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INTRODUCTION

Over the past eight years, the Westinghouse Astronuclear Laboratory has been en-
gaged in the development of the tubular thermoelectric module. During the period from
.July, 1965, to June, 1969, Westinghouse was under contract to the Atomic Energy Commission
(Contract AT(29-2)-2638) on the Compact Thermoelectric Converter Program with the funda-
mental objectives to develop and demonstrate through test a tubular thermoelectric module of
good performance, long life, and high reliability, for application with either reactor or iso-
tope heat sources. During the period from October, 1967, through June, 1973, the further
development of the tubular module has been accomplished on the Compact Thermoelectric
Converter System Technology Program, under subcontract to Atomics international, Division
of Rockwell International, and has been directed specifically at application with the

Zirconium-Hydride Reactor developed at Atomics international.

(1)

The effort under the earlier Compact Converter Program has been documented" ’ and it
is the purpose of this final report under the System Technology Program to document only the -

efforts of the more recent program.

A schematic of the tubular thermoelectric module is shown in the Frontispiece. It
consists of alternate washers of n- and p-type lead telluride, seporated by thin natural mica
washers, Electrical continuity within the circuit is accomplished by cylindrical conductor rings
located at the |.D. and O.D. of the {ead telluride washers. The conductor rings are also sepa-
rated by the same mica washers which separate the lead telluride washers. The result is a radi-
ally serpentine current path along the length of the module. The circuit is isolated from the
structural claddings by thin sleeves of boron nitride. The circuit containment and heat transfer
surfaces are provided by the inner and outer cladding heat being transferred from a heat source
at the inner clad, conducted radially outward through the lead telturide to the outer clad where

“the waste heat is removed by a heat rejection system.

M Compact Thermoelectric Converter Final Report, NYOO-3584-15, 20 July 1969
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To identify differences among the tubular modules designed, fabricated, and tested
to date, each module has been assigned a sequence and serial number, e.g., TEM-8 S/N-2.
The sequence number was changed when a relatively major design change was incorporated.
The serial number (S/N) denotes similar modules of a sequence but may incorporate relatively
minor changes in design, fabrication or processing. Modules having sequence numbers of
TEM-1 through TEM-9U were designed, fabricated, and tested under the earlier Compact
Thermoelectric Converter Program while modules having sequence numbers of TEM-13, TEM-14,
TEM-15, and TEM-X were designed, fabricated, and tested under the more recent Compact
Thermoeleciric Converter System Technology Program. However, an exception to the above
is that TEM-9U $/N-6, -7, -8, and ~9 were designed and fabricated under the earlier program
and tested under the recent program, two modules being tested at WANL in static test stands
and the other two being tested at Atomics international in liquid metal loops for the purpose
of comparing data from identical modules in different test environments. These modules demon-
strated the general validity of using static test date to evaluate the performance of converters

being developed for use in ligquid metal systems.

The TEM-1 through TEM-9U modules hada .5 inch }.D,, a .66 inch O.D,, anda
circuit length of 7.2 inches; the TEM-13 and TEM-X reactor power modules had a .75 inch
(.D., a 1.64 inch O.D,, and a 15 inch circuit length; the TEM-15 sublength technology
modules are radially the same as TEM=-X modules but had a circuit length of 4 inches; the
TEM-14 pump power modules hada .75 inch |.D., @ 2. 13 inch O.D., and a circuit length
of 5,6 inches, |

It is important fo note the overlap of the two programs because the basic technology
effort of the earlier program was continuing during the first year of the later program, In
fact, the need for two piece inner conductor rings (discussed later) was identified and demon-
strated in TEM-9 modules while the early TEM-13 series modules were in fabrication. For
this reason a design change was made after fabrication of the TEM-13C series modules, to
incorporate two piece inner conductor rings, prior to having fest results on the TEM-13A
modules. The fact that design improvements were being identified in the Compact Thermo-

electric Convertfer Program and incorporated into the TEM-13 series modules is the reason

XXiv
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that modules through the TEM-13G series were fabricated prior to recognizing a thermal

cycling problem which existed in the longer circuit module but was not a significant problem

in the shorter length TEM-9's,

For clarity throughout this report, an attempt is made to discuss all aspects of a
particular series of modules in one location. That is, the design, fabrication, test, and
destructive examination of a particular series have been collected together to provide complete
information on that series. Chronologically, this leads to some confusion. In the case of the
TEM-13A modules, for example, all information through destructive examination is presented
early in this report, when in fact, the TEM~-13G modules were actually on test prior to the

destructive examination of the TEM-13A modules.

WAV
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f. REACTOR POWER MODULES

A, GOALS AND ACHIEVEMENTS

The primary objective of the Compact Thermoelectric Converter System Technology
Program, conducted at Westinghouse Astronuclear Laboratory, was to design, develop, fabri-
cate, tesf, and qualify a thermoelectric power conversion system for space application using
a reactor heat source, The state~of-the art tubular thermoelectric generator at the time of
the initiation of this program, 1968, had a .5 inch 1, D., a 7.2 inch circuit and exhibited a
characteristic 20 percent reduction in power output during the first 2, 000 hours of operation
at a nominal average hot clad temperature, TH' of 1000°F. The initial goals of this program

were as follows:

1.  To provide module parametric calculations covering an extended range of I, D. s,
0.D.'s, circuit lengths and operating temperatures to be used in a system study allowing the
selection of an optimum (reference) module design for integration with a ZrH {zirconium

hydride) (SNAP 8 type) reactor heat source.

2. To extend the state~of-the art of demonstrated tubular generators to cover the

geometry range identified as optimum for the reactor/thermoelectric application.

3. To advance existing technology with respect to reducing module performance
degradation to a characteristic rate of 5 percent for a 20,000 hour mission while increasing

operating temperature to 1125°F,

4, To design a converter module consisting of an assembly of tubular modules
hydraulically interconnected, including manifolds and jackets for hot and cold liquid metals,

and provisions for structural support.

During the course of the program from 1968 to the end of 1972, all of these goals
were accomplished, 1n addition, a number of substantial improvements in design and materials
were identified and incorporated into the basic generator design, These improvements allowed
the consideration of operating temperatures up to 1200°F for five year missions, All of these

improvements, have been successfully demonstrated by their incorporation into the current



state—of-the art TEM-X series reactor power modules, A total of twelve TEM=-X series
reactor power modules were tested prior to January, 1973, with power output degradation
rates ranging from 1.4 to 6.1 percent per 10,000 hours, for operating times up to 13,990
hours, average hot clad temperatures as high as 1175°F (1225°F peak}, and including up to
63 thermal cycles per module, The individual degradation rates were found to be o strong
function of operating temperatures, and this functional relationship was demonstrated to

correlate closely with the mathematical model.

Two additional performance improvements have been identified to increase beginning-
of-life, B.O.L., efficiency by 30 percent over the demonstrated TEM-X efficiency levels,
These improvements, the incorporation of fernary lead telluride thermoelectric materials and
electron beam vapor deposited (E.B. V. D.) diffusion barriers, were nearing completion and

were scheduled for qualification in full length reactor power modules in calendar year 1973,
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B. TEM-13 REFERENCE REACTOR PROTOTYPE MODULE DESIGN SELECTION

The initial task undertaken by Westinghouse on the Compact Thermoelectric Conver-
ter System Technology Program, was the generation of module performance parametrics to be
used in the selection of a "reference™ module design for a 25 KWe reactor/thermoelectric
power conversion system. These parametric calculations were generated using TEMOD, o
FORTRAN computer model for tubular thermoelectric generator performance analysis, developed
under a previous AEC contract. |

This initial set of parametric calculations was based on existing 1968 state-of-the-
art (TEM-9 series) design considerations as well as advancements of the technology which
could be realistically projected as attainable in the early 1970's. Table i-1 presents an
itemized list of the range of temperatures and dimensions as well as module component material
selections used in this initial set of parametric calculations. The maximum module average
inner clad temperature was set at ]250°F, corresponding to a reactor outlet of 1300°F and a
100°F axial temperature gradient along the module. The outer clad temperature variations
allow a system trade-off between module performance and radiator weight, All material
selection variations from existing TEM-9 technology were based on preliminary evaluation of
experiments in progress on the TEM-9 technology progrqm.‘ The substitution of refractory con-
ductor rings in place of iron was designed to reduce module degradation by eliminating an
iron/TEGS-2P reaction. A measureable performance improvement was also achieved with
this substitution due to the substantially lower electrical resistivities of the refractory material,
The substitution of inconel 718 for the existing stainless steel outer clad was designed to pro-
vide a modest performance improvement by reducing the radial temperature drop across the
outer clad, Subsequent stress analysis effort, however, indicated that a module designed with
an inconel outer clad could not be successfully avtoclaved (compacted) because of the high
strength of the inconel. This modification, although included in the parametric calculations,
was never incorporated into a reactor module.

Results of the module parametric calculations were transmitted to Atomics International
and incorporated into a system parametric study. The end result of this study was the conceptual

design of a 25 KWe, 56 volt reactor/thermoelectric power system. A primary liquid metal loop
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system would be used to transport heat from the reactor through the inner bores of the tubular
modules, and a secondary liquid metal loop system would transport the rejected heat from
the module outer clads to a space radiator. |

As discussed above, one of the program goals was to limit degradation (power re-
duction as a function of time at fixed operating conditions) to five percent for a 20, 000
mission. Thus the 25 KWe system was actually designed for 26,2 KWe at beginning-of-life
to compensate for the effects of the anticipated 5 percent power reduction over the duration

of the mission.

The system was to be comprised of a total of 96 identical reactor power modules
operating in a parallel flow arrangement so that all the modules would have identical operating
conditions. The reference module operating temperatures of TH = HZSOF/TC = 570°F were
based on a trade off among module performance, module degradation rates, reactor lifetime,
radiator size, and overall system weight considerations. Module circuit lengths were increased
from the state-of-the-art level of 7,2 inches to 15 inches to reduce the number of individual
modules required to produce 26.2 kilowatts. Module radial dimensions were selected to mini-
mize system weight.

Restricting the circuit length to 15 inches necessitated the use of a series/parailel
electrical connection of the modules. This arrangement was required because it was not feasible
to design a single 15 inch module to deliver 56 volis directly. From a reliability standpoint
alone, it was desirable to minimize the number of modules in each series connected string.
This, of course, required maximizing the voltage of each module. Preliminary caleulations
indicated that the maximum voltage attainable in a 15 inch circuit module operating at these
temperatures was 14 volts, On this basis, the system was to be comprised of 24 parallel wired
"Converter Modules,* Each converter module consisted oF.Four series wired reactor power
modules.

The “reference" reactor power module (designated TEM-13) circuit dimensions are
summarized in Table 1-2, These dimensions, it must be pointed out, are post-processing
dimensions and not fabrication dimensions. The initial design effort for this, or any other

module, was to determine component dimensions which would allow fabrication of the

module and would result in the required post-processing dimensions.



A,

B.

TEM-13 REFERENCE REACTOR POWER MODULE CIRCUIT DIMENSIONS

Radial Dimensions (in Inches)

inner Clad {inconel 718)

Inner Boron Nitride Sleeve
Tungsten Inner Conductor Ring
PbTe Thermoelectric Washers
Molybdenum Outer Conductor Ring
Quter Boron Nitride Sleeve

Quter Clad (Inconel 718)

Axial Dimensions {in Inches)

N-type Thermoelectric Washers
P-type Thermoelectric Washers
Mica Intercouple lnsulators

Total Circuit Length

Design Features
No. of Couples = 208

Inner Diameter = .75 Inches

Quter Diameter = 1.48 Inches

TABLE |-2

Inner
Radius

375
465
.505
520
.663
.683
720

Thickness
090
.040
.015
143
.020
.037
.020
Thickness
.033
.036
0015
14.98
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C. TEM-13 END CLOSURE DESIGN AND HEAT LOSS ANALYSIS

1. End Closure Design Considerations

The basic end closure design concept employed in the reference module, as well
as all TEM~13 and TEM~X series reactor power modules, was first utilized on 7.2 inch TEM-95
series modules, The design was established to minimize end closure heat lasses while providing
the axial support required to maintain adequate module integrity, Figure |-1 shows cutaway
schematics of the TEM-9S, TEM~13 reactor power module end closures drawn to scale.

The axial lengths of the various insulating components (Alsimag 222) in the
TEM~13 reactor power module end closure were maintained the same as those in the TEM~9S
modules except in the stretch neck section of the end closure (see Figure |-1). The purpose
of the stretch neck is fo allow relative motion between the inner and outer clad resulting
from differential thermal expansion during heatup of the module. Since the strefch neck strain
is directly proportional to total module length, it was necessary to increase the reactor power
module stretch neck length to limit the strain to two percent during operation.

The TEM-13 end closure design also deviated from the TEM=95 end closure in
the reduced available volume for the Alsimag insulation in the end section. The volume re-
duction arises from the fact that although both modules have nearly identical outer diameters,
the TEM=13 module has a .75 inch inner diameter whereas the TEM~9 module has a . 50 inch
[.D. This difference required the use of modified component assembly clearances to achieve
proper uniform compaction in the end closure region of the module. The reduction in 1.D./
O.D. separation also necessitated a reduction in the power pin diameter to . 060 inch from

. 090 inch in the TEM~13 design to facilitate assembly,

2. End Closure Heat Loss Analysis

Thermal analyses of the TEM-13 reactor power module were conducted using
TOSS(],) a digital heat transfer computer code. Boundary conditions were selected to simulate

module operation in a reactor application for space TH = 1125°F/‘T'C = 570°F module operation.

() D. Bagwell, "Transient and/or Steady State {TOSS) Digital Heat Transfer Code”, Union
Carbide Nuclear Co,, K~1491, 1961,
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During actual operation, temperatures at the primary inlet end of the module would be higher
than those at the other end. To avoid the necessity for analyzing each end of the module
separately, "average" temperature conditions were imposed on the model. That is, the inner
clad surface temperature was fixed at 1125°F along the entire length of the model. The
outer clad temperature was fixed at 570°F along the region of the module which is in direct
contact with the secondary coolant. All other exposed outer surfaces were allowed to radiate
to a 570°F sink. In addition to the end closure region of the module, the end loss model
included 50 percent of the thermoelectric circuit to allow an accurate determination of the
thermal interactions between the circuit and end closure. The cutting plane at the center of
the thermoelectric circuit was assumed to be an adiabatic surface. Since heat losses through
the power pins are minor for a reactor power module, they were neglected.

The TOSS model boundary conditions as well as calculated heat flow patterns
are shown in a schematic representation of the TEM-13 end closure in Figure [-2. These re~
sults are for a ealculation made with a conservative emissivity estimate of 0.25, Arrows show
general heat flow paths through each of the end closure components. The rate of heat transfer
across each of the end closure boundaries is shown on Figure [~2 in watts, Total end closure
heat loss is defined as the sum of the heat loss from each end closure exposed surface as well
as the axial heat flow from the end closure into the circuit region of the module radial out-
board of the thermoelectric circuit. For this calculation, a total end closure heat loss rate
of 166 watts per end was determined.

Similar calculations were performed using several emissivity valves. In the
limit (€ = O., or no radiation) end closure heat losses were reduced to 132 watts per end.
Using an emissivity of .6, end losses increase to 229 watts per end, The end losses associated
with the operation of a TEM-13 module in a laboratory environment with well insulated end
closure surfaces were found to be 150 watts per end (very nearly identical to those of the
€ =, 25 space operation case).

The € =, 25 heat loss results were used for all subsequent parametric analyses
for reactor power modules, and the laboratory environment boundary condition calculations

were used in the evaluation of loop test reactor power module data.
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D. INTTIAL TEM-13 SERIES - PROTOTYPE MODULES

1. Design and Processing

An initial series of TEM-13 prototype reactor power modules were designed and
fabricated during the early part of FY 1969, All of the initial prototype designs, designated
as TEM-13A, TEM-13B and TEM-13C, as well as all subsequent reactor power modules, dif-
fered from the reference reactor power module in that . 100 inch stainless stee! 316 outer clads
were incorporated in place of the . 020 inconel clads of the reference design. The radial
dimensions of these prototype modules were identical to those of the reference TEM-13 module
with the exception that the overall outer diameter was increased to 1.64 inches as o result of
the use of the thicker clad.

The individua! features and calculated performance parameters for each of the
prototype module designs are compared to those of the reference module in Table 1-3. The

calevlations were made for matched load T, = 11250F/TC = 570°F operating conditions.

Although all of the modules have nominal ':-35 inch circuits, there are significant component
axial dimension differences. The thermoeleciric washer and mica insulator thicknesses in the
TEM-13A design were the same as those used in TEM-9 series modules designed in a previous
program, These dimensions allowed the incorporation of 79 couples within the 15 incﬁ circuif
length, The TEM-13C module, on the other hand, incorporated 208 couples with component
axial dimensions identical to those of the 14 volt reference module, TEM~-13B component
dimensions lie between those of TEM-13A and TEM-13C.

Since each module design incorporated essentially identical end closures, end
closure heat losses do not vary. However, because of the dimensiona! variations of the
couples, the calculated module voltages and resistances vary considerably, while power
output and efficiency can be seen to be much less sensitive to the couple component dimen-
sions. TEM-13B has the lowest power output and efficiency because a smoller portion of the

15 inch circuit is comprised of lead telluride to accomodate the increased total mica thickness.
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Two modules of each prototype series were fabricoted and processed in the first
half of GFY 1969. Processing is a standard two-stage compaction operation to which all
tubular modules are subjected to eliminate all assembly clearances and to achieve full
theoretical density of the lead telluride washers. The first compaction stage consisted
of a 50,000 psi room temperature hydrostatic autoclave cycle and the second stage was
a hot gas pressure sintering cycle carried out at 20,000 psi and 700°C (1292°F) for two

hours. Both operations were performed in Westinghouse Autoclave Facilities.

2. Static Test Facility Description

After completion of the processing operations, the modules were placed in
electrically heated test facilities for "static" testing, conducted at WANL, Figure 1-3 is a
schematic representation of the static test assembly used in the TEM~13A,8, and C series
modules tests. In this test configuration a . 625 inch O.D. electfrical "main" heater was
located within the bore and centered directly under the circuit of the module. Independently
controlled "guard heater” windings were located under the end closure regions of the module
to simulate end closure temperature profiles anticipated during loop test operation. The vol-
ume between the electrical heater O.D. and module 1. D, waos filled with stagnant liquid
metal (NaK-78) to minimize the temperature drop from the heater to the module. An aluminum
fin assembly was located over the outer clad of the module to facilitate heat rejection by forced
air cooling, The fins were designed to provide an axial temperature profile along the clad of
the module simulating liquid metal loop operation.

Thermocouples were located at ten axial positions along both the inner and outer
clads of the module as shown in Figure |-3. The inner clad thermocouples were positioned in
the space between the heater and module inner clad. The outer clad thermocouples were spot-
welded directly to the clad of the module, Thermocouples 1, 2, 9, and 10 were positioned .090
inch on either side of the planes separating the circuit of the module from the end ¢ losures.

The circuit length was then divided into five segments of equal length by thermocouples 4, 5,
6, and 7. The first and last of the five segments were further instrumented with thermocouples

3 and 8 located at the midpoints.
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To determine the module average hot and celd clad temperatures, TH and _C’
respectively, ¢ trapezoidal numerica! integration technique was applied to the readings
from thermocouples 2 through 9 (only the couples locoted in the circuit region of the module
were used), Along with the 20 thermocouple readings, a "standard data set” consisted of
instantaneous measurements of heater power, current flow through the module load circuit
which was connected across the power pins at each end of the module, and the voltage
measured immediately before and after opening a switch in the external foad circuit. Measure-
ment of the module open circuit vo]fage, Voc' in conjunction with the load voltage, VL

r

and the load current, [L afforded ¢ means to determine the module internal resistance, Rg:
F

3. Heatup Tests

Performance data from these, as well as all other modules on this program, were
measured throughout the transient period in which the modules were heated from ambient
{room temperature) conditions to their prescribed steady-state operating levels. This aliowed
a comparison between calculations and experimental data over a wide range of operating tem-
peratures.

