step 3.2.4.
After sealing, inspect the tube and material for cracks or abnormalities.
Record all required data on traveler 2454-01.

Alloy the Ingot.

Set the rocker furnace temperature at 625°C and set the rocker speed at
15-20 cycles per minute.

When the oven is at equilibrium, place the tube in the oven and allow

to rock for 2 hours. Record all data on traveler 2454-01.

Turn OFF the rocker motor and quickly remove the ingot from the oven.

Lay the tube on the asbestos sheet in the horizontal position.

Grow Crystal.




3.7.1

3.8
3.8.1

3.8.2

Place the sealed ingot in the ingot holder and attach the ingot holder
to the crystal drive arm.

Set the furnace temperature so that it is just above the hot zone of the
furnace.

Lower the ingot into the furnace so that it is just above the hot zone
of the furnace.

Place covers around the top of the furnace.

With the motor control switch at 28* on the dial, place the directional
switch in the down position.

Check all thermocouple connections for proper connections with the chart
recorder.

Let the ingot slowly drop through the furnace urdisturbed until the
temperature of the ingot is below 500°C. This will take approximately
48 hours.

Record all required data on traveler 2454-01.

Remove ingot and record weight.

Remove ingot by detaching ingot holder from crystal drive arm and remove
holder from furnace.

Remove ingot from tube by breaking glass with pliers.

Weigh the ingot on the balance and record data on traveler 2454-01.
Calculate Resistivity (p) and Seebeck Coefficient (a).

Attach the alligator clips to the current leads of the Keithly 503 HC
milliohmeter to the ends of the ingot. Attach voltage leads to the
special two point probe.

Measure the resistance at half inch intervals down the length of the

ingot. Rol11 the ingot 120° and repeat step 3.8.2.

*Typical setting




—

*

3.8.3
3.8.4

3.8.5

3.8.6
3.8.7
3.8.8

3.9
3.9.1

3.10
3.10.1

3.10.2

Rol1l the ingot another 120° and repeat step 3.8.2.

Calculate the average electrical resistivity by the equation:

p = RA/L
where

p is the electrical resistivity
R is the measured resistance
A is the cross sectional area
L is the distance between the probes
Record all data on traveler 2454-02.
With the galvanometer, check and record the value of the deflection at
half inch intervals down the length of the ingot. Calibrate the galvan-
ometer with a standard piece of p or n type thermoelectric material.
a (std p) = 220 Micro volts/°C
a {std n) = 200 Micro volts/°C

galvanometer reading (standard)= galvanometer reading

220 Micro volts/°C a (sample)
Roll the ingot 120° and repeat step 3.8.5.
Ro11 the ingot another 120° and repeat step 3.8.5.
Calculate the average Seebeck Coefficient for the ingot and record all
data on traveler 2454-03.
Select and cut ingot for single couple test cooler.
Send two ingots, one p-type and one n-type, to the saw room to be cut
in 1 inch Tong 12 millimeter sections.
Build two element coolers using these sections.
Tin the ends of each section with 138°C solder, 1260-07 and zinc chloride
flux 1781-01.
Solder the n-type section to the right side of the special two element

cooler ceramic.
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.10.4
.10.5
.10.6
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3.13.1

3.13.2

3.141

3.15
3.15.1
3.15.2

Solder the p-type section to the left side of the special two element
cooler ceramic.

Solder the special top copper strip across the top of the two elements.
Solder a red lead wire to the n-type side of ceramic.

Solder a black lead wire to the p~type side of the ceramic.

Attach the current leads of the Keithly AC Milliohmeter to the leads
of the cooler.

With the voltage leads, measure and record the resistance of each
element of the cooler. Clip the voltage leads to the bottom and top
tabs close to the element to be measured. Record the data on traveler
2454-04.

Test cooler for cooling effect.

Attach the current leads of the test station to the red and black leads
of the cooler and apply maximum current to cooler.

Attach a thermocouple to the top of the test cooler and measure cooling
effect. Record all data on traveler 2454-04.

Wafer best section for MI 1060 coolers.

Select the best element pair of the ingots and send to saw room for
wafering per process 1454,

Cut the ingot sections into .060 thick wafers.

Coat wafers.

Coat wafer per process 1110 with the current adjusted to .3 amps for
10 wafers.

Dice wafers for 1060 coolers.

Send wafers to saw room for dicing per process 1455,

Dice the wafers into .057 X .057 inch elements.
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.16
.16.1

.16.2

.16.3

.16.4
07

7.1
7.2

.17.4
.17.5
.18

.18.1

.18.2

Build MI 1060 coolers.

Build MI 1060 coolers per product spec MI 1060 with n and p-type
elements of grown material lot.

Build MI 1060 coolers as in 3.16.1 except use p-type elements from
standard stock with the elements of grown n-type.

Build MI 1060 cooler as in 3.16.1 except use n-type elements from
standard stock with the elements of grown p-type.

Build an MI 1060 cooler using standard stock.

Test coolers for maximum cold side temperature.

Place MI 1060 coolers in vacuum housing and test per process 1486.
While holding the hot side temperature at room temperature (27°C)
increase the current by one amp increments until the maximum cold
side temperature is passed and record the information.

Repeat test procedure with hot side temperature at 0°C.

Repeat test procedure with hot side temperature at 50°C.

Analyze data.

Using the HP-67 calculator, compute the values of figure-of-merit,

alpha, rho, kappa and average temperature.

Plot data for figure-of-merit, alpha, rho, and kappa.




