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INTRODUCTION 

A reference design for a compact converter module employing silicon-
germanium thermoelectric alloys was developed during Phase I of this 
program. The development of the design is covered in the final re
port for Phase lo Another result of Phase I was the identification 
of certain critical areas in which additional engineering work was 
required for the full demonstration of the technology to be employed 
in the fabrication of compact converter modules. 

There were five general areas defined in which the work of Phase IIA 
was to be concentrated. These areas are l) the hot and cold heat ex
changer plates, 2) the "hot stack" assembly, 3) the "cold stack" 
assembly, 4-) the flexible connector, and 5) the thermoelement assembly. 
These areas are not listed in order of criticality or difficulty but 
all require different degrees of emphasis in different areas. Because 
of the Interaction of these different areas or assemblies a sixth area 
of concern is with module assemblies wherein the component interactions 
may be demonstrated. 

The work effort in Phase IIA has, therefore, been divided in general 
into these six listed areas and is so described in the body of the 
report. 

For a more detailed discussion of the individual areas of effort the 
reader is referred to the Phase I final report for the philosophies of 
development and overall concepts. This report deals only with the par
ticulars of the current efforts based on the results of Phase I. 

HOT & GOLD HEAT EXCHANGER PLATES 

The fabrication of hot and cold heat exchanger plates as developed in 
the Phase I Reference Design is in progress. Hastelloy X and 3l6L stain
less steel are the primaiy materials which have been selected, with 
Hastelloy B and grade 200 nickel as the back up materials. The Hastelloy 
materials are to be used in the hot heat exchanger plates and the 316L 
and nickel will be used for the cold heat exchangers. 

The materials procured have been solution annealed to dissolve precipi
tated carbides and yield a material with maximum corrosion resistance. 
Subsequent machining operations in fabricating the plates is to be con
ducted in such a way as to maintain maximum corrosion resistance while 
introducing a minimum of stress in the finished assembly. 

Studies will be conducted to determine the effect of heat treatment on 
the finished plate insofar as dimensional stability and corrosion resis
tance are concerned. These studies will consist of simulated modiale 
assembly brazing heat treatment, isothermal aging and temperature cycling. 



cemEmiJiL 
Plate halves as shown in Figure 1 are being machined and will be 
assembled using electron beam welding. Additional assemblies will 
be bonded by tungsten inert gas welding as an alternate method. The 
quality of the welds is to be evaluated by performing the following 
tests; dye penetration, radiographic, tensile strength, and metallo-
graphic analysis. The effects of thermal aging and environmental 
conditions on the welds and surrounding metal will be studied using 
coupon samples. A NaK containment test program is scheduled to 
start when the assemblies are ready. 

The tests consist of up to 4-000 hours exposure to NaK at approximate
ly 800°C for the Hastelloy materials and 500°G for the nickel and 
316L stainless steel. The influence of brazing insulator stack parts 
onto the heat exchanger materials will be studied to determine the 
effect of such brazing on containment properties. The brazed samples 
will be in the form of capsules into which a nickel strip has been 
brazed before sealing with an electron beam weld. Special containers 
of heat exchanger plate materials are being designed to facilitate 
the handling of the coupon NaK tests. 

Simulated sections of the heat exchanger plates were designed and 
fabricated for in-house testing of test modules and structures. The 
design consists of Nioro brazing three bar risers between two rectan
gular sheets. 

The simulated cold heat exchanger plate used in the test modules during 
Phase I (See Phase I final report) was re-designed to an all brazed 
design, which will ensure consistent thermal contact between the cooling 
coil and the cold plate, thereby eleminating the problems of erratic 
cold side temperatures encountered on early test modules which used a 
water cooled plate bolted to the module cold plate. 

The test module cold plate is essentially the same as would be used 
with liquid metal coolingj except for the following changes: 

1) A 1/4. inch copper tube has been brazed to the back of the 
heat exchanger plate for cooling water. 

2) The walls of the NaK channel have been increased in thickness 
from 0.050 to 0.060 inch to provide the desired thermal re
sistance between the 'hot' side of the heat exchanger plate 
and the cooling water. 

3) The outer base plate has been increased in size to provide 
for moiinting to a test fixture. 

The constiniction of the cold heat exchanger plate for test modules is 
shown in Figure 2. A photograph of a sample plate is shown in Figure 3. 

Figures 4- and 5 show the calculated performance of the test cold heat 
exchanger used with the test module, for several values of hot NaK 
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FIGURE 1 EXCHANGER PLATE HALVES. 
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FIGURE 3 COLD HEAT EXCHANGER PLATE. 
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temperature, as a function of wall thickness and cooling water temper
ature. These curves indicate that it should be possible to adjust the 
test module cold temperature over a range of about 50°G by control of 
the temperature of the cooling water. 

Ill* HOT INSULATOR STACK 

Materials required for the first iteration test Module Design have 
been ordered and parts fabricated for the materials and bonds thermal 
storage tests. The unavailability of BeO ceramics has delayed the 
coupon fabrication of a large part of the scheduled isothermal storage 
tests samples. 

From a tabulation of calculated thermal losses throughout the structure, 
it is apparent that the primary reason for the slightly lower perform
ance of the Phase I test module, when compared to the Reference Design, 
is a higher temperature drop cross the hot stack. The temperature drop 
is 16.7°C in the Phase I test module design and 7.6°C in the Reference 
Design; with the major portion of the difference accounted for by the 
composite member of the hot stack. Adjusting the two designs to bring 
the cross sectional areas into conformity would reduce the thermal drop 
differential from 9.1°C to 6.9°G. 