During the initial prototype module heatup tests, no attempt was made to control
the radial temperature drop across the module. For this reason, there is no correlation between

the module average temperature, 1, defined by the expression
T=1/2,+Tc)

and average module temperature drop, AT, defined as

Since the heat throughput and open circuit voltage of a module are propertional to temperature
drop, there was no way to predict these parameters as functions of heater power or module

average temperature, except near the end of the heatup where the average hot and cold clad

=15



temperatures of each module approach the target steady state levels, 1125°F and 570°F,
respectively. However, effective Seebeck coefficient, internal resistance, and thermal im-
pedance are not strong functions of module temperature drop. Therefore, these parameters,
which completely specify module performance, can be calculated directly from the experi-
mental data, presented as functions of average module temperature and used to evaluate
actual module performance.

The effective Seebeck coefficient, @ , is defined as the ratio of the open

circuit voltage to the average radial temperature drop, AT, across the module. Hence,

o]
|l

o¢
AT
The thermal impedance, T, is defined as the ratio of the average radial temperature drop to

the circuit heat throughput, QC,

in this equation circuit heat throughput is that portion of the total electrical heater power
which flows into the thermoelectric circuit of the module, Module end closure heat losses,
as caleculated for the TEM-13 module end closures discussed above, were subtracted from the
electrical heater power for each data set to determine QC.

Presented in Figures I-4, [-5, and 1-6 are the effective Seebeck coefficient,
internal resistance, and circuit thermal impedance data, respectively, recorded during the
initial heatup of the initial six reactor prototype modules. All the parameters are presented
as functions of average module temperature. The calculated parameters for each of the three
different designs are also shown on each curve. Although some minor discrepancies exist be-
tween experim.en?d data and corresponding calculated curves, the overall correlation was good
over the entire temperature range, Figures I-4 and I-5 point out the electrical differences
between the three designs quite clearly, The calculated thermal impedance heatup curves
for the three prototype module designs were indistinguishable and are shown as shown as a

single solid line in Figure |1-6. Therma! impedance data from the six modules verified that
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the heat throughput is indeed quite insensitive to the design variations incorporated into these

modules.

4, Endurance Tests

Of the six initial prototype reactor power modules, four were endurance tested
for a period sufficiently long to uncover two design deficiencies affecting module performance
stability, The TEM~13B 5/N-1and TEM=-13C §/N-1 tests were terminated shortly after their
initial heatups due to electrical heater malfunctions. A guard heater failure in the former
module caused a shutdown. |t was initially intended that the guard heater be replaced and the
TEM-13B §/N-1 test resumed, However, subsequent data from its sister module, TEM-13B
S/N-2, revealed an unacceptably high degradation rate and attention was focused on identi-
fying the cause and elimination of this degradation rather than the restarting of the TEM-13B
S/N-1 test. The TEM-13C 5/N~1 test was also terminated due to a heater malfunction. In
this case, a breakdown in the electrical heater insulation caused an arc from the heater to the
module clad, destroying the heater and severely damaging the module. These incidents pro-
moted heater design modifications for all future static tests.

.Figure |-7 presents power output endurance test data from the remaining four
initial prototype reactor power modules, all of which were tested at constant TH = 1125°F/
TC = 570°F matched load operating conditions. Almost immediately it was observed that
degradation rates were unacceptably high, particularly in the TEM~13B and 13C modules
fabricated with thin thermoelectric washers, Figures 1-8 and -9 present open circuit voltage
and internal resistance date, respectively, from these modules.

The TEM-138 §/N-2 and TEM-13C S/N-2 tests were terminated after relatively
short testing times, to allow a destructive examination of the modules, The primary purpose
of these destructive examinations was to identify the cause of the high degradation rates.

During the time period in which TEM-13B 5/N-2 and 13C $/N-2 were being
destructively examined, endurance testing of the two TEM-13A series modules was continued.
The TEM-13A S/N-1 test plan called for steady state endurance testing in which the module
operating temperatures were to be held constant., TEM-13A S/N-2 was to be thermally

cycled to simulate transient operation of the module in the system during a reactor scram.
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The module was subjected to a series of ten programmed thermal cycles after each 2000 hours
of steady state operation, Each cycle comsisted of a reduction of the hot clad temperature
from TH = 1125°F to TH = 500°F at a 30°F/minute ramp rate and @ one hour holding period
ot the lower operating temperature after which the module was returned to the standard steady
state operating conditions again using a 30°F/minute ramp rate.

In addition to these controlled TEM-13A 5/N-2 thermal cycles, all of the
modules were subjected to unscheduled thermal cycles resulting from test interruptions due to
power failures and test instrumentation malfunctions., These thermal cycles are much more
severe in that temperature ramp rates of approximately 500°F/minute are experienced by a
module on static test when power is instantaneously interrupted, In addition, similar ramp
rates are produced when full power is instantaneously restored after a laboratory power failure,
In later module tests, the rapid restart condition was eliminated through the incorporation of
test stand control circuits preventing an outomatic restart after a power failure,

Data recorded immediately after each unscheduled thermal cycle are shown in
solid on Figures 1-7 through 1-9 for each module. The time at which TEM-13A $/N-2 was
subjected to controlled thermal cycles is also indicated on the figures, Up until the time that
TEM-13A S/N-2 had accrued 3000 hours of operation, during which period the module had
been subjected to ten controlled and two uncontrolled thermal cycles, module performance
appeared to be unmeasureably affected by transient operation. However, it became apparent,
after each successive thermal cycle, that the transient operation was offecting module perfor-
mance. In particular, step decreases in module voltage, producing subsequent power output
decreases, after each thermal cycle indicated the development of inter-couple shorting due to
the transient operation of the module.

Shortly after the second set of ten controlled thermal cycles on TEM-13A S/N-2,
the two remaining initial prototype modules were removed from test for destructive examination

to determine the cause and identify a solution for the thermal cyclic sensitivity problem.
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5. Module Destructive Examination Results

TEM-13B §/N-2 was removed from static test after 1187 hours of operation and
destructively examined. As mentioned above, the purpose of this examination was to determine
the cause or causes of the performance degradation observed during module testing.

A transverse cut was made at the center of the module at a point where the
local hot side temperature was approximately 1160°¢ during testing of the module. The sec-
tioned module was then ground to expose the large mica washer (the mica washer which ter-
minated at the outer diameters of both the inner and outer conductor rings). The mica was
then stripped away, exposing the n-type lead telluride washer surface. Seebeck probe traces
were taken every 90 degrees around the module circumference, commencing at the inner
conductor ring and proceeding in a radial line to the outer conductor ring. Figure 1-10 is
a typical plot of the Seebeck coefficient versus distance from the inner conductor ring for the
n-washer. This plot showed that the washer was converted to p-type over one-half its radial
dimension and contaminated over almost its entire surface. Metallurgical examination of the
n-type washer indicated that the contamination was caused by excess tellurium, Since the
n-type lead telluride is fabricated with a stoichiometric lead-tellurium mixture, it was postu-
lated that the excess tellurium had diffused into the n-type washer from the p-type washer,
TEGS-2P material is fabricated with an excess of tellurium to increase the solubility of the
sodium dopant. An excess of tellurium has no effect on p~type lead telluride thermoelectric
properties but has a gross effect on the n-type material.

Concurrently TEM-13C S/N-2 was being destructively examined. This module
was cut transversely into three sections. The center section consisted of the center nine inches
of the thermoelectric circuit, This center section was then cut axially, exposing a cross-
section of the thermoelectric circuit near the center of the module, Visual examination of
this section showed that the large mica washers were separated from the inner conductor rings
leaving a gap ranging from . 001 to , 003 inches. It had been anticipated that this mica washer
would form a butt joint with the inner conductor rings during compaction of the module. As

a result of this gap, the p- and n-type lead tellurides were in direct contact with one another

at each of the mica/conductor ring separations. This condition, of course, allowed free
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diffusion of tellurium from the p- to the n-type washer,
The effects of this direct-contact condition had not been observed in testing
of previous TEM-9 series modules for two reasons. First, nearly all of these modules were

tested at much lower temperatures, 7,, = 1000°F, and the diffusion rate of tellurium de-

creases rapidly with temperature, S~'=.'t:i|c>nt:i‘r most of these modules incorporated iron inper
conductor rings. Subsequent re-examination of previously destructed TEM-9 series modules
showed that the tellurium which had diffused into the n~type material had combined with
iron, forming an Fe-Te compound which was found to have small measureable effect on the
thermoelectric properties of the n-type material.

TEM-13A S/N-2 was removed from test for destructive examination after 4658
hours of TH = HZSOF/TC = 570°F operation including a fotal of 20 controlled (30°F/minute
ramp rate} and 10 uncontrolled (about approximately 500°F/minute ramp rate) thermal cycles.
The destructive examination was performed to study the cause of the modules’ observed cyclic
sensitivity, The module was cut transversely into three sections: two end sections containing
approximately three inches of the thermoelectric circuit and a center section containing
approximately nine inches of the circuit. These sections were mounted in epoxy and sectioned
axially to expose the circuit for examination, The thermoeleciric washers were found fo be
extensively deformed in a chevron pattern at both ends of the module, Visual examination
of the metatlographically prepared specimens at high magnification under a microscope re-
vealed that the small mica washers separating the inner conductor rings {see Figure {-11} were
sheared near the point where the mica extends from the inner conductor rings at their inner
diameter,

A series of measurements were taken on the metallographically prepared speci-
mens to determine if dimensional changes had occurred in any of the components. The first
measurements were taken to determine the oxial distance between the inner conductor rings.
The measurements showed that, except for a few rings at each end of the module, the distance
between most of the conductor rings was greater than 0,005 inch. Since the average measured
axial thickness of the mica washers between the lead telluride washers was 0,0042 inch, it

was not surprising, therefore, that some lead telluride was found between the inner conductor

rings.
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The‘ oxial distance between the molybdenum outer conductor rings was also
measured, 1t was found that the average distance was 0. 005 inch with uniform spacing along
the module axial length.

Additional measurements were performed on the end sections of the module to
determine the axial thickness of the individual lead telluride washers at both the inner and
outer conductor ring interfaces. It was found that the axial thickness of the p-type washers
was quite uniform along the outer conductor ring, being approximately 0.0%94 inch. At the
negative end of the module the majority of the p-washers were less than 0. 094 inch, while
at the positive end the axial dimensions were generally greater than 0,094 inch.

The axial thickness measurements performed on the n-type washers showed a
somewhat different trend. The n-type washer thicknesses measured at the negative end of the
module were more scattered than those of the p-type washers. However, unlike the p-type
washers, there was no appreciable thickness difference along the radial thickness of the
washers. At the positive end of the module, the axial thicknesses of the n-type washers at
the inner conductor ring interface were less than the thicknesses measured at the outer con-
ductor ring interface,

The final dimensional measurement taken was the radial thickness of each washer
from the positive and negative ends of the module. The unpolished axial cut sections of the
positive and negative ends samples were dismantled and the lead telluride washers removed
for measurement. The resulting dimensions showed the average radial thickness of both the
n-type and p-type lead telluride washers to be approximately 0. 143 inch. This value is the
same as the calculated dimension for the radial thickness of the lead felluride circuit ina
fully compacted TEM=-13 type module.

The testing histories of TEM-13C §/N-1 and TEM-13C 5/N-2 made them ideally
suited for destructive examination and comparison with each other, During the initial heatup
of the TEM-13C S/N-1 module, before it reached test conditions, o heater failure resulted
in the module being shutdown and removed from test, Compared to the test history of TEM-13C
$/N-2, TEM-13C 5/N-1 was essentially in the as-processed condition. TEM-13C 5/N-2

experienced ten programmed thermal cycles and five separate heatups, ore of which was an
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uncontrolled, full power heatup which applied to o full 6000 watts to the main heater, The
power output of this module decreased with time during the 2173 hours of test, as shown in
‘ Figure 1-7.

TEM-13C 5/N-1 was cut transversely into several sections, each of which con-
tained approximately 1.5 inches of thermoelectric circuit, The sections were mounted in
epoxy and cut axially to expose the circuit configuration. Microscopic inspection of the
sections revealed that the circuit was aligned with no noticeable chevroning of the washers,
even near the ends of the module. The gaps between the large mica insulators and the inner
conductors were observed in this module as in previous modules. The small mica insulators,
separating the inner conductor rings, appeared intact except near the very ends of the circuit
where an apparent stackup mismatch (total length of outer conductor rings vs. inner conductor
rings) was evident. At the ends, the position mismatch between the washers and the inner
conductor rings was such that the mica sheared and caused intercouple shorting.

Another phenomenon noted during the microscopic examination of TEM-13C
S/N=1 was that the spacing between the inner conductor rings was generally greater than
the thickness of the mica between the lead telluride washers. However, the distance between
the outer conductor rings appeared very close to the dimensional thickness of the mica between
the lead telluride washers.

The two end sections of TEM-13C $/N-2, which had been destructively examined
previously to determine the cause of its rapid degradation, were mounted in epoxy ond sectioned
axially to expose the circuit for examination, An examination of these sections showed that
the chevroned washer effect wos prevalent throughout each section. Detailed microscopic
- examination at 100X revealed that many of the mica washers separating the lead telluride
washers were either sheared where the mica separated the inner conductor rings or pulled
away from the conductor rings or sheared at the lead telluride-conductor ring-mica junction,
A similar magnitude of mica movement and/or breckage was noted in the negative end section,

The distance between the inner conductor rings of TEM-13C S/N-2 was measured
at 100X using a filar eyepiece. It was evident that the distance between the inner conductor

rings was, in most cases, greater than the mica thickness outside the rings. No significant
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amount of lead telluride was observed between the rings, and the spacing was filled with

expanded mica. The same phenomenon was observed between the inner conductor rings in
TEM-13C S/N-1.

6. Summary of Initial TEM~13 Series Results

The initial prototype modules, the first .75 inch I.D. and 15 inch circuit tubu-
lar thermoe lectric generators fabricated, provided important information to the program. The
close correlation between heatup data and calculated parameters indicated that the mathe-
matical model could be used to calculate beginning~of-life (B. O.L.) performance of modules
having a wide range of internal geometries,

In addition, test data from these modules identified two serious design deficiencies.
Destructive examination data resulted in the confirmation of a need for a design fix, the split
inner conductor ring, (see Figure |-11) which would substantially reduce tellurium migration.
In addition, a circuit distortion problem was uncovered and work was started immediately on
the identification of a fix to eliminate this problem, Unfortunately, the cyclic distortion
problem was not identified until after the next three series of reactor prototype modules, the
TEM-13D, 13F, and 13G series, had been designed and fabricated. As a result, the perfor-

mance of these later modules, too, was found to be extremely cyclic sensitive.
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E. INNER CONDUCTOR RING REDESIGN

Destructive examination results from the on going Compact Converter Program
modules (TEM-9's} and the first four modules tested on this progrom at TH = 1125, TEM-9U
S/N - 6, 7, 8 and 9 indicated that the primary mode of performance degrodation was due
to the transport of tellurium from the p-type material to the n-type material. This transport
appeared to be occurring primarily at the butt seal of the large mica and the inner conductor
ring.

Figure 1-11 shows a schematic representation of the thermoelectric couple design
incorporated in the initial prototype reactor modules. Also, shown is the mechanical "fix"
incorporated into all subsequent modules to eliminate direct contact of p~ and n-type moterial.
The inner conductor was fabricated in two pieces, allowing the large mica insulators to extend
into, and subsequently be trapped between the inner conductor components. This inner con-
ductor configuration is referred to as the "split conductor ring” design.

Some radial geometry modifications were required to incorporate the split conductor
ring design shown in Figure 1-11, |t was found necessary to increase the total inner conductor
radial thickness to .030 inches to facilitate machining of the inner conductor stepped
ring. The TEM-13 reference module design, as well as the initial prototype modules, had
inner conductor ring thicknesses of .015 inch as shown in Toble 1-2. The additional volume
required to incorporate the split conductor ring design was cbtained without affecting the
overall module or lead tel{uride radial dimensions. This was done by decreasing the inner
boron nitride thickness to .025 inch from .040 inch. Calculations showed that these modifi-

cations had essentially no effect on module performance.
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F. SECOND GENERATION HIGH VOLTAGE PROTOTYPE MODULES

1. Degradation Reduction Considerations

Early test data from the initial prototype reactor modules, particularly TEM-138
and TEM-13C which were fabricated with thin thermoelectric washers required for high
voltage, exhibited excessively high degradation rates, Destructive examination of these
modules indicated the tellurium migration should be decreased through the incorporation
of redesigned, split inner conductor rings shown in Figure I-11. In addition, it was determined
that improved performance stability could be achieved by increasing the mica insulator
axial thickness to .003 inch from .0015 as assumed in the reference TEM-13 design. The
latter modification required the reduction to 200 thermoelectric couples from 208 to main-
tain a total 15 inch circuit length,

Subsequently, two series of second generation high voltage reactor power
modules incorporating the split ring inner conductors and thicker mica insulators were
désigned, fabricated, and placed on test in the early part of CY~1969. These modules were
designated TEM-13D and TEM-13F series modules.

2. TEM-~13D Prototype Modules Incorporating TEG 5-3P Material

Data from a group of TEM-9 series modules, TEM~9Q design, indicated thot
high temperature performance stability could be substantially improved by substituting
TEGS-3P material, a lead-tin-telluride compound, for the TEGS~2P lead telluride commonly
used in tubular modules. The primary reason for this improved stability in these early
modules was that the alternate material was found to be chemically compatible with the
iron conductor rings used in all modules at that time.

The lead-tin-telluride with its improved stability characteristics, however,
has a very serious drawback. The figure-of-merit, a combination of thermal and thermoelec-
tric materials properties that indicate the efficiency of the TEGS$-3P material, is about

twenty percent lower than that of standard TEGS-2P in the temperature range of interest,
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However, because of the extremely high degradation rates observed in early prototype
reactor modules, it wos decided to incorporate TEGS-3P material inte a reactor power
module as a backup to the reference design. Reactor modules incorporating TEGS~3P
material were designated as TEM~13D series modules.

The TEM~13D design was very similar to the TEM-13C design, with the

following exceptions:

a. TEGS-3P lead telluride wos incorporated in place of TEGS-2P material.

b. The mica intercouple insulator axial thickness was increased to .003 inch
from 0015 inch. This modification required the reduction to 200 from 208
couples to maintain a total 15 inch circuit length,

¢. The split inner conductor ring design shown in Figure I=11 was incorpordted
in this as well as all subsequent module designs on this program.

d. In the TEM-13D modules, all of the inner and outer conductor ring
components were fabricated with iron. This modification was made because

no information existed concerning the compatibility of lead-tin~telluride

with refractory materials such as tungsten or molybdenum.

Table 1-4 shows a comparison of calculated matched load, ?H = 1125°%¢/

—

Tc = 570°F performance parameters for the TEM-13C and TEM-13D designs. Since the
two types of modules had design modifications as well as thermoelectric material modifications,
it is difficult to assess the effects of incorporating TEGS-3P material from this comparison
alone. Also shown on the table, then, are similar calculations for the TEM-13F design.
This type of reactor module, which is discussed more completely in a subsequent section
of this reporf, is essentially identical in design to the TEM-13D module except that TEM-13F
employs the standard TEGS-2P material and refractory conductor rings.