Tests using substitute materials and varying geometric designs were 
initiated in an effort to reduce the thermal loss throughout the insu
lator hot stack, and coincidentally reduce the weight and stack height, 
while still maintaining the necessary stress relief and strength. Tests 
to date have concentrated on the composite members between the heat ex
changer plate and the BeO insulator. Screening tests on alternate mate
rials of ductile refractory tantalum and niobium, were tried. Sandwiches 
introduced into the structure did not minimize the thickness sufficiently 
to reduce the temperature drop through the hot stack by any appreciable 
amount (l°C to 2°C). Work with tantalum or niobium was discontinued be
cause their introduction would increase fabrication difficulties by re
quiring high vacuum or special atmosphere brazing furnaces to prevent 
embrittlement during bonding. Further consideration of tantalum and 
niobium will be limited for use as a secondary or back-up material, if 
metallic sublimation and condensation on the ceramic insulators indicate 
insulation shorting. 

Varying geometric configurations in the composite members offers some 
interesting possibilities. A composite of two recessed nickel discs, 
one on each side of a tungsten disc, reduced the composite thickness 
from 120 mils to 60 mils. Figure 6, Tests were conducted to determine 
the required size of the recesses in the nickel to obtain sufficient 
stress relief to avoid cracking the BeO insulator and the SiGe couples. 
Calculations of temperature drops through this design show no overall 
advantages from the thermal point of view. The theoretical gain due to 
thinner discs is offset by reducing the cross sectional area caused by 
machining the recess. Therefore, justification to apply this geometric 
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approach in the hot insulator stack would have to be based upon the 
requirement of reducing height and of obtaining a member possibly 
more capable of dissipating stresses. 

An entirely new approach is being evaluated as a substitution for 
the composite and perhaps for the graphite member of the hot stacks. 
Rather than have solid discs of ductile materials, if a bundle of 
paralleled wire could be substituted, a much more flexible member 
could be obtained and hence the thickness reduced to minimize thermal 
impedance. See Figure 7 for the conceptual design of the wire compo
site. As an initial effort, copper clad iron wire composites consist
ing of 0.015 inch diameter wires evenly spaced, 0.050 inch and 0.100 
inch long with electro-formed 1 mil iron shoes were fabricated and 
bonded in test sandwiches. The results for both sizes were very pro
mising, absolutely flat tungsten electrical connectors and crack-free 
BeO ceramics were obtained initially and remained so after several 
thermal cycles to 850°G. 

To fabricate composites the following method is used; l) a clad wire 
is chosen with a core of desired diameter and material to give the 
proper ductility and thermal properties, and a clad thickness that will 
give the desired spacing between wires. The cladding shotild be of such 
a chemical nature that it can be preferentially etched away with no 
attack on the core material; 2) the clad wires are bundled and brazed 
together as a solid rod; 3) the rod is machined and sliced to the de
sired diameter and lengths; 4) shoes of the same material as the wire 
core are deposited on both ends of the slices; 5) the braze and clad
ding are preferentially removed by etching. A composite of evenly 
spaced wires, perpendicular to the thin shoe faces is left. 

The feasibility of the wire composite has been demonstrated with iron 
wire. However, the thermal conductivity of iron at 800°C is too poor 
to be considered for application in this device so other materials of 
higher conductivity are being investigated. Primary emphasis is being 
given to clad tungsten and molybdenum wires. Bundles of two different 
diameter clad moly wires have been brazed and are being sliced in prep
aration for the shoeing operation. 

Because it is extremely difficult, if not impossible, to calculate the 
stress distribution and ductility patterns of wire composites, an at
tempt will be made to empirically determine the flexibility, ductility, 
stress compensation and strength of the composite. By comparing and 
testing structures made of constant length moly wire composites of 15 
and 51 mil diameter wire and of an equivalent area solid moly disc it 
is anticipated that an emperical method can be devised to determine 
the wire diameter and length required to obtain the desired structure. 
Figure 8 shows a plot of calculated thermal drop of various thickness 
clad wires for both the circular geometry of the Phase I Module Design 
and the rectangular configuration of the Reference Design. From this 
graph it will be possible to obtain the maximum length of the composite 
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allowed to still obtain the desired thermal drop. Figure 9 gives 
an indication of how diameter or length can be changed to alter 
the flexibility. It should be emphasized that Figure 9 is only a 
plot of relative stiffness, actual values will have to be arrived 
at empirically. 

To further reduce the amount of stress dissipation required in the 
hot stack, the substitution of Hastelloy "B" for the higher thermal 
expansion Hastelloy "X" in the hot heat exchanger plate was investi
gated. Coincidental to the advantage of having less of a thermal 
expansion mismatch, this substitution also results in a material 
with a more desirable vapor pressure as the chromium content is re
duced from 22 percent to 1 percent. However, the theimial conducti
vity of the Hastelloy "B" is only 80 percent of that for Hastelloy 
"X" and must be factored into the evaluation. Successful sandwiches 
utilizing Hastelloy "B" in lieu of Hastelloy "X" have been fabricated. 
The BeO insulator was crack-free, the electrical connector tungsten 
disc was flat, and the hot plate had considerably less distortion. 
More advanced structures with SiGe attached to the insulator stack 
must be fabricated to obtain a more thorough evaluation. 

The current effort on all approaches to hot stack development has been 
severely limited by poor delivery of satisfactory BeO ceramics. The 
ceramics that have been used were left over from the Phase I program. 