A comparison of TEM~-13D and TEM-13F calculated parameters shows that
the incorporation of TEGS-3P material into a reactor power module results in an efficiency
decrease of nearly 8 percent. Perhaps more important is a reduction of over 13 percent

in power output. The implications of these performance differences on a reference system

module are discussed in the next section of this report.
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Fabrication of two TEM-13D series modules, 5/N-1 and $/N-2, was completed
in December, 1968. Measurements taken after completion of the processing cycle but prior
to the initiation of testing indicated that both reactor power modules incorporating TEGS-3P
material had abnormally high room temperature internal resistance. Whereas the colculated
room temperature infernal resistance was .124 ohms, that measured for S/N-2 was .155 ohms
and $/N-1 actually indicated an open circuit condition. The calculations ore based strictly
on bulk resistances, with all electrical interface contributions assumed to be negligible.

In well-compacted modules, this assumption had been demonstrated to be valid. However,
data from these modules indicated that intimate contact between the thermoelectric material
and conductor rings had been lost during the cocldown portion of the autoclave cycle.

This phenomenon, peculiar to the TEM-13D series modules, was attributed to the use of
TEGS-3P thermoelectric washers having different mechonical ond thermal expansion char-
acteristics than the standard TEG S-2P material.

Both TEM-13D series modules were instrumented and placed on static test
in January, 1969, Internal resistance data recorded during the initial heat-up of these
modules is presented in Figure | =12, plotted as functions of average module temperature.
The calculated curve, assuming negligible interface resistances, is also shown. The curve
shows that the data from both modules opproached the theoreticol curve as the temperature
was increased. This was anticipated since differential thermal expansion of the module
internal components increases all interface pressures as the module temperature is increosed.
Within 200°F of the standard operating conditions, TH = 11.25°F/TC = 570°F, data from
both modules correlated well with the calculated curve.

Endurance fest data from these modules, like the initial prototype reactor
modules, was extremely sensitive to the cyclic history of the modules. TEM-13D S/N-1
experienced four rapid thermal cycles very early in its test history, resulting in a subsequent
drop in voltage and power. The module was removed from test for destructive examination
in March, 1969, prior to accruing any substantial endurance test data. Substantial inter-

couple shorting was observed upon sectioning the module.
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TEM~13D 5/N-~2 was endurance tested for o total of 4600 hours. Power
output data from this module are presented as a function of testing time in Figure | -13.
During the first 2200 hours of operation, TEM-13D S§/N-2 experienced only two thermal
cycles. The first was caused by a laboratory power failure and the second was conducted
to allow an instrumentation modification, TEM-13D S/N-2 performance stability observed
during this 2200 hour period was substantially improved over that of the initial high voltage
prototype reactor modules {TEM-13B and 13C modules). After this essentially steady-state
operating period, the module was subjected to a series of ten thermal cycles identical to
those discussed in the TEM-13A test program. Although no discontinuity wos observed in
the power level at the point where the cycles were performed, data presented in Figure | ~13
shows quite clearly that the degradation rate increased. From this, it was later concluded
that the primary reason for the improved initial performance stability of TEM-13D 5/N-2,

was the dbsence of thermal cycles during this period.

3. TEM-13E Reference Module Incorporating TEGS-3P Material
As discussed above, the substitution of TEGS-3F material for TEGS-2P lead

telluride in a specific module results in a substantial reduction in power and efficiency.
For this reason, efforts were directed toward establishing the design of a reference reactor
module incorporating TEGS-3P lead~-tin-telluride. This module design woas given the
designation, TEM~13E.

The effects of a direct substitution of TEGS~3P Jead-tin-telluride for TEGS-2P
material in a module can be seen by comparing TEM-13D and TEM~13F calculated parameters
shown in Table 1-4, The reduction in power in the TEGS-3P module can be offset either
by increasing the number of modules in the system or by extending the lengths of the
individual modules. The second alternate was selected fo minimize the effects of the
material substitution on the system complexity.

Preliminary design calculations indicated that o circuit extension from
the TEM-13 reference length of 15 inches to 17.2 was required to compensate for the

reduction in power associated with the use of TEGS-3P material. 1n addition, the number
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of thermoelectric couples required to produce 14 volts at matched load TH = 11250F/
T . = 570°F operating conditions was increased to 226 from 208 to compensate for the

C

lower S(_aebeck coefficient characterisitic of the TEGS-3P material.

A detailed design of the TEM-13E module was completed. Layout, assembly
and detail drawings of the module were also completed. No modules were scheduled
for fabrication, however, pending results of tests underway on modules incorporating TEGS-2P
material with design improvements incorporated to reduce degradation rates in these modules.
It was quite obvious that a system designed using modules incorporating TEGS-2P lead
telluride could experience « substantial amount of performance degradation and still

out perform a system incorporating TEM=13E series, TEGS-3P material modules.

4, TEM-13F Prototype Modules

The TEM-13F series modules were also designed with split inner conductor

rings fo eliminate the direct contact of p- and n-type thermoelectric materials near the
couple hot junctions. The design of the TEM-13F modules was identical to that of the
TEM-13D modules, discussed above, except that TEGS-2P lead telluride was used. In
addition, molybdenum outer conductor rings and tungsten inner conductor ring inserts (see |
Figure | -11) were incorporated in the TEM~13F design fo provide compatibility with

the p-type lead telluride. In all other respects the TEM-13D and TEM-13F designs were
identical.

Three TEM-13F series modules were fabricated and placed on static test at
WANL in April, 1969. Heatup data from this group of rhreé modules can be seen in Figures
1-14 and 1-15 to correlate very well with the calculated curve for the TEM-13F design
over the entire temperature range. The high degree of performance reproducibility demon-
strated by these three modules is also quite evident.

Table 1-5 presents a compilation of beginning-of-life test experimental data
from the three TEM-13F series modules. The experimental data from each module are first
presented as recorded at BOL. The parameters are then listed agein with mathematical
adjustments made to compensate for minor deviations from the experimentally meosured

clad temperatures and the design operating temperature levels, TH = 1125°F and TC = 570°F,
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These adjustments are made by applying the partial derivatives of the effective Seebeck
coefficient and internal resistance with respect to the average hot and cold clad temperatures
over the temperature range between the design and measured operating conditions,

The experimenta! data and temperature adjusted parameters presented in Table
[~5 indicate the very high degree of operational reproducibility of these three modules
which were fabricated identically. Also presented in the table are the results of the
calculational model, TEM@D, for a TEM-13F module operating at the design conditions.

As can be seen the experimental power output data are about 5 percent higher than the pre-
dicted level as a result of the internal resistance level of the modules being about 5 percent
lower than the calculated level. The primary cause for the resistance descrepancy was found
to be related to a .001 inch axial expansion of the lead telluride washers occurring during the
module compaction process. This expansion, which was observed during subsequent module
destructive examinations, had not been taken into account in the calculational model and
produced a 3 percent reduction in module resistance. The discrepancy was not noted in pre-
vious modules fabricated with thicker thermoelectric washers, which also expand by .001 inch
during compaction, since the resistance reduction associafed with this washer expansion is
much less as the washer thickness is increased. This effect was taken into account for all sub~
sequent performance calculations.

Although all three TEM-13F series modules were initially tested in static
test stands, TEM-13F S/N-3 was removed from static test after 500 hours and shipped fo
Atomics International for subsequent endurance testing in the liquid metal loop facility.
Performance data recorded under loop test conditions correlated wel] with TEM~13F S/N-3
data recorded on static test. TH = 1125°F/TC = 570°F matched load test conditions were
maintained for al! TEM-13F series modules.

Power output data recorded from this group of second generation, high voltage,
prototype reactor power modules is presented in Figure 1-16, A comparison of these data
with similar data from the initial high voltage prototype reactor module, TEM-13C S/N-2,
shown in Figure |-9, shows that the performance stability was drastically improved through

the incorporation of the split inner conductor ring in the second generation modules.
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However, {ike the earlier moduies, degradation rates of the TEM-~13F modules were seen

to be adversely effected by cyclic operation.

Ultimately the three TEM-13F series modules were removed from test for
destructive examination., TEM-13F §/N-2, the first module of this series to be examined,
was sectioned traversely into three sections. A six inch section from each end of the module
was mounted in epoxy and cut axially to expose the circuit configuration. Inspection of
the circuit revealed that the washers in the positive end section were so badly misoriented
along the inner conductor ring axis that in some cases the p-type washer was in contact
with the iron conductor ring at the next couple and the n-type washer was contacting the
p-type washer conductor insert ring. The negative end of the module showed that although
the washers were chevroned, they still retained contact with their respective inner conductor
rings. However, the mica washers which separated the inner rings were fractured.

The inner conductor rings were examined microscopically to determine if
any lead telluride had extruded into voids between the rings. No traces of lead telluride
extrusion between the rings were cbserved, In fact, the distance between the rings was
extremely uniform as compared to TEM-13 modules that contained inner conductor rings
made from material that possessed a lower coefficient of thermal expansion.

~ Another phenomenon of module distortion was noted during the microscopic
examination of the inner conductor rings. The iron rings at both ends of the module appeared
to be shorter axially than the remaining rings. Accordingly, the oxial dimension of the
inner conductor rings was measured fo determine the extent of the axial distortion along
the inner conductor ring axis, A plot of the change in the nominal axial dimension of
the iron inner conductor ring versus position along the module axis shows that the rings
near the end of the module had been subjected to enough axial pressure to produce plastic

deformation and axial shortening of the ring.

5. Summary of Second Generation TEM-13 Series Module Results

Experimental data from the second generation prototype reactor modules
demonstrated that substantial improvements in performance stability could be achieved

through the incorporation of the split inner conductor design. Excellent performance
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reproducibility was also observed during heatup of these modules. Data from the TEM-13D
series modules indicated, as had been anticipated, that a substantial performance penalty
resulted from the substitution of TEGS-3P lead-tin-telluride for the standard TEGS-2P
material. Performance of modules operated in a two-loop liquid metal loop .sysrem was
demonstrated to closely duplicate data recorded under static test conditions. Finally,
however, this group of modules was found to be sensitive to cyclic operation, indicating

the urgent need to identify a means to eliminate this problem.
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G. PROTOTYPE 5.25 VOLT REACTOR MODULES

1. Re-establishment of the Reference Module Voltage

in the initial systems analysis performed for the 25 KWe system, an improvement
in system reliability was identified as being associated with minimizing the number of individ-
val modules wired in electrical series. This resulted in o reference module design in which
the voltage had been set at the maximum fabrication limit of 14 volts. The system voltage
requirement of 56 volts was to be achieved by wiring four reactor modules in series,

During FY-1969, the first full year of the Compact Thermoeleciric Converter
System Technology Progrem, three factors were identified which indicated the need to re-
establish the reference voltage fevel of the reference module for the 25 KWe system,

The first factor was the reduction in required system voltage to 42 volts from
56 volts. 1t was this modification that caused initiation of an effort to establish an optimum
reference module voltage.

The relationship between system reliability and the number of individual modules
wired in electrical series did not change since the initial parametric study. That is, system
reliability varies inversely with the number of modules wired in electrical series, This relation-
ship holds because the development of an open circuit in a given module in the system affects
that module and all other modules connected in electrical series with it. Maximum relia-
bility then, all other considerations neglected, would result from the design of a 42 volt module
design allowing all 96 power modules to be wired in electrical parallel,

However since no tubular module, in the history of this or any previous program,
has ever developed an open circuit during operation, the probability of this occurrence was
recognized as being minimal. That is, the reliability penalty associated with wiring modules
in electrical series was very small.

Two module performance considerations were identified during the initial phase
of the program which showed substantial benefits available by reducing the individual module
voltage requirement. First, by reducing the required voltage, the number of thermoelectric

couples in each module could be decreased. This reduction provides an efficiency increase by
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reducing the number of intercouple mica insulators required, hence reducing the mica shunt
heat losses. Parametric calculations showed that maximum efficiency ina 15 inch circuit
length module is achieved when the module is designed to deliver about five volts.

Ancther important factor indicating the desirability of decreasing the voltage
was the observed relationship between degradation rotes and module design voltages, An
examination of performance data from the initia! prototype reactor modules (see Figure 1-7)
shows that degradation rates increased rapidly as the voltage was increased, The identifica-
tion of the primary degradation mechanism present in these modules explains this relationship
clearly, Since the high voltage modules had much thinner thermoelectric washers {(axially)
than the TEM~ 13A series modules, the percentage of the n-type washers affected by the dif-
fusion of tellurium from the p-type washers was greater at all times. Thus the effects of inter-
couple tellurium diffusion can be reduced by increasing the axial length of the n-type washers,

Taking these factors into consideration, a 5,25 volt reactor prototype module
design was established. [t was anticipated, then, that the 25 KWe system would be comprised
of 12 groups of reactor power modules wired in electrical parallel, Each group would consist

of eight moduies wired in electrical series to achieve the 42 volt system voltage requirement.

2. TEM-13G Module Design

The next generation of prototype modules was designed to deliver 5.25 volts

when operated into a matched load at T, = IIZSOF/T'C = 570°F operating temperatures and

were designated as TEM~13G series mod}:Ies. It is important to note that the TEM~13G design
was completed and committed to hardware in early 1969, less than one year after the design
of the initial profotype reactor modules, and within several months of initiation of TEM-13A
series modules tests. At this time, the cyclic. seﬁsitivi?y problem had not yet been identified,
hence there were no design imprevements related to this problem incorporated into the TEM-13G
design.
The TEM-13G design consisted of 79 thermoelectric couples. Figure 1-17 is a

cross-section drawing of a TEM-13G couple. Nominal component dimensions are listed. The

couples, as can be seen, incorporate the split inner conductor ring to reduce intercouple
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tellurium transport. In this design, the stepped inner conductor ring was fabricated with
molybdenum rather than iron as in the TEM-13F design. This modification precluded any
interactions between iron and TEGS-2P material.

Another change in design was made on the TEM-13G modules to modify the
loading of the inner conductor rings during the compaction of the module. Studies indicated
that during module processing, the outer conductor rings were loaded (compressed) by a
force exerted on them by the internal collector rings. The inner conductor rings, however,
relied on loading through Alsimag insulating washers located radially inboard of the collector
rings and adjacent to the first and last inner conductor rings in the module, Enlarged photo-
graphs of sectioned modules showed that the Alsimag was compressed and sheared, indicating
that very little axial load was actually applied to the inner conductor rings. To increase
the inner conductor ring loading, a small molybdenum "loading washer® was located axially
outboard of the inner conductor rings at each end of the module, as shown in Figure 1-18,
These loading rings ensured that the axial compression load was transmitted to the inner
conductor rings by distributing this load over o greater Alsimag area to minimize the possibility

of shearing,

A relatively minor change which was incorporated into the TEM-13G module de-
sign involved increased radial clearance of end closure insulating components. Measurements
taken after processing of previous reactor power modules showed o slightly greater diameter
at the ends of the module than in the circuit region. This difference resulted from the fc;:t
that the Alsimag did not radially compact as much as expected during processing. Since it is
desirable to have the most uniform module outer diameter possible, radial assembly clearances
in the end closure region of the module were increased. Diametral measurements made on
TEM-13G series modules after compaction indicated that as a result of these radial clearance
modifications, variations in O,D. along the entire outer clads of the modules were less than
.01 inch.

A minor change was made in the Alsimoag sleeve (see Figure 1-18) located under
the stretch neck of the module. Axial dimensions of the Alsimag sleeve were modified at
assembly to ensure contact with the inner boron nitride insulating sleeve. In addition, the
sleeve was tapered as shown in Figure |-18 to allow the retainer ring to move radially inward

during compaction.
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The nominal overall circuit length of the TEM-13G module, 15, 183 inches,
was . 034 inch shorter than that of the TEM-13F design, The differences arose from the use of
components having nominal dimensions expressed in even . 001 inch units, The additional cir-
cuit length was accomodated by increasing the Alsimag insulator axial length by , 034 inch
in the TEM~13G design. This allowed the use of inner and outer clads in the TEM-13G modules

having the same overall dimensions of those used in TEM~13F modules.

3. TEM-13G Static Test Assembly Modifications

~ Prior to testing any of the TEM-13G series modules, an initial modification was
made to the static test design. Although this modification had nothing to do with the module
design, it did have an affect on performance data, as will be discussed.

All previous modules on test in static test stands, were heated using electrical
heaters as shown in Figure -3, These heaters had main windings which were located directly
under the thermoelectric circuits of the modules. In addition, guard heater windings were
located on either side of the main heater and used to control end closure heat losses and
temperature profiles. However, the required spacing between the main and guard heater wind-
ings, 0;5 inch, resulted in the guard heaters being located primarily under the stretch neck
region of the module (see Figure |-18), Since very little heat loss occurs in this region of
module, the guard heaters were found to be very ineffective.

Electrical heaters used in the TEM-13G module tests did not have separately
controllable guard heaters. [nstead, the heater consisted of five series connected elements
separated by "dead spaces" of approximately 0.2 inch. The overall heated iength of the
heater was extended 0.38 inch beyond the thermoelectric ¢ircuit at either end of the module
to compensate for end closure heat losses, This heater design provided heat generation in the
region immediately adjacent to the thermoelectric circuit, the primary heat loss area of the
end closures.

The originat TEM-13G series modules were instrumented for static test using the
same axial thermocouple locations as in all previous reactor module tests. Experimental data
from these modules showed that the inner clad temperature profiles were much more sensitive

to the individual electrical windings than had been anticipated. Subsequently, it was found
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necessary to modify the number and axial positions of the thermocouples. By increasing the
number of axial positions to 21, it was possible to use a uniform spacing between thermocouples
and provide at least four thermocouples per heater winding element,

Figure 1-19 shows the placement of individual thermocouples relative to the
electrical heater segments in the ten thermocouple harness and 21 thermocouple harness con-
figurations. 1t is clear that except for the third and eighth thermocouples in the ten couple
harness, all instrumentation was positioned on or very near to the "dead space" between heater
elements, This placement resulted in o systematic low indicated average hot clad temperature -
determination. To eliminate this condition, the 21 couple harness was designed such that the
individual thermocouples were evenly distributed along the active and dead spaces of the
heater segments (see Figure 1-19),

Figure 1~20 shows the axial hot and cold clad temperature profiles recorded
during static testing of a typical reactor power module instrumented with the 21 thermocouple
harness. The sensitivity of the inner (hot) clad temperature profile to the individual heater
segments is quite clear. From these data, it was possible to determine that average clad tem-
peratures based on the original ten couple harness thermocouple locations, were approximately
25°F below the actual average hot clad temperature. As a result of axial heat transfer in the
module, the outer clad temperature profile was much more uniform than on the inner clad sur-
face, so that the initial ten cold clad thermocouple locations did provide an accurate deter-

mination of T ...