In the Phase I Module Design a vapor deposited tungsten onto graphite 
member is the connector between the BeO insulator and the tungsten 
electrical hot strap. Concurrent with tungsten vapor deposition of 
graphite wafers for coupon and stinicture work, a program has been in
stituted to establish process controls and thickness limits. Tenta
tive and arbitrary thickness limits have been set, Figure 10, and Met 
Lab sections have verified the thickness and confirm that a uniform 
adherent coating is obtainable within the weight gain limits. The 
sections have also shown that double coating is not desirable because 
spalling and separations exist between the layers. Upon optimization 
of the vapor deposition process, a program will be initiated to deter
mine the tungsten thickness requirements necessary to meet the objec
tives of the overall converter program. 

COLD INSULATOR STACK 

It is felt that the cold insulator stack, as specified in the Phase I 
Test Module is fairly close to the ultimate design. The thermal drop 
is nominal and the metallurgical system has been developed on other 
programs. Hence only a coupon program is presently planned. 

Ceramic, copper and tungsten parts have been ordered and are being 
fabricated for the materials and bonds storage tests and minimal 
structural development work is anticipated. The unavailability of BeO 
ceramics has seriously limited work on the cold stack program. 
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STRESS RELIEF CONNECTOR 

Major effort in designing, fabricating, and evaluating the stress 
relief connector is presently being directed toward the procure
ment of fabricated parts and the establishment of process techniques 
for the fabrication of test samples which have been designed, Figure 
11, to be representative of the reference design, 

A search through available literature and RCA inhouse data has indi
cated GEMCO to be the most suitable brazing media with respect to 
metallurgical phenomena that could occur throughout life at cold 
junction operating temperatures. 

Based on the above findings, a test has been initiated to determine 
the feasibility of utilizing GMGO as a back-up material for Nioro 
and to establish process techniques for the fabrication of test samples. 

Figure 12 gives an outline of the tests and evaluation to be performed. 
Test and evaluation terminology is self-explanatory with the exception 
of the following termss 

A. Operational Cycling 

Due to its inherent characteristics, the simxilated test sample will 
not be subjected to differential expansion forces such as the actual 
relief connector would experience through a normal thermal cycle. 
Therefore, test samples will be mounted in a special fixture designed 
to impart differential expansion flexing while experiencing thermal 
cycling. 

B, Constant Deflection 

After various stages of testing as indicated in Figure 12, it will 
be necessary to determine and evaluate the mechanical flexing capa
bilities of the relief connector. This will be accomplished by use 
of an Instron tester set up to cycle with a constant amplitude. With 
the aid of special tooling, a constant linear deflection will be 
transmitted to the relief connector sample. 

Graphical plots showing the relationship between linear deflection 
and the resistance force will be obtained from the Instron recorder. 

As can be seen from Figure 12 the test portion of the work program 
is divided into three sectionss l) Operational Test Levels and Tem
peratures in Vacuum, 2) Accelerated Test Levels and Temperatures in 
Vacuum, and 3) Accelerated Test Levels and Temperatures in Air, The 
effects of shock and vibration, operational cycling and a combination 
of these will be evaluated both before life testing and after 1000 
hours at operational temperatures and 100 hours at accelerated tem
peratures. 
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TAP THRU No.10-32 THD. 
(ON BOTH PLATES) 

SIMULATED COLD PLATE 
(316 STAINLESS STL.) 
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FIGURE 11 TYPICAL TEST SAMPLE CONSTRUCTION FOR STRESS RELIEF CONNECTOR. 
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MTIDENTiAL 

INITIAL SAMPLES 

-DESIGN CONDITION TESTS-

1000 HR. STEADY 
STATE LIFE (270<'C) 

(IN VAC.) 

HOT SHOCK 
AND 

VIBRATION 
(20 G.) 

COLD SHOCK AND 
_ _VIBRATION_(20_G.)_ 

(10) OPERATIONAL 
CYCLES (azo'c) 

COLD SHOCK AND 
VIBRATION (20G.) 

(10) OPERATIONAL 
__CYCLES(270°a _ 

(20) OPERATIONAL 
CYCLES (270''C) 

(20) OPERATIONAL 
CYCLES (270''C) 

PLUS c o r o i H o c r s 
VIBRATION (20G.) 

X 

(20) OPERATIONAL 
CYCLES (270°C) 

(20) OPERATIONAL 
CYCLES (270''C) 

r p r u r c o L D i H ' o c T r 
VIBRATION (20G.) 

1000 HR. STEADY 
STATE LIFE 270°C 

(IN VAC.) 
X 

STEADY STATE 
LIFE AT 270°C 

X 
3000 HR. 

6000 HR. 

9000 HR. 

•o 

TENSILE 

-ACCELERATED TESTS-

COLD SHOCK AND 
__VIBRATiqN(40G0_ 

(10) OPERATIONAL 
CYCLES (360°C) 

(20) OPERATIONAL 
_CYCLESJ60^C_ _ 
(20) OPERATIONAL 
CYCLES (SfiO'C) 

PLUS COLD SHOCK & 
VIBRATION (40G.) 
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LiFEgaao'c 

(IN VAC.) 
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(IN VAC.) 

COLD SHOCK AND 
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(10) OPERATIONAL 
_ CYCLEMaMOa . 
(20) OPERATIONAL 

CYCLES (360°C) 
(20) OPERATIONAL 

CYCLES (360°C) 
PLUS COLD SHOCK & 

VIBRATION (40G.: 

o 
<D 

100 HR. STEADY LIFE 
AT 360°C 

IN AIR 

HOT SHOCK 
AND 

VIBRATION 

ACCELERATED LIFE 
AT 360°C 

500 HR. 

1000 HR. <D 

<D 
COLD SHOCK AND 
VIBRATION MOG£ 

(10) OPERATIONAL 
CYCLES (360''C) 

PLUS COLD SHOCK & 
VIBRATION {40G.) 

HOT SHOCK AND 
VIBRATION (40G.) 

MET. LAB. 