C

A second instrumentation modification resulted from a series of experiments per-
formed to determine the magnitude and uniformity of the radial temperature drop across the
Thermon layer used to bond the cooling fins to the outer clad of the module. Data from these
experiments indicated that the temperature drop from the outer surface of the module to the
base of the cooling fins could vary from 10°F to 100°F, depending primarily on the thickness
and local condition of the Thermon layer. This condition resulted in circumferential tempera-
ture variations on the module outer clad which could lead to erroneous cold clad average
temperature determinations. To eliminate this condition, a new cooling fin assembly design

was implemented during TEM-13G series module tests,
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The revised cooling fin assembly was fabricated in four quadrants rather than
two halves. Axial grooves were machined in each of the fin quadrants to provide access room
for thermocouples which were located in corresponding positions olong the outer clad of the
module. The I.D, of the fin surfaces was machined .040 inch greater than the O.D. of the
module., Metal separator rods having a diameter of ,020 inch were placed to run axially
on the outer clad of module after Thermon application. The individual fin quadrants were
then drawn tightly around the module using stainless steel straps, and bolted into position,
thus ensuring uniform thickness of the Thermon layer,
These modifications resulted in a substantial improvement in subsequent module-
to -module performance reproducibility as a result of eliminating random and systematic instru-

mentation error variations,

4, Heatup and [nitial Testing of TEM-13G Series Modules

Nine TEM-13G series modules were fabricated during the first half of 1969.
Three additional modules, S/N-10, 11, and 12 were fabricated approximately one year later,
after the identification of the thermal cyclic sensitivity problem identified during testing. of
previously fabricated reactor power modules. The purpose for testing each of the TEM-13G

series modules is listed in Table 1-6, along with a summary of pertinent results,

As is shown in the table, module tests were planned at three different average
hot clad temperature levels. These tests were intended to provide experimental degradation
rate data at the design operating conditions of TH = 1125°F and at 100°F above and below the
design levels, Cold clad temperatures were selected for each of the tests to simulate operation
of a reactor power module in a space application with a fixed radiator, |

Although some of the modules were scheduled for testing in the liquid metal loop
at Atomics International, all of these modules were operated in static test stands at WANL before
shipment.

The first five TEM-13G series modules were placed on static test at WANL in
June, 1969. Evaluation of heatup data from these modules indicated that the degree of per-

formance reproducibility and the correlation between calculated and experimental was not as
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good as had been observed in previous modules. Close examination of the experimental data
revealed that the cause of the performance descrepancies was related to test instrumentation
deficiencies, In particular, the need to relocate and increase the number of thermocouples

was identified, gs discussed in the previous section of this report.

The second group of TEM-13G series modules, S/N-6 through S/N-92, were
fabricated for incorporation into the first multi-module converter assembly. Prior to installation
into this assembly, designated Power Converter Module S/N-1 and commonly referred to as the
"Four Pack", each of the individual modules were qualified by a brief static test. All instru-
mentation improvements discussed in the previous section of this report were incorporated in
these static tests,

Figures 1~21, 22, and 23 present comparisons of effective Seebeck coefficient,
internal resistance, and thermal impedance data recorded during heatup of these four modules
with the corresponding calculated parameters. In each case, excellent module-to~module
reproducibility was observed and excellent correlation was achieved between the calculated
results and experimental data, These data verified that descrepancies observed in the initial
five TEM-13G series modules were caused by instrumentation deficiencies as had been indicated.

Subsequently, one of the initial group of five modules, S/N-5, was removed
from test and re~instrumented in a manner identical to that of the second group of modules, A
comparison of the beginning-of-life TH = 1025°F/'TC = 538°F performance data from the second
group of modules along with similar data from TEM-13G $/N-5 after re-instrumentation, is
presented in Table 1-7. All of the data can be seen to correlate very well with the calculated

parameters for T,, = 1025°F/'I_'C = 538°F operation, which are also presented.

H
After being placed on static test, TEM-13G S/N-6 through S/N-9 were each
operated for approximately 500 hours under steady state conditions at TH = 1025°F/TC = 538°F
operating temperatures. During this period, all of the modules exhibited extremely stable per-
formance with power output data falling within the ba_nd 219 + 6 watts, These modules, thus
being qualified, were removed from static test for installation into the Power Converter Module
$/N-1. The design and performance of this four pack module assembly is discussed in o later

section of this report,
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Figure 1-21. A Comparison of Calculated and Experimental Effective Seebeck
Coefficient Data Measured during Heatup of TEM-13G $/N-6 through 5/N-9
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5. Endurance Tests

Of the initial group of five modules, TEM-13G 5/N-2 was the first scheduled
for loop testing. This module was removed from static test after accruing 592 hours of

TH = 1025°F/1TC = 538°F operation, fitted with a heat rejection shroud, and shipped to
Atomics [nternational. The module was then restored to TH = ]0250F/TC = 538°F test condi-
tions with liquid metal flow rates adjusted to achieve 200°F inlet to outlet temperature drops
in the primary and secondary flow channels. Endurance festing of TEM-13G S/N-2 continued
until February, 1972, and was terminated after the module had accrued a total of 20, 000 hours
on test. Overall efficiency, power output, open circuit voliage, and internal resistance data
recorded during both static and loop testing of the module are presented as functions of testing
time in Figures |1-24 through 1-27, respectively. Also shown on the curves are similar data
from TEM-13G S5/N-4 which was endurance tested in a static test stand for 8302 hours at the
‘'same nominal average clad temperatures, Performance trends observed for these two identical
modules are nearly identical, indicating a very high degree of module-to-module performance
reproducibility as well as demonstrating that testing mode (i.e. static and loop testing)} has

no appreciable effect on module performance, as calculations had indicated,

A statistical analysis of TEM~13G S/N-2 power output data indicated a degrada-
tion rate of approximately 10 percent per 10, 000 hours during the first 3760 hours of testing.
This determination was made by fitting a straight line through the power output data after
adjusting the data to compensate for minor fluctuations about the TH = 10250F/Tc = 538°F
matched load operating point. These adjustments were necessary to eliminate the effects of
performance variations resulting from minor temperature variations (less than IOOF). Standard
linear Ieasr—squaré. error techniques were used to deterr;1ine the straight line fit through the
data, During this time, TEM-13G $/N-2 had experienced only three therma! cycles.

At 3760 hours and again at 4580 hours, TEM-13G 5/N-2, was subjected to
additional thermal cycles resulting from loop system shutdowns at Afomics International. Al-
though no discontinuities in performance resulted from these cycles, degradation rates were
observed to have increased. A statistical analysis of data recorded between 3760 hours and
15,336 hours showed that the power output degradation rate had nearly doubled. Yet another

increase in degradation rate was observed after a thermal cycle occurring at 15,336 hours.,
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From these data it was concluded that degradation rates for the 5. 25 volt reactor
power modules were functions of module cyclic history. The initial degradation of 10 percent
per 10,000 hours recorded for TEM-13G $/N-2 was undoubtedly offected by three thermal
cycles occurring during the first 3760 hours of operation of this module,

TEM-13G S/N-4, which was subjected to a total of ten thermal cycles during
its 8302 hours of static testing, exhibited degradation rates that were in close agreement to
those of §/N-2,

Two other TEM-13G series modules, S/N-1 and S/N-5, were operated initially
in static test stands and later shipped to Atomics International for additional loop testing.
Cyclic histories of these modules were more severe than these of the previously discussed
modules, Some evidence of inter-couple shorting was observed during these tests. Subsequently
these modules, along with TEM-13G $/N-3,were removed from test for destructive examination,
Basic component distortion patterns observed in these modules were nearly identical to those

of modules previously examined.
6. Cyclic Tests

As discussed previously, after the design and fabrication of the initial group of
nine TEM-13G series modules, experimental data from previously fabricated modules indicated
that the longer reactor power modules were sensitive to cyclic operation. For this reason,
three additional TEM-13G series modules were fabricated to determine the extent of sensitivity
of this design to thermal cycling.

The first of these modules, TEM-13G S/N-10, was placed on test at TH = 1125%/
TC = 570°F operating conditions, April 23, 1973. The module was subjected to 50 thermal
cycles followed closely by a destructive examination of the module. The cycles were identi-
cal to those performed on the TEM-13A series modules discussed earlier in this report, A
second module, TEM-13G S/N-11 was scheduled to be operated only under steady state
conditions at TH = 1125°F/'I_'C = 570°F for the approximate period of time required to complete

the S/N-10 cycles. A destructive examination of the latter module, then, would allow a

comparison of cyclic tested versus non-cycled modules,
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Table -8 is a compilation of all experimental data recorded for TEM-13G
S/N-10. Data sets were recorded in the time period between thermal cycles when the module
was being operated at the design TH = H25°F/'TC = 570°F temperatures. Parameters listed on
the compilation are elapsed time, E,T.; average hot and cold clad temperatures, THAV and
TCAYV; internal resistance, RGEN; open circuit voltage, VOC; power output, PE; power
input, QMOD; and module overall efficiency, ETA. Also, listed are various parameters ad-

justed mathematically to compensate for the minor deviations about the TH = 1125°%/

TC = 570°F operating conditions, The adjusted parameters are identified by the suffix DES,
The data presented in Table I-8 indicate through the completion of 28 thermal
cycles the level of performance of the module was not affected by the transient operation.
That is, all adjusted parameters remained essentially unchanged from the B.O. L, level, How-
ever, confinued thermal cycling resulted in gradual reductions in the adjusted resistance,
voltage, power, and efficiency, indicating the development of inter~couple shorting, After
completion of 50 thermal cycles, a total power reduction of 8, 6 percent was observed,

After completion of thermal cyclic testing, TEM-13G $/N-10 was tested under
steady state matched load operating conditions for 100 hours. Data accrued during this time
period were very stable and no further reduction in power output was observed, The module
was then removed from test for a destructive examination, This module was the first TEM-13
type module ever examined which had experienced controlled thermal! cycles and no rapid
thermal heatup or cooldown, The destructive examination revealed the circuit was deformed
in the familiar chevroned pattern noted in previously examined TEM=~13 modules, The total
displacement of the inner conductor rings relative to the outer rings was measured to be con-
siderably less than had been encountered in previous reactor power modules which were sub-
jected to fewer, but more rapid thermal cycles.

An identica! cyclic test was performed on a TEM-15 series module, $/N-4C,
having radial dimensions identical to TEM-13G modules, but designed with a 4,0 inch total
circuit length, Destructive examination of the shorter module revealed that the total inner

to outer conductor motion was considerably less, In particular, the TEM-15 module circuit

looked very similar to the center-most four inch portion of TEM-13G S$/N-10. Maximum
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distortion was observed near the ends of the TEM~13G series module,

Hence the results from the TEM-13G S/N-10 destructive examination demon-
strated that circuit distortion was not only ramp-rate dependent, but was also circuit length
dependent.

TEM-13G $/N-11 was tested for 380 hours at steady state T, = 1125F/

TC = 570°F operating conditions. During the test the module was heated to test conditions
only twice using extremely low heatup and cooldown ramp rates of 2.5°F/minute. After
testing, this module was also destructively examined. Visual examinations of the TEM-13G
S/N-11 circuit revealed that the two heatups produced some washer chevroning, but consid-

erably less than was observed in TEM-13G S/N=10, [n addition, there was no evidence

of intercouple shorting paths in the lotter module,

7. TEM-13G 5/N-12 Temperature Mapping Tests

By May, 1970, the degree of sensitivity of reactor power modules to thermol
cycling had been experimentally determined. In addition, experimental factors contributing
to the development of intercouple distortion had been identified. Various design modifications
had been identified to eliminate this condition, and are discussed in detail below. At this
time, one untested TEM-13G series module remained. This module was used in "temperature
mapping" experiments,

The TEM-13G $/N-12 module was installed into a liquid metal loop system ot
Westinghouse and a series of short~term "temperature mapping experiments”" were conducted,
The objectives of this test were: 1) to generate experimental data over a wide range of
operating conditions for use in evaluating the accuracy of the primary and secondary boundary
layer (film} temperature drops; 2) to correlate calculated module performance with experi-
mental data taken over a wide range of operating temperatures; 3) to compare static and loop
test data using common data acquisition system; 4) to generate data for use in debugging com-

puter codes written to reduce loop test data.
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The module was operated at three different average hot clad temperature con-
ditions: 950°F, 1085°F, and 1125°F. Secondary loop inlet temperatures and liquid metal flow
rates were adjusted to provide data at several cold clad femperatures for each of the selected
hot clad temperature operating points. ' _

Open circuit voltage, internal resistance, and power output data recorded
during these experiments are presented in Figures [-28 through ~30, Also, shown are corres~
ponding calculated curves plotted parametrically at each of the hot clad temperature conditions.
The data exhibit excellent correlation with the calculated curves over the entire temperature
range. The strong functional dependency of each of these parameters on both TH and TC is
obvious from the slopes of the plotted curves. The high degree of correlation between the
calculated and experimental data attests to the ucculracy of the module performance calcula-
tions and film drop calculations,

Figure 1-3] presents module overall efficiency (including end losses) os o
function of operating temperatures during the TEM-13G 5/N~12 temperature mapping
experiments. The data taken at the TH = 950°F level agree quite well with predictions,
while at higher temperatures the efficiency data foll above the calculated levels. The
discrepancy arises from the fact the performance code overestimates the module power
input for high temperature operation. The most probable explanation for this relates to
the use of higher than actual high temperature lead telluride thermal conductivities in

the performance code.

There is one data point shown on both Figures 1-30 and |-31 token at

T
H
curves it is included because the 8.01 percent efficiency and 702 wotts power output

= 1109°F. Although this point was not intended to fall on any of the performance

represent the highest level achieved during this series of tests.
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Figure 1~29. A Comparison of TEM=13G $/N-12 Internal Resistance
Data with Performance Calculations
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H. CONVERTER MODULE

1. Design and Objectives

| One of the initial objectives of the Compact Converter System Technology
Programs was to design, fabricate, and test @ converter module consisting of an assembly
of tubular modules, hydraulically interconnected, including manifolds and jackets for hot
and cold liquid metals, and provisions for structural support. Preliminary studies indicated
that the 25KWe reactor/thermoelectric power conversion system would be comprised of
96, 15 inch reactor power modules. Conceptual studies indicated that, to minimize the
space required by the conversion system, the individual reactor power modules would be
packaged together in groups of four. Each group of four modules would be self-contained
with one inlet and one outlet for primary {iquid metal, along with one inlet and one outlet
for secondary flow. The assembly was given the designation "Converter Module" but was
commonly referred to as a "Four Pack.” | '

The converter module design was completed in early 1969 and fabrication
of parts was initiated by mid 1969. Figure 1-32 shows an installation drawing of the final
assembly and lists pertinent dimensions. The primary fluid, from the reactor outlet, enters
the primary manifold inlet shown near the top of Figure 1-32, Flow is directed through
the bore of each of the four modules of the assembly and exits through the outlet manifold.
Uniform flow distribution was obtained through the use of swirl generators within the bore
of each module. The purpose of the swirl generators was to increase the pressure drop
through the module and fo reduce boundary layer temperature drops during operation.

By maintaining relatively high axial pressure drops through the modules relative to those
in the manifolds, flow uniformity was assured.

Secondary fluid enters the shroud plenum af the inlet shown in the lower
left hand corner of Figure {-32, Here again the secondary fluid is forced to follow a helical
flow pattern in the outer shroud of the module to provide uniform flow disiribution and

to reduce boundary layer temperature drops.
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The design provided for counterflow through each of the individual modules.

This flow arrangement results in optimum performance in that the radial temperature drop

is held nearly constant along the entire circuit length of the module. The secondary

manifolds were positioned to minimize cooling from the outer surface of each module in

the end closure regions thus minimizing end closure heat losses.

Stress Analysis

A stress analysis of the converter module design wos completed and wes based

on the use of conventional structural design codes and procedures. The following summarizes

the general approach which was used in this analysis.

(1)

a. A three-dimensional flexibility analysis of the complete unit was per-
formed using STASYS, a digital computer program for solving structural
analysis problems utilizing a displacement method and finite element direct
stiffness techniques.

b. The stress intensities were determined using three formulae (9, 12 and

()

c. The stress indices for branch connections were obtained from Appendix D

13) from the Nuclear Piping Code

of the Nuclear Piping Code.

d. The aliowable stresses {Sm values) for formula 9 and formula 12 were
obtained, with one exception, directly from Section Vill, Division 1 of the
ASME Boiler and Pressure Vessel Code. The 1270°F allowable temperature
limit obtained from the code was so restrictive that an ihvesﬁgcfion was
made to determine its basis. This was found to be based on 1 percent creep
in 100,000 hours. Since the system had only a 20,000 hour design life, this
creep was adjusted to 1 percent in 20,000 hours. The Sm values obtained
were 16,300 psi at 410°F, 16,000 psi at 660°E, 13,300 psi at 1045°F, and
7,970 psi at 1270°F.

Draft USA Standard Nuclear Power Piping Code, USAS B31.7, February 1968,
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e. The allowable stresses for formula 13 (alternating stress) were obtained
from Code Case 1331-4 for 50 cycles of operation. It was found that this
category of stress was never critical for this design. Even when the other
stresses (primary or primary plus secondary) were well over the limits, the

afternating stress was less than 50 percent of the allowable.

The stress analysis of the original converter module design indicated that
certain local stress intensities exceeded code allowables. The worst violations of the code
requirements occurred: (1) at the shroud to secondary header joint where the primary
pius secondary stress intensity was 70,000 psi and the allowable vaiue is 48,000 psi, and
(2) at the primary inlet header joint where the primary plus secondary stress intensity was
67,400 psi, and the limit is 23,900 psi. Subsequentiy, certain design modifications were
identified which would reduce the critical stress intensities, The design changes, which

were o be incorporated into subsequent converter module designs are summarized as follows:

a. The primary header tubes were to be extended such thet the spacing
between each module and the primary manifold was increased to é inches from
2 inches.

b. The reinforced section at the primary header/primary manifold joint

was to be increased to 0.100 inch from 0.065 inch,

c. The érimcry manifold wall thickness was to be increased to 0.075 inch
from 0.065 inch.

d. The transition piece joining the module inner clad to the primary header
tubes was fo be tapered from 0.05 inch at the module end to 0.041 inch at the
header tube end. Converter Module S/N-1 employed a 0.035 inch constant
section thickness in this transition.

e. The secondary manifold header stub thickness was to be increased to

0.084 inch from 0.055 inch.
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Two sets of externcl loading conditions were employed in this analysis,

First the system waos assumed to be o free body so that the effects of thermal siresses ond
mechanical stresses could be isolated. The free body analysis of the Converter Module
including the previously listed modifications indicated a positive design margin for all

sections.

The second step in the stress analysis invelved postulating a realistic external
leading pattern. Since the Power Converter Assembly design, an assembly consisting of
six converter modules, os shown in Figure |-33 had not progressed sufficiently te identify
the individual converter module piping interactions, there were no clear criteria to use.
The approach used, then, was to consider a loading pattern which consisted of all combin-
ations of forces, bending and forque ot each piping connection point. The central support
member was assumed to be fixed ot one end and constrained at the other end in such a
manner as to permit motion only in a direction perpendiculor to the tubulor module end
along the axis of the plate.

With loads applied according to the specified pattern it was found that
acceptable magnitudes for the piping reactions (at the four connection points) were 50
pounds of force (applied simultanecusly along three mutually perpendiculor axes) and
100 in.-pounds torsion and bending moments. All forces and moments were assumed to
occur simultanecusly in the worst direction. Mote that these reactions defined an accept-
able loading pattern, and were not necessorily optimum. Obviously, if the degrees of

freedom in the loading were restricted, higher acceptable magnitudes could be determined.

3. Converter Module Mock-up and Flow Tests
Prior to the fabrication of Converter Module 5/M=1, a full size converter
mock-up, shown in Figure |-34 was assembled. The cbjective of this effort was to establish

design feasibility, from the fobrication peint-ef-view, and to gain experience in the
welding and inspection cperations required. Figures 1-33 through 1-37 show individual

component parts of the metal mock-up in various stoges of the assembly procedure.
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Figure |1-34. Converter Module Metal Mockup

=83



I-B&

Figure 1-35. Simulated Tubular Module with Primary Swirl Generator and Transition



Astronuclear
Labaratory

@)

PSYSEHY X][SH UYIM B|Npoyy JO|ngn| paio|nwig

"gg=] 2nb1y

=87




Astronuclear
Laboratory

@)

A|quassoqng @|NPo J841eAucT) pUD Plojiubyy uoysaley joey /-] aunfiy4




Astrgnuclear
Laboratory

A series of hydraulic flow tests were then conducted to determine the flow
distribution within the converter module. Initial flow tests were performed using water
flowing through a full-scale plastic mock-up of the primary and secondary flow channels
and associated manifolds. The results of these tests were then examined to determine
the relationships between pressure drops, flow distribution, and swirl generator pitch.

The water tests were conducted using Reynolds numbers consistent with NaK flow.

Based on the results of these initial experiments, a pitch of 1.335 inches
was selected for the primary swirl generotor. The primary swirl generator, shown during
installation into the bore of the simulated tubular module in Figure 1-35, was mochined
from a solid bar of stainless steel in a form similar to ¢ coarse screw threod.

The secondary (heat rejection) flow channel was established by winding
a 0.125 inch diameter wire around the outer surface of the module. Figure 1~36 shows
a simulated module with the flow channel helix attached. The 1.25 inches helix pih‘:h was
also selected based on the resuits of the initial water flow tests.

Figure 1-37 show§ a simulated module with flow chonnel hardware, being
assembled into the heat rejection manifold of the mockup assembly.

Upon completion of the full size converter module metal mockup assembly,
additional hydraulic tests were performed. Results of these tests ore shown in Figures 1-38
and {-39. These plots are the result of the calculation of equivalent NaK primary and
secondary flow parometers from the water test data using standard Reynolds analogy tech-
niques. The pressure drop measurements agreed very well with tests conducted on the

plastic model.

4. Converter Module S/N-1 Loop Test Performance

The first multiple tubular module conversion device, Converter Module

S/N-1, was placed on test in an Atomics International liquid metel loop during the first
week of January,1970. The four modules TEM-13G S/N-6, $/N-7, §/N-8, and $/N-9,
were each static tested for approximately 1500 hours for qualification before assembly into

the converter module. A discussion of these initial tests was given earlier in this report.
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Figure 1-38. Predicted Converter Module Primary Side Pressure Drop
Obtained from Mockup Water Flow Tests
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Although the four modules were connected hydraulically within the converter
module, they were individually connected to external load resistors so that the performance
of each tubular module could be evaluated. The converter module was tested in the Atomics
International loop system for a fotal of 6972 hours.

The basic objective of the test, to demonsirate the mechanical integrity
of the multi-module assembly under operational thermal and mechanical stress conditions,
was met. The net beginning-of-life power output of the Converter Module, however, was
lower than predicted at the target test conditions. Predictions were based on the objective
of operating all four of the individual modules with clad temperatures of TH = 1025°F
and TC = 538°F, with primary and secondary axial temperature drops of 200°F. At these
operating conditions, calculations, as well as performance data from a previous module,
TEM-13G S/N-2, indicated that each module should produce 222,5 watts resulting in a
total expecféd B.O.L. power for the converter module of 890 watts. The average power
measured, however, during the first 140 hours of loop testing (covering the first five data
points) was 831 watts.

The experimental data indicated that though the flow conditions for the
Converter Module as a whole were close to nominal, none of the tubular modules was
actually operatingat the prescribed temperature conditions. Analysis of the data indicated
that this condition was the resuft of cross-flow heat transfer in the secondary manifold.

The design of Converter Module S/N-1 permitted the upper and lower 2.5 inches of the
outer clad of each tubular module to be exposed directly to a cross-flow NaK stream,

As a result of this cross—flow heat transfer, the secondary fluid inlet temperature of only
the medule adjacent to the Converter Module secondary inlet, $/N-9, was at the design
level, 431°F. In each successive module the secondary inlet temperature rose substantially
above this level as a result of the cross flow manifold heat pickup.

Table 1-9 summarizes the beginning-of-life data from the converter module.
The data are first listed on the table as recorded. The primary inlet temperatures were very

uniform since the design allowed no cross-flow heat transfer in the primary inlet manifolds.
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Primary outlet temperatures varied substantially for each of the modules indicating thot
there was a variation in heat transferred to each of the modules. The average hot clad
temperature of each module, listed in Table (-9, is the arithmetic average of the inlet and
outlet temperatures minus the temperature drop across the NaK boundary layer (approxi-
mately 13°F for each module).

The effects of the secondary manifold cross flow heat transfer are evident
from the individual module secondary inlet temperatures listed in Table 1-9. A temperature
increase of 37°F was observed in this manifold causing the last module, TEM-13G 5/N-6
to operate at a cold side temperature substantially above the TC = 538°F level, Average
module cold clad temperatures also take into account a 7°F secondary boundary layer
temperature drop.

In the second set of data shown in Table 1-9, the effects of the temperature
deviations were compensated for analytically. In each case the experimental data were
adjusted to indicate module performance parameters at the design TH = 1025°F/ TC = 538
matched load operating conditions, After the adjustments; all parameters were in good
agreement with the calculated values, also listed in Table -9, Power output was within
1 percent of the 890 watt design point and the efficiency was above the calculated level.
A similar deviation in the TEM-13G S/N-12 thermal mapping test efficiency data was
observed and can be attributed to the use of the higher than actual lead telluride thermal
conductivities in the mathematical model.

Figure [-40 presents power output data from the individual tubular modules
measured during endurance testing of Converter Module 5/N-1, Since performance of
TEM-13G series modules had been found to be sensitive to cyclic operation, the times
at which the Converter Module was thermal cycled are shown on the figure.

~ Astatistical analysis of the data from the four modules used in the Converter
Module Assembly test showed power output degradation rates ranging from 27 to 34 percent
per 10,000 hours. Although these rates were higher than those of TEM-13G S/N-2 and
TEM-13G 5/N-4 tested individually ot the same nominal temperatures, the cyclic histories
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of the modules used in the Converter Module Assembly were much different. It was concluded,
however, that since stresses imposed on individual modules in the Converter Module Assembly
were higher than those of individually tested modules, this could have been o contributing

factor to the observed increased degradation rates,

5.  Summary of Results of the Converter Module

Asubstantial effort in the Compact Converter Systems Technology program
was directed foward the design of a multi-module converter assembly. The basic objective
of demonstrating that such an assembly could be operated under conditions closely simulat-
ting those of a reactor/thermoelectric power conversion system was met.

Initial data indicated that the Converter Module design allowed for secondary
manifold cross-flow heat transfer, a condition which resulted in g reduction in power output
below the design level. A series of flow tests verified that the effects of this cross~flow
condition could be reduced by increasing secondary flow rates, as had been predicted.

It was anticipated that future multi-module assembly designs would be modified to eliminate
this cross flow condition. This modification was never required, however, since later
reactor/thermoelectric system designs specified that each module would be shrouded individ-
vally.

Endurance test data from Converter Module S/N-1 was aoffected by thermal

cyclic sensitivity of the TEM-13G series modules.
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l. TEM-X SERIES MODULES

1.  Elimination of Cyclic Distortion

Prior to the initiation of the Compact Thermoelectric System Technology Program,
design modifications were restricted to modules having one basic overall geometry, namely
0.5 inch 1.D. and a 7.2 inch circuit; Modules having these dimensions were found to be very |
insensitive to thermal cyclic operation. However, dota generated on TEM~13 series reactor
power modules identified the critical need to identify and eliminate the mechanism producing
circuit component distortion during cyclic operation of those modules designed with larger
bores and longer circuits.

Performance of reactor power modules was affected by thermal cycling in two
ways. First, occasional step decreases in power, resistance and voltage were observed - a
sign of internal couple~to-couple electrical short development, Second, increased degrada-
tion rates were observed after thermal cycling ~ a sign of increased inter-couple tellurium
tfransport, Subsequent destructive examination of a large number of TEM=13 series reactor
power modules having varying cyclic histories showed extensive component distortion and,
in some cases, direct inter-couple shorting as the experimental data had indicated. Results of
these destructive examinations are discussed in more detail in earlier sections of this report.

A detailed stress analysis effort was conducted during the latter half of 1969 to
examine the mechanical behavior of the tubular module during transient operation. The
analysis predicted circuit distortion patterns similar to those observed in a number of reactor
power modules which were sectioned after thermal cyclic operation. It was found in the
analysis that the circuit distortion was produced by the relative movement of the inner and
outer clads of the module. The relative clad motion, in turn, was caused by differential
thermal expansion during transient operation. -

Differential thermal expansion of the clads had been taken into account in early
module designs. Initial stress analysis efforts on the tubular module indicated that the inner
clad would slide freely along the inner boron nitride insulating sleeve during heatup of the

module. A "stretch neck" was employed in the end closure region of the module to allow for
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relative clad motion. However, the stress analysis effort on the TEM-13 series modules
showed that due to the high interface pressure levels after module processing and a higher

~ than anticipated coefficient of friction between the inner clad and adjacent boron nitride
insulator surface, free expansion of the inner clad during heatup was not achieved. Asa
result, circuit components were "dragged” back and forth axially during transient operation.

To compound the situation, a racheting effect occurred under conditions pro-
duced during laboratory power failures, When a power failure occurred with the module at
operating temperatures, both the electrical heater and the electrical fan used to provide the
forced air cooling for the module stopped. Cooldown of the module, under these conditions,
occurred nearly isothermally. As a result of the isothermal conditions, the radial interface
pressures were greatly reduced and the inner clad did not "drag” the inner conductor com~
ponents back to their initial positions. When power was restored, however, the full heater
power was abruptly applied to the electrical heater, Under these transient conditions the
inner clad temperature rose by about 500°F before the outer clad temperature had begun to
increase. The result was that the lockup between the inner clad and inner conductors occurred
very early and the amount of conductor displacement was increased for each cycle.

Additional stress analysis effort indicated that circuit component distortion
could be virtually eliminated by matching the inner and outer ¢lad total thermal expansions,
Three concepts providing matched thermal growth for both clads were considered. The first
~concept required the use of a rigid end closure, stiff enough to structurally lock the two clads
together, The second concept considered the use of a pre-stressed Inconel 718 inner clad,
stretched at room temperature to compensate for axial growth difference between the two clads.
The final concept considered the use of a low coefficient expansion material in place of
Inconel 718 for the inner clad.

The first and third concepts were committed to hardware for "proof-of-principal”
experiments and resulfs are discussed below, The second concept was deferred, pending
results of the other experiments, The basic difficulty associated with the pre-stressed clad
concept was that the pre-stressing was required prior to fabrication of the module, Initial
calculations indicated that the pre-stressed condition would be lost during the hot autoclave

process,
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2. TEM-X S/N-1: Stiffened End Closure Design

In early 1970, design work was initiated on the first module in which the rela-
tive motion of the inner and outer clad, the identified cause of cyclic distortion, was to have
been eliminated. This module was designated TEM-X {Experimental)} S/N-1.. The module
design incorporated rigid end closures designed to lock the inner and outer clads together,

The design fix incorporated into TEM-X $/N-1 had two negative aspects
associated with it. First, to eliminate relative clad motion, the stretch neck was to be elim-
inated and replaced with a retainer of increased thickness welded directly to both clads.

This resulted in a substantial increase in end closure shunt heat losses. Second, calculations
indicated that the stress levels resulting from locking the clads together would cause the
stainless steel outer clad to undergo plastic deformation during operation,

The second condition could be eliminated through the use of an inconel outer
clad. However, experiments performed in a previous program indicated that proper compaction
of the module could not be achieved using an inconel outer clad because of its high strength
at processing temperatures, Subsequently, TEM-X S/N-1 was fabricated and processed in a
manner identical to that of TEM-13G series modules, After processing the stainless steel
outer clad was to be machined fo a radial thickness of . 050 inch and the TEM~13 G type
end closure retaining rings removed, [t was planned to shrink fit an inconel outer clad around
the module by preheating the clad prior to installation. Reinforced retainers were then to be
welded to the inner and outer clads.

Difficulty was encountered during the outer clad machining operation. Because
of the high stress levels in the module resulting from the high temperature autoclave cycle,
local relaxation occurred during the machining process. A slight axial bowing condition
resulted in a non-uniform outer clad thickness near the center of the module after machining.
Relaxation of the thinner clad area resuvlted in additional bowing. As o result of the bowing
it was found impossible to machine the module uniformly. Subsequently fabrication of
TEM=-X 5/N-1 was discontinued and the effort to eliminate inner to outer clad motion through
the use of stiff end closures was abandoned and emphasis was placed on the development of

a low expansion inner ¢lad,
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3. TEM-X §/N-2: Low Expansion Inner Clad Design

Of the three concepts generated to eliminate circuit component distortion, the

use of low expansion inner ¢clads appeared optimum in that the mechanism was eliminated rather
than being designed around. Refractory metals, with coefficients of thermal expansion fess than
one-half that of stainless steel, appeared ideal for use as inner clad material substitutes. In
addition to having low coefficients of thermal expansiod in which total inner and outer clad
expansions céuld be matched, refractory metals have much higher thermal conductivities than
inconel, providing a performance improvement.

Several candidate refractory metals were evaluated to determine their suit-
ability. From the avcilable data it appeared that either Ta=10W or T-111 (Ta-8W-2Hf) would
provide adequate sfrengthﬁ to replace the Inconel 718 inner clad. Although T-11) was attrac-
tive because of its proven long-term NaK compatibility, the better availability of Ta-10W
combined with concern over possible formation of a HF-Ni eutectic in T=111 in the coex-
trusion temperature range mdde Ta-10W the choice for a short-term proof-of-principle test.

 One of the major concerns associated with the use of a low expansion inner clad
was the method of joining to the stainless steel end closure components. This problem was
eliminated through the use of a bimetal clad design consisﬁng.of a 15 inch section of the
refractory metal joined to siainless steel segments on either end. The stoinless steel clad ends
could then be welded to end closure components as in the standard TEM~13 design.

Procurémenf of a co-extruded Ta-10W/316 SS clad was initiated on a best
effort basis. Ta-10W and stainless steel Type 316 were co~extruded successfully. Following
the successful fabrication of the Ta-10W/316 5S clad, TEM-X S/N-2 was defined. This
module was identical to the TEM-13G series modules in all respects except for the use
of the refractory inner clad. Figure [-41 shows cutaway cross section drawings of a TEM-13G
series module along with that of TEM-X S/N-Z. The Ta-10W section of the TEM-X §/N-2
was under the circuit whereas the stainless steel portion was in the end closure section. The
clad was made by hot tandem co-extruding two single Ta-10W/316 $S bimetal joints, electron
beam welding the Ta-10W ends of these together, and machining the resulfant assembly to

the final clad dimension,
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4. TEM-X S/N-2: Test Results

Effective Seebeck coefficient, internal resistance, and thermal impedance data
recorded during heatup of TEM=X §/N-2, the first module fabricated with a refractory inner
clad, are plotted as functions of average module temperature in Figures [-42 through |-44,
respectively. Similar data recorded during heatup of TEM=-13G $/N-10 are presented for com-
parison along with calculated curves for the TEM=X $/N-2 and TEM-13G designs. Note that
the incorporation of the refractory clad has a noticeable effect on calculated and experimenta
data from these modules. Because of the higher thermal conductivity of Ta-10W, the voltage
(hence effective Seebeck coefficient) of the TEM-X §/N-2 module is higher than that of the
TEM~-13G module, resulting in improved performance.

Experimental data from both modules can be seen to agree very well with the
corresponding calculated curves over the entire temperature range. 1t is evident from the
TEM=X $/N-2 data that pfoper compaction was achieved during autoclaving of the refractory
¢lad module,

A cyclic test program was specified for TEM-X $/N-2 to determine the success
of the clad substitution in reducing or eliminating circuit distortions observed in previous
reactor-size {15 inch)} modules. After a brief steady state operating period at the design
operating conditions, ?H = 1125°F and TC = 570°F, the module was subjected to a series of
50 controlled thermal cycles. Each cycle consisted of a cooldown from design operoting con-
ditions to an intermediate TH = SOOOF, a one hour steady state soak period, and a return to
design operating conditions followed by another one' hour sock. All transient operations were

conducted at TH ramp rates of 30°F/minute. This was a duplication of the TEM-13G §/N-10
test discussed in a previous section of this report, After a short steady state operating period
following completion of thermal cycling tests, the module was removed from test for destructive
examination,

Table 1-10 presents a summary of performance data recorded during testing of
TEM=-X S/N-2. During cyclic operation of the module, data were recorded during the

steady state soak period at TH = 1125%°F and T . = 570°F. The data show quite clearly that

C
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TABLE 1-10

TEM-X $/N-2 DATA SUMMARY

Datg Hours Total l:,e Rg oc Qr
Point No. Cycles (Watts) (Milliohms) (Volts) (Waits)

1 0 0 272 110.8 10.99 5662
2 1 0 272 110.8 10.98 5665
3 19,2 0 272 110.8 10.98 5683
5 39.8 0 272 110.6 10.97 5676
6 43.3 1 272 110.5 10.97 5571
7 46,0 2 271 110, 9 10. 96 5572
8 64.0 8 273 110.5 10.99 5553
9 70.3 10 274 110.6 11.00 5608
10 88. 0 16 270 110.5 10.93 5581
i 94.6 18 270 110.8 10.95 5576
12 112.3 24 271 110.3 10,94 5612
13 118.8 26 271 110.2 10.93 5568
14 137.1 32 271 110.6 10. 94 5560
15 143. 4 34 270 110.6 10. 94 5549
17 167.8 42 270 110.5 10.92 5593
18 191.8 50 269 110.5 10.91 5594
19 192.7 50 270 110.6 10.92 5611
20 207.3 50 270 110.7 10.93 5610
21 214.5 50 270 110. 4 10,92 5617
Calculated 276 107.8 10.92 5910
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operation had no measureable effect on module performance. By contrast, TEM-13G S/N-10,
subjected to identical cyclic operation, suffered a 21 watt decrease in power output during
testing, shown previously in Table [-8. The success of the redesigned refractory inner clad
concept is demonstrated by these data, This is more emphatically brought out in Figure {~45
which presents temperature and load adjusted electrical power output for these two modules as -
a function of the number of thermal cycles completed.

Upon completion of static testing, TEM-X $/N-2 was cooled from the design
operating conditions to room temperature at o 30°F/min transient ramp rate, After completion
of the cooldown procedure, a final measurement indicated a post testing room temperature
module internal resistance of 11,4 milliohms. This level of internal resistance agreed well
with both calculations and experim.enral data from the TEM~13G series modules. This agree~
ment indicated that the substitution of Ta-10W for Inconel 718 resuited in no reduced inter-

face pressures after cyclic operation,

5. TEM-X S/N-2: Destructive Examination Results

After completing the testing discussed above, TEM~X S/N~2 was removed from
its static test stand and sectioned to expose the thermoelectric circuit, Figure 1-46 is o
photograph of TEM-X S/N-2 after sectioning. Also shown for comparison is a similar photo-
graph of TEM-13G $/N~10 after sectioning, The success of the duplex clad is quite clear
from a comparison of the two modules shown in the photograph.