CONSTANT 
DEFLECTION 

TENSILE MET. LAB. 

NOTES: 

1. REMOVE SAMPLES FOR THERMAL-CONDUCTIVITY MEASUREMENTS 

2. ADDITIONAL SAMPLES REQUIRED FOR: 

0. DETERMINATION OF HOT & COLD SHOCK & VIBRATION 
PROCEDURE 

b. REVERSE SHOCK & VIBRATION & OPERATIONAL 
CYCLING SEQUENCE ON INITIAL SAMPLES ONLY 

c. EVALUATION OF TEST FIXTURES 

d. OTHER CONTINGENCIES 

FIGURE 12 TEST AND EVALUATION PROGRAM FOR STRESS RELIEF CONNECTOR 
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In addition, a given quantity of samples which have been subjected 
to operational cycling, shock and vibration, and a combination of 
these will continue on steady-state life in vacuum at both design 
and accelerated conditions. 

Evaluation of performance characteristics will be determined by 
means of tensile testing, metallographic analysis, measuring of 
physical displacement after shock and vibration, and constant de
flection testing. 

Effort is presently being directed toward procuring the aforemen
tioned special tooling and fixtures required for the various tests 
and evaluations. A tensile testing fixture has been fabricated and 
will be evaluated when samples become available. Special tooling for 
constant deflection evaluation are being designed. Fixtures for 
operational cycling are presently in the design stage. Special bra
zing fixtures required for evaluating sample fabrication process 
techniques have been completed. 

All materials for the fabrication of test samples have been received. 
At present, parts are being fabricated. 

THERMOELEMENT ASSEMBLY 

The Phase IIA program on thermoelement materials and bonds evaluation 
was initiated by defining the element processes and inspection criteria 
based on the development work performed in Phase I. Additional facili
ties had to be set up to support the requirements for this program. 

During the period covered by this report, the primary aim has been to 
reproduce elements similar to those of Phase I in a production facility. 

The primary inspection criteria has been joint contact resistance as 
bonded and after aging at 900°C for 16 hours. During Phase I data were 
accumulated on these resistances for 194- "P" and 222 "N" assemblies with 
the rectangular geometry. These data were analyzed statistically to 
determine average values, the three sigma limits and process capability. 
This analysis has been used to establish the initial control limits 
which will be applied to thermoelement assemblies produced for tests in 
Phase IIA. 

The distribution curves, are plotted and summarized in Table I. A typi
cal curve is seen in Figure 13. 

From the Phase I final report a first approximation of contact resis
tance for bonded "N" elements is 0.363 milliohm and 0.352 milliohm for 
"P" elements. These values are above the upper three sigma limits found 
on the elements in Phase I and indicate that these values f o r ^ are 
acceptable for initial acceptance control parameters. 
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Assembly 

P Phase I 

N Phase I 

Function 

jL. 

UGLx 

LCL^ 

Process 
ability 

nc 

UGL^ 

LGLx 

Process 
ab11ity 

TABLE I 

SUMMARI OF DISTRIBUTION 

Gap-

Gap-

Before 
Aging . 

0.130 m 

0.230 " 

0.088 « 

0.1/,2 " 

0.14-0 " 

0.250 " 

0.090 " 

ĉ-

ohm 

After 
Aging 

0.1/|/|. m ohm 

0.2.̂ 6 " " 

0.098 " " 

0.148 " " 

0,14-6 

^ 

4J. 

ii-

Change 

+ 0,010 m ohm 

+ 0,12 " " 

- 0.03 " " 

0.15 " " 

+ 0.009 

^ 

-;;-

-X-

Because of distortion in the curves at the high resistance end 
these values were not calculated. 
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Procedures for assembly and bonding of the thermoelement assemblies 
have been prepared. These are being used to train hourly operators 
in the techniques and procedures for production of the thermoelements. 

Figure 14 indicates all the points at which resistance measurements 
are being made. The total resistance is being broken down into 
component parts to obtain a better analysis of the mechanism. As this 
data becomes available the control limits will be put into effect. 

Initial contact resistance is only an indication that there has been 
no change in transferring from the laboratory to production facilities. 
To ascertain that the production assemblies are similar to the labor
atory assemblies, a steady state life test for 2000 hours at 800°C has 
been used. At this point the assemblies will be examined for mechanic
al integrity and metallurgical changes. 

The Phase I control consists of 4 "N" and 4 "P" assemblies. The test 
sample consists of 4 "P" and 5 "N" assemblies. Evaluation will be 
made based on the resistance measurements defined in Figure I4. The 
average of the total resistance (%) and the contact resistance reading 
R3 on each side of the test assemblies are being measured as a function 
of time and temperatiire. Five hundred and forty hours of test have been 
accxmulated at this writing and there is no apparent difference between 
the production and laboratory samples. 

In outlining the process, the Phase I final report indicates that a 
layer of silicon is required on the graphite at the graphite-sllicon-
germanium interface. The silicon provides wetting to Insure a good 
bond in this area,. The report states that a weight of 1 to 3 mgm/cm2 
is required. With this weight of silicon, cambering of the graphite 
occurs due to differences in the thermal expansions of the two materials. 
To insure a complete diffusion bond at this Interface, pressure is ap
plied to the assembly during bonding. This applied pressure could cause 
cracking of the graphite and subsequent failure of the assembly. 

Investigation of the method for siliconizing disclosed that the actual 
weight of silicon being applied to the graphite was 3 to 5 mgm/cm2 and 
the cambering was found to be greater than 5 mils. When silicon layer 
weight was decreased to 1 to 3 mgm/cm2, the camber was reduced to 2 to 
3 mils. To evaluate the effect of differences in the weight of the 
silicon layer, a series of test elements were made. The samples were 
analyzed visually, metallographically and electrically comparing them 
with control samples from the laboratory. Ekcept for the thickness of 
the silicon layer all the samples were comparable with the control 
samples. 