The positive and negative ends of TEM~X S/N~2 were also examined to determine
the extent of movement of the inner conductor rings with respect to the outer conductor rings.
Results of these measurements indicated that a maximum displacement of , 005 inch occurred
at either end of the module. Maximum displacements exceeding . 040 inch were measured
during similar measurements made on TEM-13G S/N-10,

TEM~X $/N~2 experimental and destructive examination results gave con~
clusive proof that the reason for circuit distortion in previously tested reactor power modules
was the mismatch between the thermal expansion of the inner and outer clads. Based on these
results, the Ta-10W/316 SS bimetal inner clad was committed to use as a standard component

in the reactor power modules,
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J. TEM=X 5/MN-3 SERIES MODULES

. Design Considerations

Continved system application studies of reactor/thermoelectric systems conducted
by Atomics International led, in 1970, te a significant medification to earlier system conceptual
designs. In the revised system the reactor power modules were to be removed from their earlier
location in the shield gallery area of the spacecraft to an accessible service area beyond the
shield. This medification required an intermediate primary heat exchanger but reduced e lec-
trical transmission (bus) losses by moving the generators physically closer to the load cireuits,
thus reducing bus lengths. As a result of this modification in overall system design, o new
optimum operating voltage/power ratio was established by the systems contracter.

The TEM=X 5/M=13 series modules were to be designed with overall dimensions
identical to those of previous reactor modules. The axial dimemions of the circuit components,
i.e., the number of couples, were to be selected such that the modules would have a matched
load voltage-to-power ratio of ten volts per kilowatt for TH = llEﬁnFﬁE = 570°F. This ratio
limited individual elecirical bus currents to 100 amps,

The circuit design of the TEM-X 5/M-3 module was determined from o parametric
study using TEM@D, the thermoelectric module performance prediction code. In this study the
number of thermoelectric couples was varied while the total circuit length was held constant
at 15 inches. In this manner the voltage to power ratio was varied.

Figure 1-47 shows the calculated relationship between the voltage-to-power ratio
and number of thermoelectric couples for a reactor madule having TEM-13G radial dimensions,
a 15 inch total circuit length, o refractory inner clod, and operating ot TH = 1125°F and
TC = ﬁ?ﬂﬁF. In the range of interest (greater than 10 couples) the relationship can be seen to
be nearly linear. This fallows from the fact that in this range the voltage is directly propor-
tional to the number of couples whereas the power output is very nearly comstant. As the
number of couples is reduced from ten, however, the power falls off rapidly (due to excessive
Joule heating losses in the conductor rings ond power take=-off pins) whereas the voltoge re-

lationship remains linear. This is the cause of the ropid voltoge-to-power ratio increase at
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the low end of the curve. However, this area of the curve was of no practical interest to this
program and required no further investigation.

The study revealed that for T!-I = 1125°F undTC = 570°F operation, the required
voltage~-to-power ratioc was achieved with a module having 38 rather than 78 couples. Figure
|-48 presents @ comparisen of TEM=13G and TEM-X 5/M=3 cross-sections. The follewing
design modifications were incorporated in the TEM=X 5/MN-3 design:

a. A refractory inner clad, identical to that of TEM=X 5/N-2, was in the
TEM=X 5/M=13 design as shown in ltem 1 of Figure |-48 to eliminate component
distortion observed during thermal cycling of TEM-3G series modules,

b. Thermoelectric washer axial thicknesses were approximately doubled
{. 188 inch compared to . 071 inch) to meet the voltage-to-power system require-

mént.

c. The number of conductor pins (Item 2 in Figure |-48) was increased to 8
and their method of attachment to the internal collector ring of the module
(Item 3 in Figure 1-48) was modified in the TEM=X 5/M-3 design., These modi-
fications were required because the reduced number of thermoelectric couples
in TEM=X 5/MN=3 reduced the electrical resistance of the circuit, which in=
creased the significance of the conductor pin resistance, The rodial dimensions
of the module prohibited the we of larger diameter pins, therefore a larger
number of pins was required. The TEM-X 5/MN-3 pins were threaded into the
internal conductor rings to assure positive retention of the pims as shown in

Figure |-48.

d. TEM=X 5/M=3 incorporated two . 005 inch mica insulaters between adjacent
thermoe lectric washers rather than one (ltem 4 in Figure |1-48). This modification
was based on extremely low degradation rotes observed in TEM=14 series modules,
discussed in Section Il of this report, in which thicker inch imsulating washers were
used, Since thermoelectric washer axial thicknesses were essentially doubled in
the TEM=X 5/M=-3 design, doubling the mica washer thicknesses did not result

in a significant performance penuh'r'.
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e, TEM-X 5/MN-3 was designed with 0. 0004 inch tungsten foil washers extend-
ing radially outward from the couple hot junction (lead telluride/inner conductor
ring interface) to @ point midway between the hot junction and cold junction
(lead telluride/outer conductor ring interface), The foil was "sandwiched” be-
tween the two 0.005 inch mica washers as shown in ltem 5 of Figure 1-48, The
foil provided an absolute diffusion barrier in the region most susceptible to inter-
couple contamination resulting from diffusion of tellurium through the mico in-
sulators, Shunt heat loss through the tungsten foil was reduced by minimizing

the foil axial length {0.0004 inch) and terminating the foil at the radial midpoint
of the thermoelectric washer. The selection of foil diameter wos bosed on o review
of Seebeck probe date from module destructive examinations, which indicated
that diffusion does not occur below the temperature existing at the radial mid-
point of the thermoelectric washers in the TEM=-X 5/MN=3 module.

2. Initial TEM-X 5/N-3 Series Module Results

A total of twelve TEM-X 5/MN-3 series modules were fabricated between mid-
1970 and Januvary, 1973. A list of the design features of these modules, along with two addi-
tional reactor power modules fobricated with refractery inner clads, is presented in Table |-11,

Fabrication and processing of the fist group of three TEM-X 5/M-3 series modules
was completed in October, 1970, Post processing internal resistance daota from these modules
agreed precisely with theoretical calculations made assuming negligible interface resistances,
indicating proper compaction had been achieved in the auteclave cycle,

The first of these three modules, TEM-X 5/M=3, was destructively examined
immediately after processing to determine the effects of the processing cycle en circuit
alignment. The positive end of the module was cut, sectioned, and cast in epoxy. An axial
cut through the end section exposed the circuit for visual examination. Figure 1-49 is a photo-
microgroph of the section from TEM-X 5/M=3, Mo deformation of the circuit was noted,
Examination of the negative end showed the some results, i.e., excellent circuit/conductor

ring alignment.
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Figure |-49. Phatomicrogroph of Positive End Section of TEM=X 5/MN-3
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The second and third TEM-X S/N~3 series modules, §/N~3A and $/N-3B, were
scheduled for static testing at TH = 1085°F/fc = 507°F. The design operating temperatures
were modified from the previous levels as a result of more recent system efforts conducted by

Atomics International.

Table 1-12 presents a comparison of the room temperature internal resisfance
and beginning-of-life performance data from these and all subsequent TEM-X $/N-3 series
. 1085°F/'fc = 507°F operation.

The module-to~module performance reproducibility was very good for these and all other

modules with the corresponding calculated values for T

TEM-X §/N-3 series modules. In addition, the correlation of experimental data with the
calculated parameters was considered good. Although the measured B. O, L. open circuit
voltages of the first two modules pldced on test were approximately 2 to 3 percent below the
calculated level, Seebeck coefficient data on the thermoelectric materials used in these
modules showed a similar deviation from standard values,

After o brief steady state operating period at the design operating conditions,
= 507°F, TEM~X S/N-3A was subjected to a series of controlled thermal

T, = 1085°F and T,
cycles, Each controlled cycle consisted of a cooldown from design operating conditions to
an intermediate ?H = 500°F, a one hour steady state soak period, and a return to design
operation condition followed by another one hour soak., All transient operations were con-
ducted at average hot clad temperature ramp rates of 30°F/minute in accordance with the
module design specifications. In addition to 49 controlled thermal cycles, the module exper-
ienced one rapid shutdown as a result of a laboratory power failure. The power interruption
occurred as the module was operating at the design conditions, resulting in a maximum cool~
down temperature ramp rate of approximately 460°F/minute. Following the unscheduled
shutdown, the module was returned to design operating conditions with a 30°F/minute heatup
rate, and the controlled cyclic program continued,

TEM-X S/N-3A completed the thermal cyclic test with no measurable degrada-
tion in performance. Table I-13 presents a summary of performance data recorded before and
after cyclic testing of TEM-X $/N-3A. Module power output measured at the design opera~

ting conditions of TH = 1085°F and TC = 507°F remained constant at 279 + 3 watts.  This
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TABLE 1-13
TEM-X S/N-3A DATA SUMMARY

Time Pe Rg V;c (QI.

(Hours) (Watts) (Milliochms) {Volts) (Watts)
0.0 276 24,86 5.24 5847
11.0 276 . 25,07 5.26 5830
36.7 278 24,63 5.24 5841
107.1 . 278 24,88 5.26 5814
109. 1 279 24.74 5.25 5858
111.1 281 24,79 _ 5.28 5872

FIFTY 300F/MI NUTE THERMAL CYCLES PERFORMED

541.6 276 24,89 5.24 5834
613.0 276 25,02 5.26 5820
642.9 277 24,88 5.25 5831
685.1 277 24,86 5.25 5836
781.0 278 24,82 5.26 5857
833.2 277 24,91 5.25 5842
1002, 6 278 24,82 5.26 5837
1045.9 278 24,87 5.26 5819
1166, 4 277 25,10 5.28 5872

1-119



test was conducted to demonstrate the cyclic insensitivity of o module fabricated with
refractory inner clad in which total thermal expansion of the inner and outer clad are matched.
The data show quite clearly that cyclic operation had no measurable effect on module perfor-
mance, Similar results were achieved in a similar cyclic experiment performed on a previous
reactor power module, TEM-X S/N-2, also designed with a refractory inner clad.

Figures 1-50 through 1-53 present performance parameters (overall efficiency,
electrical power output, internal resistance, and open circuit voltage) recorded during testing
of the first two TEM~X S/N-3 series modules, The data are plotted as functions of steady
state testing time. TEM-X S/N~3B was a steady state test module which experienced only one
thermal cycle as a result of a laboratory power failure, The data presented in these figures
indicates both the high degree of reproducibility of performance between identical modules
and the complete lack of measureable module degradation. Wo previous reactor power module,
cycled or uncycled, had exhibited this degree of performance stability.

After completion of thermal cyclic testing and an additional 600 hours of steady
state TH = 1085°F and TC = 507°F operation, TEM=X 5/N-3A was cooled to room femperature
to determine the cause of a sudden loss of the two uppermost cold clad thermocouples. Exam-
ination of the module revealed that liquid NaK had penetrated through the inner clad into
the end closure region of the module, The NaK was used in static test stands to provide a
uniform heat conduction path from the electrical heaters to the inner clad of the module as
shown previously in Figure [-3. After penetrating the module inner ¢lad, the NaK had
attacked the boron nitride electrical pin insulators and escaped to the outside of the module,
atfacking the cold side thermocouples, At the time of the thermocouple failures, module per-
formance data gave no indication that NaK had attacked the thermoelectric circuit.

Subsequently, TEM-X S/N=~3A was removed from the static test stond and
destructively examined to determine the cause of the NaK leok, During this examination,
the source of the NaK leak was traced to cracked regions in the tantalum portion of the module
inner clad, just inboard of the transition region. The cracks had developed in areas where
the tantalum extended beyond the boron nitride insulating sleeve, Examination of the clad

verified that the bonds had remained intact. Metallographic examination of the cracked
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region disclosed that the cracks were initiated at the outer diameter of the clad, i.e., the
failure mode was not a result of NoK aftack from the inner diameter. The negative end of the
module, which was maintained at 1100°F during testing of the module (TOOOF higher than the
positive end), was still intact, The preliminary analysis indicated that failure was caused

by the development of an air leak where the power pins emerge through the BN insulators at
the ends of the module. As a result, oxidation aH‘dck_ of the Ta~10W occurred and resulted

in cracking of the clad.

A complete investigation was then conducted, using x-ray diffraction, metallo-
graphy, oxygen analysis of starting stock and processed clads, and chemical analysis of the
NaK used in testing. The results confirmed that oxidation of the Ta-10W had occurred and
initiated cracks at the outer diameter of the inner clad. These cracks propagated radially
inward and resulted in NaK leakage during test. Although in-leakage of air around the end
closure power pin seals was strongly believed to be the source of oxygen, the fact that attack
of the Ta-10W was confined to a region directly under the Alsimag 222 insulation raised a
question concerning Ta- 10W/Alsimag compaﬁbilify (although free energy considerations do not
favor tantalum oxide formation at the expense of Alsimag reduction). However, to establish
definitive proof of Alsimag/Ta-10W compatibility, four experimental capsules were designed,
fabricated, processed and tested. A capsule consisted of an Alsimag 222 cylinder contained
by a Ta-10W cup. This sub-assembly wos enclosed in a stainless steel blind-ended sleeve, a
plug was welded in the end, the capsule vacuum degassed at 725°F, and then the degassing
tube was seal welded. The capsules were all hot isostatically compacted using the same
.paramefers which are used for TEM modules.

After processing, three of the capsules were placed on test at 1200°F and one
at 1100°F for times up to 1029 hours. Metallographic examination of these capsules showed
no reaction had occurred at the Alsimag/Ta-10W interface. In all cases the Ta-10W was.
shiny and un-attacked, thus eliminating the possibility that the clad failure was due to an

Alsimag/Ta-10W reaction.
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While the above failure mechanism investigation was being conducted, the
module circuit was sectioned and examined metallographically to check the effectiveness of
the bimetal low expansion inner clad in preventing circuit geometry distortion during thermal
cycling. As in the TEM-X 5/N-2 proof-of-principle experiment, the alignment of circuit
components and general geometric appearance of the circuit configuration was excellent;
this furnished strong additional proof that the low expansion ¢lad was the answer to obtaining
degradation~free operation during thermal cycling.

Testing of TEM-X $/N-3B was terminated after 2584 hours, also as a result of a
NaK leak in the inner clad. The loss of NaK resulted in a heater overtemperature and ultimate
failure, terminating the test avtomatically. As in the case of TEM-X S/N-3A, performance
data from this module were unaffected by the clad leak up to the time of the heater failure,
This module was also destructively examined and results closely duplicated those of TEM-X

S/N-3A, discussed above,

3. Hermetic Seal Design Modifications

Results of the initial TEM~X S/N-3 series module tests indicated that the module
internals were not completely sealed, During operation in air, trace amounts of oxygen
entered the module in the area of the boron nitride electrical pin insulators located at the
ends of the module. In previous modules, this air leakage had little or no effect on module
operation. However, the use of refractory inner clads in the TEM-X series modules required
complete hermetic sealing to protect the clad and ensure successful operation in a laboratory
{air) environment,

During the destructive examination of both TEM=-X S/N-3A and 3B, it was
observed that only those portions of the refractory clad extending beyond the boron nitride
electrical insulating sleeve were oxidized. The boron nitride had protected the clad from
in-leaking air. As a result of this observation, all newly designed refractory clad modules
were fabricﬁtedwifh the boron nitride sleeve extended to ensure complete coverage of the

refractory portion of the clad.
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An extensive effort was initiated to develop a direct hermetic seal which could
be applied to the module electrical pins, their boron nitride insulators, and the stainless steel
retaining ring through which the pins penetrate. Details of the development of the subsequent
glass seal are discussed in a later section of this report.

As a temporary expedient to permit testing of additional TEM-X §/N-3 series
refractory clad quules, hermetically sealed metal/ceramic end cap qssemblies were designed.
The static test end cap design, shown in Figure 1-54, consisted of an end cap assembly, welded
to both the inner and outer clads on each end of the module, Two ceramic/metal seal terminals
were brazed to each cap and provided hermetically sealed access ports for two . 150 inch
diameter nickel power leads. After welding, as shown, the assembly was evacuated and back
filled with argon at 7 * 2 psig. Although the possibility of a leak was remote, further pre-
cautions were taken by providing a gas tube connected to a inert gas supply during testing of
the module. ‘ '

A similar protective end cap design was developed for loop tested modules, To
eliminate interference between the end cap and shroud of the module required for loop test
operation, a telescoping end cap was required. This modification allowed the cap to be slid
over the module outer clad during welding of the power leads to the external collector ring
located inside the end cap. The end cap was then returned fo its final position and welded

in three rather than two places,

4. Performance of TEM-X Modules with End Caps

Four TEM~X S/N=3 series modules were tested using end cap assemblies dis-
cussed above. The first of these modules, S/N-3C, was placed on static test April 12, 1971,
The other three modules, S/N-3D, 3E, and 3F which were essentially identical in design,
fotlowed TEM~X S/N-3C on test very closely.

Effective Seebeck coefficient, internal resistance, and thermal impedance data
recorded during heatup of the two static tested modules are presented in Figures 1-55 through
1-57, respectively, These heatup tests were conducted under open circuit conditions and the
calculated open circuit parameters are shown on the figures, The data from both modules

can be seen to correlate very well with predictions over the entire temperature range.
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The internal resistance data and calculations shown in Figure 1-56 do not include
the resistance contribution of the end cap power leads shown in Figure |~-54. This contribution
was eliminated from the data by using one lead on each end of the module as a voltoge probe
and the other as a power lead. During subsequent matched load testing, however, the two
power leads ot each end of the module were connected in parallel so that each lead carried
only one-half of the load current, During endurance tests the resistance contribution of the
end cap power leads, which was substantial, was considered as part of the load resistance.

For TEM-X 5/N-3C, the pin circuit resistance was measured at 4,63 miilichms ot .operoting .
conditions, whereas, the module circuit resistance was 25.2 milliochms, The high pin circuit
resistance contribution was the primary reason for the effort to develop a directly applied
hermetic seal that would eliminate the need for the end cap assemblies,

Some deviation was cbserved between the calculated and measured thermal
impedance data near the design operating conditions (see Figure 1~57). The caleulated heat
input was nearly 300 watts (approximately 5 percent) greater than the measured level, A
similar deviation was observed in previous TEM-13 series reactor power modules, Since the.
deviation existed during open circuit operation, the possibility that the analytical module |
miscalculated thermoelectric effects such as Peltier heat pumping, was eliminated as a possi-
ble explanation for the descrepancy. These thermoelectric heat ferms are only present when
current flows through the circuit, The deviation was attributed to the use of highe.r than
actual high temperature lead telluride conductivity data in the calculational model. Note
that the correlation is quite good at the low temperature range as shown in Figure 157,

" TEM=X S/N-3D and 3F were fested in the liquid metal loop system at Atomics
International. All of the modules tested using hermetic seal end caps were operated initially
at TH = ]085°F/TC = 507°F matched load conditions. Beginning-of-life performance of these
modules is compared to that of all other TEM~X 5/N-3 series modules in Table 1-12. With
the exception c;f the lower than calculated heat input data, all parameters agreed well with

calculations. As discussed above, the resistance of the end cap power leads is included as

part of the load resistance for all modules incorporating end caps.
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Overall eFficienc.y, electrical power output, open circuit voltage, and internal
resistance life test data from this group of modules are presented as functions of testing time
in Figures |-58 through 1-61, respectively. These four modules had accrued operating times
ranging from 9149 to 13,990 hours, and all were operated continuously from the time they
were placed on test until the program termination notification was received, Both TEM-X
S/N-3C and 3D were subjected to a series of 50 thermal cycles at the times indicated on
figures. Subsequent performance data from these modules gave a positive indication that the
use of a refractory inner clad provided a module design whose performance was co;'npiefely
insensitive to cyclic operation, _ o

Although modules were normally maintained at matched foad conditions and
constant average clad temperatures during endurance testing, operating conditions for two
modules were modified while the tests were in progress, TEM=X S/N-3E and S/N-3F test
temperatures were raised to TH = 1140°F/Tc = 523°F after approximately 10,000 hours and
1,000 hours of operation, respectively, at the initial levels of TH = 1085°F/Tc = 507°F, The
time of the modification of test conditions is indicated on Figures 1-58 through 1-61. These
changes in operating conditions simulated the effécts of increasing the reactor outlet tempera~
ture in a reactor/thermoelectric space power system having a fixed radiator. Data presented
in Figures [-58 through 1-61 indicate that both modules responded to the test change in a very
similar manner, The observed performance level ;:hanges were in very good agreement with
calculations. In addition, these data indicate the excellent degree of performance stability
and reproducibility exhibited by this group of refractory clad reactor power modules.