To continue the evaluation, twelve samples, foiir each at 0,5 to 1 
mgm/cm2, 2.0 to 3.0 mgm/cm2 and 4.O to 6.0 mgm/cm2 of silicon were 
placed in a steady state life test at SOOOQ for 2000 hours. Four "N" 
assemblies from the laboratory were used as a control. The resistance 
measurements shown in Figure 14 will be made periodically during the test. 
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FIGURE 14 COMPACT CONVERTER ELEMENT RESISTANCE NOMENCLATURE 
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After 2000 hours, the samples are to be checked for tensile and yield 
strength and examined metallographically. 

Based on the evidence of less cambering with less silicon on the 
graphite barrier and in order to have a backup method for producing 
thermoelements for test purposes, the use of a vertical tube resis
tance furnace and a high frequency R.F, furnace was Investigated. 
In each of these furnaces bonding was achieved without application of 
pressure as described In Phase I. The initial contact resistances 
(after aging) were comparable to Phase I control samples. 

To continue this evaluation, four samples from each of the two fur
naces were placed on steady state life test at 800°G for 2000 hours 
with laboratory thermoelements as controlso After 540 hours there is 
no apparent difference in the resistance values. The mechanical inte
grity and metallurgical changes will be evaluated at the end of 2000 
hours of thermal aging. 

The compact module concept places certain requirements on the material 
characteristics of the graphite used. To date, two materials 950S and 
JTA have been found acceptable for use. Grade JTA graphite is a dense, 
oxidation resistant material composed of 40 - 50 percent by weight 
graphite with the remainder being a eutectic of ZR - B - Si. Grade 
950S is a graphite with high thermal conductivity, low density (because 
of porosity) and slightly lower mechanical strength than the JTA. 

JTA is normally used in the "P" assembly« ¥hen used with the "N" silicon 
germanium, the bond shows high contact resistance which is attributed 
to cross doping of the boron and phosphorus, A similar material, com
posed of graphite and a Zr-sllicon eutectic is the JTO grade graphite. 
Both materials have the characteristics of low porosity to act as a 
better barrier than the 950S. To evaluate the use of JTO as a replace
ment for the 950S a series of test runs were made. The initial contact 
resistance values were below the limits set for the Phase IIA thermo
element assemblies. Three of these samples were placed in steady state 
life test at 800°G with Phase I "N" assemblies as controls for 2000 hours. 
After 160 hours, the average contact resistance had Increased from 0.24 
mllllohm to Oo55 milllohm, an increase of 0,31 mllllohm compared to a 
decrease of 0.01 milllohm in the control. After 540 hours the average 
resistance had Increased to 0,57 mllllohm, an increase of 0.52 milllohm 
compared with no change in the control» After 2000 hours the samples 
will be analyzed for mechanical strength and metallurgical changes. 

The 950S graphite has the advantage of low bulk resistance and high 
thermal conductivity compared to the JTA grade but has lower mechanical 
strength. This material was tested in the "P" assembly and shows initial 
high resistance values. Two samples were placed in the same life test 
as the previous samples. To date their behavior has been similar to 
that of JTO in the "N" assembly. 
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The high thermal conductivity and low bulk resistivity of the 950S 
graphite are desirable characteristics if the high porosity can be 
counteracted. The possibility of vapor depositing a tungsten layer 
on one face of the graphite barrier was investigated and found to be 
feasible. Gontact resistance in these thermoelement assemblies is 
being investigated! the behavior on thermal aging will also be in
vestigated. 

To determine the behavior as related to the ultimate use of the 
thermoelement assemblies, a series of steady state and thermal 
cycled life tests at 800°G and 900°G are scheduled. The samples 
in this test will be analyzed at regular intervals for the I6OOO 
hour duration of the test. The analyses to be made are: 

1) Room temperature resistance and resistivity as per the 
drawing in Figure 14. 

2) Ultimate strength, yield strength and percent elongation 
at room temperature and at 800°Go 

3) Metallographlc examination for microhardness, extent of 
diffusion, voids in bond area, thickness and uniformity 
of bond. 

Elements are being assembled for these tests using the test module 
design specifications for size and materials. 

As previously stated, all the contact resistance and resistivity data 
have been obtained at room temperature. To relate these values to the 
values at operating temperature, the technique of welding lead wires 
for reliable readings at elevated temperatures has been established. 
Preliminary runs have been made. Tests will be conducted without 
cycling for extended periods of time to determine the effect of aging 
at these temperatures. 

A series of screening tests for alternate graphites is being prepared<> 
The materials to be screened are materials with: 

1) Resistivity < 0.7 ohm - cm 

2) Thermal Expansion < 6.5 °G~1 

3) Thenaal Gonductivlty > O.4 watt/cm ~ 0 

4) Density > 1,6 gm/cm^ 

These tests will provide data for evaluation of the initial resistance, 
mechanical strength and metallurgical characteristics. These charac
teristics will also be determined as a function of time at temperature 
in a steady state life test at 800°G for 2000 hours. 
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^11' DESIGN AND AMALYSIS 

Sketches and preliminary process specifications have been prepared 
that itemize the component parts of the Reference Design, the first 
Iteration Module Design, and the actual Partial Module fabricated 
during Phase I now being life tested. The Reference Design is an 
analytical objective design, while the first Iteration Module Design 
is a state-of-the-art beginning point for the Phase IIA development 
program, A detailed set of assembly and parts drawings have been 
prepared for the first Iteration Test Module Design. Figure 15 shows 
the arrangement of parts for the cross section of a test module. 

An evaluation has been made of the thermal data generated by the 
structure on test and this is being compared to the calculated thermal 
drop, with the object of pinpointing the areas of maximum thermal 
loss. Future work will Involve optimizing the areas of thermal drop 
and upon improving the strength of the structures. 

Table II compares the calculated electrical and thermal characteristics 
of the first iteration Test Module and the Reference Design and indi
cates the following; 

1) The Test Module is very close to the Reference Design in 
respect to thermal and electrical properties» 

2) The prime purpose will be to fabricate structures to eval
uate whether integrity and strength are maintained durirg 
thermal aging and environmental testing. 

3) Structures will be required to determine whether the actual 
thermal and electrical properties meet the calculated values. 

4) Geometry variations and thickness reductions of existing hot 
stack and stress relief connector members will be limited in 
the degree to which they can reduce thermal loss, because 
more than a minor reduction in thickness would seriously re
duce the stress dissipation characteristics of the composites. 
Therefore, different designs are being investigated in an 
effort to make sizeable reductions in extraneous thermal 
impedances. These efforts will be discussed in detail in 
subsequent sections of this report, 

A, Components and Sub-Assemblies 

Design and tooling drawings were prepared for two partial test 
sections of a typical compact converter sub-module. The first 
partial test section consists of twelve SlGe couples in a 2 X 3 
over 2 X 3 couple array, Figure 16« Six SlGe couples are con
nected in parallel-series arrangement on each side of the hot 
heat exchanger plate. The tooling being built will have the cap
ability of handling a larger partial test section consisting of 
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BERYLLIA INSULATOR 

COPPER 
TUNGSTEN 

JTA-GRAPHITE 
.130 

950S GRAPHITE ^ " " ^ g J 
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FIGURE 15 COMPACT CONVERTER FIRST ITERATION TEST MODULE 
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TABLE II 

TEMPERATURE DROPS THROUGH HOT STACK 

Characteristics 

Hot Plate 

Composite 

BeO 

Graphite 

Tungsten Hot Strap 

Phase I 
Test Module 

6o7°C 

7,80G 

3.3°C 

5«6°C 

0.8°G 

Reference 
Design 

5,OOC 

2o9°C 

2o6''C 

2,10G 

0,7°C 
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1. HEAT EXCHANGER, HOT. 
2. CONTACT PLATE, HOT 
3. HOT EQUALIZER, LOWER 
4 HOT EQUALIZER, UPPER 
5 INSULATOR, HOT 

6. STRESS PAD 
7. ELECTRICAL CONNECTOR, HOT 
8. SPLIT COUPLE ASSY 
9. ELECTRICAL CONNECTOR, COLD 

10. INSULATOR, COLD 

11. HEAT DISTRIBUTOR PLATE 
12. PLIANT MEMBER 
13. HEAT EXCHANGER, COLD 
14. TUBULAR COOLING COIL 

FIGURE 16 COMPACT PARTIAL TEST SECTION (12 COUPLES - 2 X 3 OVER 2 X 3 ) 
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eighteen SiGe couples in a 3 X 3 over 3 X 3 couple array. Three 
Identical circuits are assembled in parallel with six series-
connected SlGe couples in each of the parallel branches. 

Based on a Compact Converter sub-module of 72 SiGe couples, the 
first partial test section will contain l/6th the number of 
couples and be approximately l/6th in size. This module will be 
used to test metallurgical bonds and structures over the temper
ature range being considered for the Compact Converter, The 
second generation of partial test sections (l8 SiGe couples) will 
have the capability of testing a complete cross-sectional area 
similar to a Compact Converter sub-module. The partial test sec
tion will be approximately l/4.th in size compared to a sub-module 
and contain l/4th the number of thermoelements. 

Figure 16 Illustrates the design of the 2 X 3 over 2 X 3 partial 
test section which is currently being produced for thermal cycle, 
environmental, and life tests. Sufficient component parts were 
ordered to cover a material and bond structure study as well as 
fabrication of partial test sections. Because of the multiple 
use of similar components, most parts are interchangeable between 
the 12 couple test section and the 18 couple section. 

Three materials used in the construction of the partial test sec
tion have become long lead time items. Numbers 1, 5, 7, and 10 
identify the hot heat exchanger, hot and cold electrical insula
tors, and the hot side electrical connector, respectively, Hastel-
loy "^'material is used throughout the construction of the hot heat 
exchanger plate. Tungsten is used at every thermoelement hot end 
connection, and beryllium oxide ceramics are used in the hot and 
cold Insulator stacks. All these items have been difficult to ob
tain in the proper thicknesses and geometry, A compromise in the 
thickness of the Hastelloy "B" material was necessary for the simu
lated hot heat exchanger. The design specified 0,025 inch wall 
thickness, whereas, the nearest available materials were 0,020 inch 
and 0,031 inch. Both materials were ordered and the 0,031 inch 
stock is being used in the first partial test sections, A special 
mill run would be required to obtain Hastelloy "B" In 0,025 inch 
thickness and would require 6 to 8 months delivery time. Because of the 
heavier gauge metal, the thermal stresses of a brazed assembly 
would be equal to or more severe than the 0.025 Inch thick hot heat 
exchanger, 

Ttongsten material of specified quality and 0,020 inch thickness 
could not be compromised, and thus has become the pacing item for 
the module partial test sections. 

Beryllium oxide ceramics which meet the required specification are 
very difficult to procure. The vendor is unable to deliver parts 
on schedule and cannot forecast firm delivery dates due to technical 

- 30 -



"^WHliENT'iL 
difficulties. Sufficient BeO ceramic insulators were left over 
from Phase I to assemble three partial test sections (24- ceramics 
required per assembly), Final assembly of a 12 couple partial 
test module is scheduled for April, with two additional 12 couple 
units following in close sequence. 