A statistical analysis (linear curve fit) of all life test data from this group of
TEM-X 5/N-3 series modules is presented in Table 1- 14, along with similar data from el!
other refractory clad modules tested. This analysis was completed by fitting a straight line
to the data presented in Figures [-58 through [-61 for each module using the standard least
squares fechnique, The degradation rates were determined by dividing the slope of each line
{rate of change) by the y-intercept {(beginning-of-life value). Also, shown in the table are
similar degradation rate data from all subsequent modules fabricated with refractory inner
clads. For modules operated at TH = IOSSOF/TC = 507°F operating condiﬁoﬁs, power output
degradation rates ranged from 1.0 to 4.4 percent per 10,000 of operation. It is significant
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to note that the module with the highest degradation rate, TEM-X $/N-3D, was operated for
25 hours at an average hot clad temperature of 1175°F, 90°F above the preseribed operating
conditions as a result of a thermocouple reading error, Since modules tend to exhibit degrada-
tion rates consistant with the highest temperatures to which they have been exposed, this is
the most likely explanation for the relatively high TEM-X S/N-3D degraddtion. It is quite
obvious, however, that with degradation rates as low as these, it is very difficult to separate
real performance variations from random experimental uncertainties. .

Also, listed in Table 1-14 is a summary of the cyclic test histories of the TEM-X
series modules. Thermal cycles are classified in the table as being either "rapid" or 30°F/min.
Rapid cycles include all cycles resulting from unscheduled shutdow;vns due to laboratory power
failures or instrumentation malfunctions. All of these conditions resulted in shutdown tempera-
ture ramp rates that exceeded the 30°F/min-. specification, All of the 30°F/min. cycles were
conducted under controlled conditions as specified in the initial test plans or as required in =~ -
anticipation of scheduled laboratory power outages.

The data from the initial group of TEM-X 5/N-3 series modules attest to the
success of the program in producing a tubular module with extremely stable performance for
both cyclic and steady-state operation, With the exception of the questionable TEM-X §/N-3D
data, degradqtion'.rc:res of all TEM-X S-/l.\l-.3 series modules operated at T, = 1085°F are sub-

H
stantially better than those defined in the initial program objectives of 1968,

5. Performance of TEM-X Modules with Glass Seals

A second group of three TEM-X S/N-3 series modules were fabricated in early
1972, These modules, TEM-X 5/N-3G, 3H, and 3J incolrporafed directly applied glass-to-
metal sedls at each power pin base, eliminating the need for the end cap assemblies discussed
above. Details of the glass~to-metal seal de‘veiopment program are discussed in a separate
section of this report, o |

These médu_les had thermoelectric circuits identicél to the previously discussed
TEM-X S/N-3 series modules, but included end closure modifications required to permit the
application of the glass-to-metal seals. The modifications consisted of moving the power pin

bolt circle outward radially . 042 inch to provide additional clearance for seal application.
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In addition, the boron nitride pin insulators were recessed . 050 inch into the retainer face to
capture the glass during application. The glass seals were applied to the modules after com~
pletion of the processing (compaction) cycles,

Heatup data from this group of modules reproduced the data presented previously
in Figures [~55 through [-57, Beginning-of-life TH = 1085°F/TC = 507°F data from these
modules, shown in Table 1-12, also correlated very closely with the previous modules as well
as the calculated levels.

Endurance testing of TEM-X $/N-3G, 3H, and 3J was conducted in static test
stands at three different temperature levels to experimentally determine the relationship be-
tween degradation rates and operating temperatures, Figures 1-62 through 1-65 present over-
all efficiency, power output, open circuit voltage, ond internal resistance data, respectively,
from these three modules along with similar data from two additional reactor power modules,
discussed below, Operating temperatures for each of the modules are listed in the legends of
the figures on which the data are plotted, The first of the three "glass seal" modules had
accrued nearly 5000 hours of operation prior fo the time the program termination nofice was
received, with no indicated deterioration of the glass-to-metal seals. A visual inspection
of the seals after the modules had been removed from test indicated no signs of deterioration.

A statistical analysis (linear curve fit) of all life test data-from these and all other
TEM-X series modules is presented in Table 1-14, The degradation rate data presented in this
table was used to analytically determine the activation energy of the reactor module degra-
dation process (which, phys‘icclly, is the sensitivity of the degradation rate to operating tem-
perature). This relarionship was critical in the design of the Five Kilowatt Demonstration
System, discussed ina separate section of this report, since the reference module for the
system was desfgned for opﬁmurﬁ end-of-life performance. Since the reactor outlet tempera-
ture, hence module operating temperature, was to be varied with.operarion Hime in the demon-
stration system, it was necessary to know the relationship between degradation and operating |

temperatures in order fo accurately design for optimum end-of-life performance.
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- Since reactor module activation energy data were not available for use in the
initial 5 KWe system design study, the assumption had been made that the activation energy
determined from TEM-15 module data would be applicable for reactor modules. Results of
the TEM-X degradation analysis indicate that this assumption was valid, at least for reactor
modules fabricated with the same thermoelectric materials as used in the TEM-15 series
modules. :

Based on the hypothesis that the major degradation mechanism is either diffusion
or chemical reaction rate controlled, the relationship between degradation rate and operdfing
temperature for g particular module design and testing mode shouid follow an equation of the
form, .
Rate = Aexp (-Q/RT). _
in this equation, known as the Arrhenius re_!cf_idnship, A is a "frequency factor”, Q is an
"activation énergy", R is the ideal gasl constant, and T is the rate controlling temperature,
The rate of degradation refers to a percent increase per 10,000 hours for internal resistance
ora percenr:decrease per 10,000 hours in the case of power output. For this analysis, thé
rate controlling temperature was considered to be the average hot clad temperature. _

Arrhenius plots of static tested TEM-X and TEM=15A module resistance degra-
dation rate data as o function of inverse absolute temperature are compared in Figure 1-66.
TEM-15A degradation rate data are presented in a later section of this report, A similar
comparison of power degradation rate data is presented in Figure 1-67. Using a least squares
technique, straight lines were fit for both parameters for both module designs. A lirear rela-
tionship was obtained by modifying the Arrhenius equation to logarithmic form yielding

| log (Rate) = log A-(Q/R) (1/T). |
This is a linear relationship for the log of the rate as a function of inverse femﬁerafure having
a slope of (-Q/R) and a depe’ndent variable intercept of (log A)..

Based on the least squa-t;es analysis of the deglmdafion rates of TEM-X and
TEM=-15A static tested modules, the activation energies for resistance and power degradation
were determined for these two types of modules and are presented in Table 1-15. The "best

fit" lines are shown in Figure 1-66 and |-67, along with the experimental data from which the
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TABLE 1-15
TUBULAR MODULE ARRHENIUS RELATIONSHIP CONSTANTS

Module Frequency Factor {A} Activation Energy (Q)
: (pct/10, 000 hrs, ) (kcal/gm mole}
Series R P R P
g e g e
7 8
TEM-15A 5.6 x 10 4.2x 10 25 30
TEM-X 2.5x 10° 5.0% 10" 23 33
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lines were derived. The activation energies indicate the sensitivity of the degradation rates
to changes in temperatures. The higher the activation energy, the greater the sensitivity,
As can be seen, the activation energy of both types.of modules are in good agreement. That
is, although the TEM-15 module degradation rates are substantially higher than those of the
TEM-X series modules, the sensitivity of the rates to the operating temperatures are nearly

identical as had been previously assumed.

'.6. TEM-X §/N-3K Vacuum Test Expelriment

Aﬁ additional TEM-X §/N=-3 series module, S/N-3K, was fabriccted in early
1972, This module was identical to the previous three modules in all respects, except that
the giass;tq-metal seals were npi'.app!ied after processing. The module was tested in the
liquid metal loop system in a vacuum environment to determine the effects of glass seal fail-
ures during space operation. , _

Beginning-of-life performance parameters from TEM-X S/N- 3K whlch was
being operuted at T = 1085 F/— = 507° F, are presented along with similar data from CH
previous TEM=-X S/N 3 series modules in Table I-12, Elelctricai performance data frqm this
module fell within the bands established b).' previous modules, The TEM-X §/N-3K heat input
data were slightly lower than that of previous modules, due to the elimination of convective
heat losses from the end closures as a result of vacuum testing. Performance trends for this
module can be seen to closely duplicate those of previous modules, insufficieﬁ? testing time

was accrued (1122 hours} to allow a meaningful statistical anclysis of the data.

7. TEM-X $/N-3M Autoclave Experiment Module

The next and final TEM-X S/N-3 series modu.|e, S/N-3M, was fabricated in the
latter half of 1972, (TEM-X S/N-3L was fabricated under a seporc?e-éonfrocf.) TEM-X S/N-3M
incorporated two modifications identified in TEM-15 experiments (discussed in a separate section
of this report).

TEM-X $/N-3M incorporated a three piece inner conductor ring design employed
in a previous sub-length module, TEM-15H S/N-4. The new design was very similar to the

stepped conductor ring design shown previously in Figure 1-17, except that tungsten inserts

=149




were used under both the p~ and n-type thermoelectric washers. ‘The additional insert, of
course, required the elimination of the step on the molybdenum, Performance data from the
sub-length module indicated that the elimination of the molybdenum/thermoelectric material
interface at the n-leg hot junction produced a measureable reduction in degradation.
Processing conditions used to compact TEM~-X 5/N-3M were significantly

modified from those used in all previous reactor power modules. In a previously conducted
sub-length module experiment, TEM~15A S/N-4J, discussed in a separate section of this
report, it was determined that full compaction could be achiéved at lower autoclave tempera-
tures by utilizing the full 30,000 psi pressure capacity of the autoclave facility at WANL.
TEM-15A $/N-4] processing temperafures were restricted to 833°F (445°C) as opposed to
1292°F (700°C) as used in all previous TEM-X series modules. Degradation rates observed
duriné the first 4194 hours of testing of the sub-length module, indicated that degradation
rates had been cut nearly in half as a result of this modification.

 Subsequently, TEM=X S/N-3M was processed at conditions identical to those
of TEM-15A S/N-4J, Post-processing dimensiona! inspection indicated that TEM-X S/N-3M
had compacted to an outer diameter within . 001 inch of the average of previous TEM-—X. o
series modules. However, the room temperature internal resistance data from TEM-X S/N-3M
were substantially higher than observed in previous modules as can be seen in Table 1-12,  These
data indicate that room temperature interface pressure levels are somewhat lower as a result
of the modified processing conditions. Proper interface pressure levels should be established
during operation of the module, however, as a result of differential thermal expansion.

TEM-X S/N-3M was initially scheduled for foop testing at Atomics Internationai.

However, as directed during program fe?rminaﬁon dc_ﬁviﬁes, the module was instrumented for
static testing, ir;sfulied in a static test stand; and prepcred for shipment to Jet Propulsion

Laboratory for test,

I-150



Astronuclear
Laboratory

K. HIGH VOLTAGE REFRACTORY CLAD MODULE, TEM-X S/N-4

The next generation reactor power module cfesign, TEM-X S/N-4, was directed at
demonstrating that tubular converters could deliver power levels equivalent to that of the
TEM-X S/N-3 series {300 watts) at substantially higher voltage levels while maintaining an
acceptable power degradation rate. A reduction in thermoelectric washer axial thickness from
. 188 inch to . 090 inch provides approximately a factor of two increase in voltage, |

Because of the requionsgip between washer thickness, diffusion barrier configuration
and degradation rate, a study was performed to determine the final circuit configuration to be
incorporated in the high voltage module design. The results of the study are summarized in
Table 1-16. Respective degradation rates were calculated using TEM~X $/N-3 data as ¢ base,
and using empirical factors associated with each barrier configuration as determined from
TEM-15 series module dafd.

Using calculated B.O.L. power levels and associated degradation rates, c-powér
output versus operation time plot was generated for each configuration. The results are shown
in Figure 1-68, Modules incorporating electron beam vapor deposited tungsten bqrriers,'.
although they were optimum, were eliminated from consideration for the first high voltage
module because of the increased cost and mcnﬁower required to perform the vapor depositions.
Comparing .fhe curves for the other configurations, it was determined that the . 010 inch mica
module with no diffusion barrier represented the most reasonable performance trade-off of those
modules which could be built at the f_i;ne (i.e.-, exéfﬁdipg the EBVD barrier).

Subsequently, TEM-X S/.N-4 was fabricated duriﬁg the first half of 1972, with thermo-
electric washers . 090 inch thick, axially. This was the washer thickness used in the TEM-13G
reactor power modules.l In addition, .010 inch mica insulators were incorporated. Glass-to~
metal pin base seals, identical to those of TEM-X §/N-3G, 3H and 3J, were applied prior to
testing. _

Static testing of TEM-X S/N-4 was initiated on June 30, 1972, Experimental data
generated during open circuit heatup of the module correlated well with the calculated data
over the entire temperature range, Beginning-of-life performance data also agreed well with

the calculated levels shown in Table 1-15.
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TEM=-X §/N-4 accrued a total of 1433 hours of operation at TH = 1085°F/1-'(. = 507°F
test temperatures. Power output, overall efficiency, open circuit voltage, and internal resis-
tance life test data from this module are presented in Figures 1-62 through 1-65, respectively,
along with similar data from the other glass seal modules. Both the power output and overall
efficiency data from this module can be seen to have duplicated similar dota from TEM-X
$/N~3G which was also operating TH = 1085°F/TC = 507°F. These two parameters are
relatively insensitive to the modifications incorporated into the TEM-X 5/N-4 design. The
voltage and resistance data shown in Figures [-64 and 1-65, respectively, reflect the sen-
sitivity of these parameters to the number of couples in the module. The voltage of TEM-X
S/N-4 is greater than that of S/N~-3G by the ratio 74/38 (the ratio of the numbers of couples
in the modules). The resistance of the module varies as the square of the number of couples.
The basic advantage of the higher voltage module is the reduced matched load current, which
reduces bﬁs Joule heating losses. Also, with higher voltage modules, fewer series wired
modules are required to achieve a given system voltage requirement. System reliability in-
creases as the number of series wired modules decreases. |

In November, 1972, the electrical heater used in the TEM-X S/N~4 test failed causing
the module to be shutdown to room temperature. The heater was replaced and the module
re-instrumented by mid-December. Testing of TEM=X $/N-4 had been scheduled to be
~ resumed in early January prior to receipt of notification to discontinue work on the program.

Dégradafion rates observed during the first 1433 hours of TEM-X S/N-4 are listed
along with those of all other refractory clad reactor power modules in Table I~14, The indi-
cated 1.6 percent per 10,000 hours power degradation was substantially lower than the pre-
dicted rate of 4.2 percent per 10,000 hours. The uncertainty in the experimental data is
very large, however, due to the limit testing time of the module. The experimental data
shown in Figures 1-62 through 1-65 indicate clearly that a considerable amount of additional
testing time would have been required to separate the effects of the design modification from

those of experimental uncertainty with respect to degradation rates.
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1. PUMP TUBULAR POWER MODULES

A, GOALS AND ACHIEVEMENTS

Préli..minary system studies indicated that the optimum way to thermally link the
reactor heat source, thermoelectric generators, and radiator in o reactor/thermoelectric
power system was through the use of liguid metal loops. Flow in the individual loop systems
was to have been established through the use of elecfromagnéfic pumps, An early”efforr
in theCompact Thermoe lectric Converter System Technology Program established the feasi-
bility of using a specially designed tubular module, referred to as a "Pump Tubular Power
Module" t6 provide low voltage~high current {, 2 volts at 500 amps) power to operate the
electromagnetic (E. M. ) liquid metal pumps directly, |

Three initial pump power modules, given the designation TEM-14A series were de-
signed, fabricated and placed on static test, All performance objectives were met by these
modules, one of which was endurance tested for over 33, 000 hours,

A second set of three, essentially identical pump power modules were fabricated in
the latter half of 1972, These modules were to be incorporated into an integrated module
assembly/electromagnetic pump test to be conducted in the liqguid metal test facility at

Atomics International,



B. TEM-14A SERIES MODULES

1. Design

The initial pump power module design was established in 1968, using 0.22 volts
at 500 amps as typical electromagnetic _pﬁmp requirements. Pump module opem.ting tempera-
tures for .ﬂj.is design study were assumed to be TH = 'I'IZSC_’F/T'C = 570°F, the same as those of
the reactor power modules, _ | .

A parametric analysis of o large number of pump power module designs, all
capable of meeﬁné_ the specified o.perafing requirements was completed in mid-1968, In this
analysis the module 1. D. was fixed at .75 inch to maintain piping commonal_i_f* with the pre-
viously designed reactor powér modules, Variations in inner conductor, outer conductor, and
thermoelectric washer radial thicknesses as well as axial dimensions and number of thermo-
electric couples were considered in fhe parametric study. From the results of this analysis,
TEM~14A'dimensions were selected bc;sed on compaction comsiderations, as well as performance
(efficiency) level, | | | _ o
Nominal posr-ﬁrocessing dimensions of the TEM~T4A series modules are listed
in Table [I-1. The parametric study indicated that to achie.ve the 500 amp curl;enf requirement,
radially thick conductor rings in conjunction with radially thin thermoelectric washers were
required, The inner conductor ring radial thickness of the selected design was , 225 inch com-
pared to the . 015 inch thickness used in the initial reference reactor module. Although im-
proved performance was calculated for radially thicker outer conductor rings, . 050 inch was
selected to ensure proper compaction of the thermoelectric washers in the gutoclave cycle,
The thermoelectric washers of the TEM-14A series modules were approximately 20 times
thicker axially than those of the initial 14 volt reactor power module.

Figure 11-1 shows a schematic of the TEM~14A thermoelectric circuit design,

A comparison of this figure with a similar schematic from a typical reactor power module
shown in Figure |-17, points up the uniqueness of the pump module design. Notice the 7:1
axial to radial thickness ratio of the TEM-14 thermoelectric washer. This ratio was approxi-
mately 1:2 in the TEM-13G design. Notice, also, that the total inner conductor radial

thickness is more than twice that of the thermoelectric washer in the TEM-14 design. The
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TABLE t1-1
TEM-14A PUMP MODULE POST-PROCESSING DIMENSIONS

A. Radial Dimensions {(Nominal)

Inner Clad (Inconel 718)

Inner Boron Nitride Sleeve
W/Mo Inner Conductor Rings
Thermoelectric Washers

Mo Quter Conductor Rings
Outer Boron Nitride Sleeve
Outer Clad {316 Stainless Steel)

B, Axial Dimensions (Nominal}

GE~nl Themoelectric Washers
TEGS-2P Themoelectric Washers
Mica Intercouple Insulating Washers

Total Circuit (Active) Length

C. Design Features

Number of thermoelectric couples = 4

Astronuclear

Laboratory

Inner Radial
Radius Thickness
(Inch) {Inch}
373 090
465 .040
505 .225
730 100
.830 .050
.880 037
917 150

Axial Thickness
{Inch)

0.696
0.687

.009
5.604

End closures redesigned to accommodate six .200 inch OD pins (in §/N-1}

End closures redesigned to accommodate twelve .200 inch OD pins (in S/N-2 and 3)

Inner Diameter = .75 inches

Quter Diameter-= 2,13 inches
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couple schematic in Figure {1-1, shows the use of the two~piece inner conductor ring con-
figuration, This design was implemented after the fabrication of TEM-14A S/N-1 which in~
corporated single piece molybdenum inner conductors, Hence the couple schematic shown
in Figure I1-1 is that used in the TEM-14A S/N-2 and §/N~3 designs.