Beryllia Ceramics 

The sole supplier of BeO ceramics has encountered difficulty in 
the metallizing process and has been unable to meet current 
ceramic requirements. The last two shipments of rectangular 
ceramics for the Compact Converter Program were returned to the 
vendor because they were green in color and did not pass the 
metallizing adherence test. 

RCA spectrographic analyses of both green colored and white colored 
metallized BeO ceramics indicated the presence of more manganese 
in the green ceramics. The vendor has confirmed that the source 
of the green color is the manganese in the moly-manganese metallizing 
ink. They are currently conducting metallizing ink screening tests 
in an attempt to resolve this problem. 

X-ray spectrometric analyses of green areas below the ground-off 
metallizing layer of these ceramics definitely indicated the pre
sence of large amounts (in the order of one-half milligram per 
ceramic .030 X ,490 X ,520 inch) of manganese, Figure 17. White 
colored, unmetalllzed, BeO ceramics showed no evidence of any manga
nese when analyzed by the same technique. Selected area, slit-shape 
X-ray spectrographic analyses (1,2) across-polished cross-sections 
of both green colored and white colored vendor metallized and Nloro 
brazed BeO showed a higher concentration. Figure 18, and almost 
complete diffusion of manganese through the green ceramics, A lesser 
amount of manganese. Figure 19, but almost the same degree of diffu
sion through the white BeO ceramics was noted. This Indicates that 
a basic problem may be inherent in all commercially available moly-
mangenese or moly-titanium metallized BeO ceramics. 

No satisfactory ceramics have been received and as a result the 
developmental programs are being delayed. Enough ceramics were left 
from Phase I to make three modxiles of 12-couples each. 

In an attempt to relieve this situation other vendors have again been 
contacted and the earliest possible date at which they could submit 
metallized samples of a production BeO body will be sometime in Jtine, 
There is no guarantee that the metallizing adherence tests of either 
their BD98 or BD995 will be successful but metallized samples of both 
of these bodies have been requested. The reason for requesting 
samples of lower purity BeO is based on published data which indicates 
that diffusion of manganese and titanium is considerably less In 99.5 
percent BeO bodies than in 99»8 percent Beo bodies. 
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FIGURE 17 X-RAY SPECTROMETRIC ANALYSIS 
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A more permanent solution is being sought in an EGA metallizing 
development program aimed at securing either a second source of 
supply or arriving at in-house metallizing techniques for com
mercially available BeO ceramics. Specifically^ the program 
consists of the followings 

1) Metallizing beryllia ceramics with proprietary RCA 
inks and metallizing techniques^ so that RCA will 
have complete control over the processes, 

2) Contacting suppliers who specialize in metallizing 
rather than manufacttxring BeO ceramics and have them 
perform the metallizing operation and supply RCA with 
suitable metallized ceramics. Samples submitted by a 
vendor meet the microscopic evaluation criteria but 
give variable results on metallizing adherence tests. 
The vendor is preparing a new series of samples with 
double coatings of metallizer fired at three different 
temperatures for evaluation. 

Life Test of Test Module #6 (66-99) 

While major emphasis in this phase of the program is on materialsj 
bondSj and the interactions among materials and bonds^ it is neces
sary to test a limited number of partial modules or test structures 
to evaluate the effects of thennal and mechanical stresses which 
will be induced when the materials and bonds are combined in complete 
structures. This testing also provides an opportunity for prelimi
nary development of testing techniques suitable for the particular 
structure Involved in compact modules. 

Test Module #6 (66-99) Is such a test structure using the techno
logy developed In Phase I of this contract. It is being tested in 
vacuum, under steady-state temperature conditions^ with a nominal 
hot shoe temperature of 640°C and cold shoe temperature of 295°C. 
The major objectives of testing this particular test structure are 
to evaluate the mechanical integrity of the various bonds In the 
structure, and to develop techniques for heating the module, cooling 
the module, and attaching the necessary instrumentation leads. While 
the ultimate method of heating and cooling of the thermoelectric 
modules being developed under this program will be by means of 
liquid metals, it is essential to develop less costly and time con
suming techniques for the evaluation of preliminaiy test structures. 
For this reason, this test structure uses an electrical heater and 
water cooled cold heat exchanger plate. 

Test Module #6 (66-99) is a l6-couple test structure, using two rows 
of 4--couples each on each side of the hot plate. The structure used 
rectangular elements, BeO insulators, and a nickel hot heat exchanger 
plate. Water cooled steel plates bolted to the cold heat exchanger 
plates were used for removing heat from the cold side of the test 
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structure. A carbon heater, specially shaped to fit the NaK 
passages in the hot heat exchanger plate, was used for heating. 
Power to the heater was regulated by a saturable reactor type 
controller to keep the hot shoe temperature essentially con
stant. The life test on this test structure has completed 
2,700 hours of operation with no indicated loss of mechanical 
integrity. 

While the results of this test to date are encouraging, there 
are many areas still to be explored. Among those of immediate 
concern are the mechanical integrity of test structures under 
the higher temperatures specified for normal and over temper
ature operation, under controlled and emergency thermal cycling 
conditions, under mechanical shock and vibration conditions with 
the test module both cold and at operating temperature, and with 
the revised mechanical designs being developed as the program 
progresses. In addition to developing structures which will 
successfully withstand all of these requirements, considerable 
effort must be devoted to developing required test techniques. 

An important consideration in any system design which might 
employ a compact converter is possible power degradation with 
time due to the converter itself. The amount of this degradation 
must be known and should be accurately predictable for design 
purposeso 

Devices employing silicon-germanium thermoelectric alloys show 
a small change in available power output due to the stabilization 
characteristics of the "n"-type material. This may be described 
as a stabilization due to precipitation of the dopant with time 
resulting in a decrease in carrier concentration. This effect 
occurs only in the "n" type material| the "p" type material being 
completely stable. Tests in excess of four years duration have 
demonstrated the stability of the "p" material,' 

The decrease of carrier concentration in the "n" type silicon-
germanium alloys with time results in a corresponding Increase 
in resistivity of the material. This manifests itself as an 
increase in the internal resistance of devices using silicon-
germanium thermoelectric alloys. The available power output of 
the device is of course a function of its Internal resistance and 
will decrease as the resistance increases. The increase in resis
tivity is exponential, having a fast rate of change with time in 
early hours of life and a very slow rate of change in extended 
periods of operation. When plotted on semi-logarithmic coordi
nates with log time as the abscissa and resistivity as the ordi
nate an "S" shaped curve is generated which is typical of curves 
of precipitation phenomena, A curve is plotted for the data of 
module #6 as figure 20, 

- 36 -



Hi
 1
^
^
^
^
^ 

- 
L

i 
-

PE
R
 C
E
N
T
 O
F
 T
HO
US
AN
D
 H
OU
R
 V
AL
UE
 

s 
i 

S
 

S
 

S
 

iM
i.i

ia
flL

yy
yM

b 



In Figure 20 the internal module resistance has been plotted 
in percent of the thousand hour value. Data points for the 
module are shown after correction for minor temperature vari
ations at times of measurement. These data are from start of 
life to three thousand hours. Scatter in the data is in general 
less than two percent. It can be seen from this figure that a 
"knee" occurs in the curve at about a thousand hours, A second kaee 
at about ten thousand hours is projected in the resistance curve 
although the module data being plotted has not yet reached that 
period of operation. Correlative data from other silicon-
germanium devices operated to fifteen thousand hours confirms 
the second knee, A dashed projection of the straight line posi
tion of the curve between one and ten thousand hours is shown 
and labeled "worst-case". This is what would occur if the 
second knee did not exist. Data is not yet available to define 
the second knee for modules made under the compact program and 
the "worst-case" projection defines the limiting boundary. 

The straight line portion of the curve is in good agreement with 
extensive data developed for SNAP 17A developmental modules 
being tested and reported under Contract AT (30-1)-34-84-• Possible 
line slope differences between the two types (i.e. Compact and 
SNAP 17A) are in general due to geometrical considerations. Be
cause the "n" element is contributing to the resistance change 
and the "p" is not the total change in resistance will be smaller 
on a percentage basis as the ratio of "n" element area to "p" 
element area is increased. When the element areas are adjusted 
for optimum efficiency the "n" element will have an area approxi
mately 1,8 times that of the "p" type element. This condition 
causes the "n" element to have a smaller percentage of the over
all resistance than would be the case if the areas were equal. 
The same change in resistivity (not resistance) in the "n" mate
rial will, therefore, have a smaller effect on the change in total 
resistance. 

Returning to Figure 20, we see the total internal resistance 
plotted as a function of time with actual data points. Also 
plotted In this figure is generated voltage as a function of 
timeo Here instead of measured data we have used calculated 
data. With the silicon-germanium alloys the Seebeck coefficients 
are accurately known for given temperatures and resistivities. At 
a given temperature the Seebeck coefficient will increase with 
the resistivity in a known relationship. Because of the necessity 
for temperature corrections and calculations to be made from 
measured voltage data a large scatter will result from any one 
set of module data. Calculated voltages will give a much more 
accurate curve. Using the resistance and voltage versus time 
curves, power at matched load has been plotted also as a function 
of time. In both the voltage and power curves a "worst-case" 
line and a projected line are drawn. These are a result of the 
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earlier described resistance curve and not due to uncertainties 
in either voltage or power, "Worst-case" power is due only to 
"worst-case" resistance. 

The relationship of voltage to resistance is not truly linear 
but the difference is so slight that it may be so considered for 
all practical purposes. The voltage curve and hence the power 
curve both have a degree of curvature in the one to ten thousand 
hour time period where the resistance curve is a straight line. 
These curvatures however are slight and for talking purposes may 
be considered as straight lines in this time period. 

In Figure 20, an arbitrary reference of one thousand hours has 
been chosen to give nominal one hundred percent resistance, 
voltage, and power. The period before this point in time is a 
"burn-in" period or stabilization period during which roughly 
half of all changes occur. Most of the remaining changes occur 
within the next year or ten thousand hours of operation. Even 
considering the "worst-case", minimal change in characteristics 
occur in the one to five year period. 

The power curve of Figure 20 has been replotted on a linear time 
scale in Figure 21 to show more clearly the exponential nature of 
the curve. Here we can see about four percent power degradation 
in the first year and an additional one percent in the next four 
years. 

Design calculations for the compact converter are made for the 
material characteristics at the chosen reference time. This re
sults in slightly higher operation at start of life and during 
the "burn-in" period. Converter characteristics are calculated 
for the reference time and will be subject to the degradation 
occurring after that time which amounts to approximately four 
percent during the first year of operation and a much smaller 
amount after that. Because of the exponential nature of the 
curves a longer burn-in period could be used, if stability is 
of prime importance. 

The curves are not particularly temperature sensitive over nor
mal operating temperature conditions and may be considered the 
same for both the 1300°F and 1500°F operating points. The actual 
degradation rate decreases slightly for higher operating temper
atures. 
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FIGURE 21 AVAILABLE MATCHED LOAD POWER ON LINEAR TIME SCALE 
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