Because of the extremely low circuit resistance of the pump modules, end
closure modifications were required to reduce the resistance contribution of the electrical -
power pins, This reduction was accomplished by increasing the number of pins per end from
four (as used in the power module) to six in the pump module and increasing the pin diameters
from . 060 to . 200 inch. In addition, since the pump module would operate in a space
vacuum in the system application, molybdenum pins were originally considered as a substi-
tute for the conventional nickel pins to further reduce resistance. However, to allow
laboratory testing, nickel pins were actually incorporated in the modules, resulting in
a substantial increase in module circuit resistance. To compensate for this increase,
twelve 0.2 inch electrical pins were incorporated at each end of the second and third
pump modules fabricated for ground testing. In addition, the later pump modules incorpor-
ated the two piece inner conductor ring design, discussed above, to reduce intercouple

tellurium transport. The conductor ring modification had no effect on calculated performance

parameters,

2. Test Results

The first pump tubular power module, TEM-14A $/N-1, was fabricated, pro-
cessed, and placed on static fest at WANL in the latter half of 1968, Two additional modules,
S/N-2 and $/N-3, were placed on test in the early part of 1969, The second two modules
included the design modifications discussed above,

Testing of the TEM~14 type modules was complicated by the low load circuit
resistance required to simulate the 0,44 milliohm E,M. pump electrical resistance. Load
circuit resistances were minimized through the use of relatively massive bus leads connected
from the module external collector rings to a copper shunting bar. The shunting bar was

‘actually a calibrated resistor and voltage measurements across the bar allowed a determination

of load current. In the initial test assembly of the first module, TEM-14A S/N-1, the bus
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teads were permanently attached to the shunting bar and no provision was made for open
circuit measurements, Since open circuit voltage measurements are required for a determina-
tion of module internal resistance, the latter parameter was not determined during initial
testing of TEM-14A S/N-1, Subsequent TEM-14A series modules were tested with the bus
leads bolted to the shunting bars. Open circuit measurements were made on these modules
by removing the bolts and momentarily disconnecting the shunt bar during each data scan.

Beginning~of-life T, = 1125°F/TC = 570°F performance data from the three
TEM-14A series modules are compared to the design calculations in Table 11-2. Electrical
current, the critical parameter for a pump power module, agreed to within 2 percent of the
design level in the S/N-2 and §/N~3 tests, The effect of the high pin circuit resistance in
TEM-14A S/N-1 is quite evident in these data.

As can be seen from the data presented in Table (1-2, the efficiency level of
the TEM-14A pump modules is substantially lower than that of typical reactor power modules.
There are three major factors inherent in the pump module design which lead to efficiency

reductions:

a. The high current requirement results in substantial conductor ring and
electrical power pin Joule heating losses, Over 15 percent of the electrical
power generated is converted to Joule heat in the electrical power pins of

TEM-14A $/N-2 and 3,

b. Low voltage, high current pump module electrical requirements necessi~
tate designs with radially thin thermoelectric washers, Efficiency, unfortun-

ately, is proportional to thermoelectric washer radial thickness.

¢. End closure heat losses of pump modules are increased by losses through the
electrical feads. 1n addition, the pump modules have shorter thermoelectric
circuits than power modules making their end losses a greater percentage of the

total module heat requirements.
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Efectrical current and power output data recorded during endurance testing of
the TEM~-14A series modules are presented in Figures [1-2 and [[-3, respectively. The first
module, TEM-14A S/N-1, was tested essentially continuously since October, 1968, except
for a short period required to replace a failed electrical heater in the test stand dfter 17,847
hours of operation, During the heater replacement, the load circuit was modified to allow
open circuit measurements during subsequent testing of the module. TEM-14A S/N-2 was tested
continuously since Aprif, 1969,

The TEM-14A S/N-3 test plan specified cyclic operation followed by a destruc-
tive examination to determine the sensitivity of the pump module design to cyclic operation.
The module was subjected to five sets of ten thermal cycles, each performed with 30°F/min,
hot clad temperature ramp rates. Each of the sets were followed by a steady state ?H = 1125%/
?C = 570°F operating periods of approximately 1000 hours. None of the cycles produced any
measureable deleterious effects on module performance, TEM-14A S/N-3, as a matter of
fact, had the lowest degradation rate of the three TEM-14A series power modules, After
completion of the last cycle and a total of 7727 hours of steady state testing, TEM-14A S/N-3
was removed from test for destructive examination,

Table 11-3 presents a summary of performance stability data from the three
TEM-14A series modules. Degradation rates were determined using the statistical analysis
discussed in Section | of this report. Cyclic histories of each of the modules are also
summarized on the table. Internal resistance data from TEM-14A 5/N-1 were monitored
only after modifying the load circuit at 17,847 hours and resistance degradation rates were
determined using only subsequent data.

Extremely stable performance was demonstrated by the TEM-14A series pump
power modules, The two long-term tested modules exhibited power degradation rates ranging
from 3.9 to 4,7 percent per 10,000 hours. A slightly increasing power was observed during
the 7727 hours of TEM-14 S/N-3 testing, The primary.reuson for the high degree of perfor-
mance stability demonstrated by these modules during relatively high temperature testing
('FH = HZSOF), was related to the circuit design of the modules, Tellurium contamination
was restricted to a relatively small axial portion of the n-type washers, thus reducing the

effects of the degrading process.
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3. Destructive Examination Results from TEM-14A §/N-3

TEM-14A §/N~-3 was removed from static test after 7727 hours of TH = 1125%/
TC = 570°F and completion of 50 thermal cycles as discussed above. Sections were cut from
the module end and center and disassembled to examine the interface formed by the inner
conductor ring and the lead telluride washers. Samples were removed by scraping the outer
diameters of the inner conductor rings and the inner diameters of the lead telluride washers.

The results of the examination are summarized as follows:

a. No evidence of compound formation or reaction products was found in
samples scraped from the tungsten inner conductor rings nor from the inside

diameter of the p~type washer.

b. Scrapings from the first inner conductor ring at the riegafive end of the
module showed a strong PbMoO4 pattern via x-ray diffraction. No such
pattern was seen on films of the scrapings taken from the inside diameter of the

matching lead telluride washer,

c. Scrapings from the module center n-type washer and inner conductor

rings showed very weak patterns of PbMoO4, with the weaker pattern being

from the sample scraped from the lead telluride washer., Previous samples

scraped from another portion of the center ring and washer revealed no dif-

fraction lines for PbMoO4. _ |

These results indicated that there is a slight reaction between molybdenum and
n-type lead telluride in the presence of a limited amount of oxygen. Tungsten, however,
does not seem to exhibit the same phenomenon. The effect of the above reaction on module
performance is not known, but the replacement of molybdenum by tungsten appears necessary
to eliminate any possible deleterious reactions that could increase module degradation. It
should be noted that despite this minimal surface contamination, no changes were noted in
the Seebeck coefficient values of the n- and p-type washers, even near the conductor ring/

thermoelectric junction region, In fact, there was no measured power degradation of this

module after testing for 7727 hours at the TH = 1125°F level (see Table 11-3).
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C. TEM-14B SERIES MODULES

A sacond generation of tubular modules designed to deliver low-voltage, high-
cument power to electromagnetic liquid metal pumps were defined in FY 1973 and identified
as TEM=14B series modules. Three TEM=148 series modules, 5/'MN=1, =2, and =3, were to
be incorporated into an integrated module assembly/electromagnetic pump test to be con-
ducted in the liquid metal test facility at Atomics International during calendar yeor 1973,

The TEM=14B series modules were similar in design to the TEM-14A series modules
discussed above except that 50 percent radial thickness tungsten foil diffusion barriers
were incorporated between each adjacent pair of thermoelectric washers. Because of the
small number of couples (four), the thermal penalty cssocioted with the incorparation of
foil barriers is immeasureably small. However, the performance stability improvement
resulting from the incorporation of foil barriers should be measureable.

All Westinghouse hardware for the integrated module assemb|y/electromagnetic
pump test was completed by December, 1972, In oddition the three modules were fabricated
and processing wos completed in early December. Three sets of shrouds and primary flow
channel swirl generators required for loop operation were fabricated. Three sets of nickel
external collector rings (o total of nine rings) were fabricated and shipped to Atomics
International where they were brazed to the electrical bus assemblies. In addition, o weld-
ing fixture to support the three modules during welding of the electrical bus/collector ring
assemblies was designed and fabricated.

Two sets of flexible electrical bus ossemblies, each brazed to three external
collector rings, were received from Atomics International in late December. Installation
of the bus/collector ring assemblies was initiated in occordance with assembly procedures.

Figure |1-4 is a photograph of all hardware required for mating of the bus/collector
assembly to the three modules. The ends of the modules can be seen extending from the
module welding fixture. The extemal collector rings, each brazed to o flexible bus assembly,
are mounted on a temporary holding fixture and con be seen in the figure laying in frant of,

and below the modules. The collector rings fit simultanecusly over the ends of the modules

1-13




Figure 11-4. Photograph of the TEM~14B/Electrical Bus Bar Assembly Hardware
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so that the twelve electrical pins, seen extending from ends of each module, fit-into the
holes in the collector rings. Each of the pins would then be welded to the collector ring.
Effort on the module/bus bar assembly was terminated upon notification to close out the
program.

In addition to the design work, an end closure/electrical bus heat loss analysis
was completed. The object of this effort was to determine thermal losses expected in the
integrated TEM~T4B module assembly/electromagnetic pump test and to determine electrical
pin temperatures. The effects of various module/pump throat electrical connection options

was also studied. The results indicated that the end closure heat loss rates are very insensi-

tive to the module/pump throat electrical connection options, primarily because heat flow
out of the module into the bus at one end is nearly balanced by heat flow into the module
at the other end. The total end heat loss rate per module operating at TH = H40°F/TC =
523°F is 570 watts. The maximum electrical pin temperature for any configuration is 911°F,
at these operating temperatures,

The thermal analysis indicated two minor end closure design modifications which

could be made fo substantially reduce heat losses in future modules. The primary end

i
heat loss results from axial flow of heat from the inner conductor ring across o 050 inch
Alsimag (aluminum oxide/silicon/magnesium ceramic) insulator into the internal collector
ring located in the module end closure. This alsimag axial thickness could be tripled by

‘ moving the collector ring closer to the ends of the module with very minor modification
to the end closure design. In addition, the inner boron nitride electrical insulator could

‘ be terminated directly under the circuit, thus reducing radial heat transfer from the inner

‘ clad of the module to the internal collector ring. The boron nitride would be replaced

| by Alsimag which is a much better thermal insulator. These modifications were to have

' been recommended for the TEM-14C modules which were to be incorporated into the SKWe

demonstration test,
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D. SUMMARY OF PUMP POWER MODULE RESULTS

The successful development of the pump power module, which represented a radical

departure from previous tubular modules design, fabrication, and test experience, not only
verified that such a module could be produced but also established that the mathematical
models used in the design of tubular modules are applicable over o wide range of conditions.
All requirements were met by the first series of pump power modules fabricated.
The 500 amp current requirement, for instance, was met to within 1.5 percent at the design
operating conditions. Performance stability demonstrated by this group of TEM-14A series
modules exceeded al! expectations, and thermal cyclic testing of one module demonstrated
the insensitivity of the pump module design to transient operation, The long-term perform-
ance capabilities of the tubular module incorporating lead telluride thermoelectric materials
were, once again, clearly demonstrated by the performance data from the TEM-14A series
modules, the firsf of which had accrued over 33, 700 hours of high temperature operation

prior to program closeout.
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1T, SUBLENGTH TECHNOLOGY MODULES

A. GOALS AND ACHIEVEMENTS

One of the most important goals of the Compact Thermoelectric Converter System

Technology Program, conducted at Westinghouse Astronuclear Laboratory, was to identify
and eliminate or control all factors contributing to performance degradation. Extensive
pfbgress was made toward this end, primarily through implementation of experiments and
evaluation of data generated on "sublength technology"” modules, These modules were
given the numerical designation TEM~15, This phase of the program wes initiated in July,
1969. |
| The TEM-15 series modules were designed with radial dimensions identical to

those of the TEM-~-13G reactor power modules, discussed in Section | of this report, but
with total circuit lengths reduced to 4.0 inches from 15.0 inches. This length reduction
reduced the cost of the modules and the instrumentation complexity required to permit
performance evaluation. All TEM-15 series modules were fabricated with Inconel inner
clads identical except in length to those used in the TEM-13G series reactor power modules.

Prior to the initiation of the TEM~15 design effort, the primary degradation mode
had been identified as being caused by the diffusion of tellurium around mica/inner con-
ductor ring interfaces into the n-type lead telluride washers. This degradation mode was
uncovered by results of destructive examination of TEM-9 series modules fabricated in
a previous .technoiogy program, Based on this information, all TEM-15 series modules
incorporated the stepped inner conductor ring design discussed in Section | of this report
and depicted in Figure 1-17. Initial TEM-15 experiments, then, were directed at studying
means to further reduce tellurium contamination,

Nominal thermoelectric washer thicknesses of all TEM-15 series modules was
.050 inch which was considerably thinner than those of reactor power modules contemplated
in 1969. These TEM-15 dimensions were established to accentuate the effects of the primary
mode of degradation, i.e., intercouple contamination. This was done to accelerate TEM-15

degradation rates, thus allowing a more rapid evaluation of the effects of each modification.

IH-1



Infﬁfxl TEM-15 experiments were defined to evaluate the effects of various design
assembly clearances, fabrication processes, and intercouple diffusion barriers on module
performance. Figure 111-1 depicts the initial matrix of modules investigated and identifies
the modules fabricated initially.

A letter suffix was assigned to each of the initial modules to identify the type
of insulating barriers used to separate the n- and p-type thermoelectric washers. TEM-15A
series modules utilized the conventional single piece . 005 inch mica insulators with no
diffusion barriers. TEM=-15B modules utilized a layer of nominal 0. 0005 inch tungsten
foil "sandwiched" between two layers of mica. TEM-15C series modules incorporated
two mica insulators with a thin film diffusion barrier coating applied to each of the 0, 0025
inch thick mica mating surfaces. A serial number applied to each module identified the
assembly clearance and fabrication process incorporated. Figure 111-2 depicts variations
in the couple assemblies incorporated in the initial TEM-15 module experiments,

During the course of the program, a substantial number of additional experiments
were performed using TEM-15 series modules. Table I1I-1 is a list of the processing and
design features of every TEM~15 series module fabricated on the program from 1969 to the
termination. All of these modules, with the exception of TEM~-15A §/N-4A and TEM-15P
S/N-1, were tested in static test stands at WANL, TEM-15A S/N-4A was in the first
group of sublength modules fabricated and was destructively examined immediately after
processing to study compaction completeness and circuit alignment. TEM=~15P §/N-1
was the last sublength module fabricated on the program. The program termination notice

was received prior to initiation of TEM-15P 5/N-1 festing,
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TABLE 111-1

PROCESS AND DESIGN FEATURES OF TEM-15 SERIES MODULES

Module Process and Design Innovation
15A §/N-1 Same as 15A-4 except 300 |b axial prelead and EB welded,
15A S/N-4 Baseline design: 36 couples, .050 inch T/E washers, . 005 inch mica,
‘ : . 001 inch mica radial clearance, 1100 Ib axial preload, TIG welded,

hydrogen purged, tungsten insert under p-type washer with axial
clearance at assembly,

15A S/N=-4A Same as 15A~4. (Destructively examined after processing. )

15A $/N-48 Same as 15A~4. (Thermal cycled at 2.5°F/min ramp rate. )

15A $/N-4C | Same as 15A-4. (Thermal cycled at 30°Fmin ramp rate. )

15A S/N-4D | Same as 15A~4. (Steady state endurance tested, )

15A S/N-4E Same as 15A~4 except not hydrogen purged.

15A S/N-4AF Same as 15A-4 except not hydrogen purged and tungsten insert ¢lear-
ance eliminated. _

I5A5/N-4G | Same as 15A-4F. (Tested at T, = 1025°F, T . = 480°F)

15A S/N-4H Same as 15A-AF except leak~tight glass seals incorporated.

15A S/N-4) Same as 15A-4F except processing conditions modified.

15A S/N-5 Same as 15A-4 except 300 Ib axial preload, EB welded, and . 010 inch
mica radial clearance incorporated,

15A S/N-8 Same as 15A-4 except . 010 inch mica radiol clearance incorporated,

158 $/N-4 Same as 15A~4 except each infercouple insulator consists of ., 0004 inch
W foil (full radius) sandwiched between two . 0025 inch mica washers,

158 S/N-4A Same as 15B~4 except each intercouple insulator consists of . 0004 inch
W foil (1/2 radius) sandwiched between two ., 005 inch mica washers
(33 couples).

158 S/N-48 Same as 15B-4 except W foil prevented from extending beyond mica
at O.D. and tungsten insert ¢ learance eliminated.

158 S/N-4C Same as 15B-4B except W foil reduced from full to 1/2 rodius.

158 S/N~4D Same as 15B~4B except W foil extended through inner conductor ring.
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TABLE 1lI-1 (Continved)

Module Process and Design Innovation

15C S/N-4 Same as 15A~4 except each intercouple insulator consisted of 2000 -
4000§ Mo barriers deposited between two 0, 0025-inch mica washers,

15C S/N-4A Same gs 15A-4F except each intercouple insulator consisted of 500 -
1500 A tungsten barriers EB deposited between two 0. 0025-inch
mica washers. "

15C S/N-8 Same as 15C-4 except . 010-inch mica radial clearance incorporated.

15D S/N-4 Same as 15A-4 except . 010-inch mica insulators incorporated,

. (33 couples)

15E S/N-4 Same as 15A-4 except APX-4 type PbTeSe substituted for TEGS-2P
material.

15F S/N-4 Same as 15A-4F except ANX-6 type PbTe-GeTe substituted for Ge
n-type material.

15H S/N-4 Same as 15A-4F except W inserts used under n-type washers at the
inner conductor rings.

15P S/N-1 Same as 15H-4 except p-type ternary material substituted for both

TEGS-2P and GE-nl washers.
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B. TEM=15A SERIES BASELINE TECHNOLOGY MODULES

TEM-15A series modules were designed for a series of experiments to investigate

the influence of variations in component dimensions, assembly procedures, processing condi-
tions and operating temperatures on module performance stability. All of these modules were
fabricated with standard . 005 inch thick mica insulators. No attempt was made in any TEM-
15A series module, to control thermoelectric washer interactions through the use of diffusion

barriers. (Diffusion barrier experiments were incorporated into a later series of modules and

are discussed below. )

A total of thirteen TEM-15A series modules were fabricated and twelve tested
on the program. None of the design variations incorporated in these modules had any effect
on calculated beginning-of-life performance. The modifications were made to determine
their effects on performance stability {(degradation rates). In general, heatup data from these
modules indicated that beginning-of-life performance reproducibility was excellent.

Table 11i-2 lists the results of a statistical analysis to determine degradation rates
of the individua! TEM-15A series modules. Degradation rates were determined using tech-
niques discussed in Section | of this report,

TEM-15A S/N-4 was the "baseline” design. That is, this module incorporated
all of the assembly clearance, fabrication techniques and processing conditions used in the
TEM-13G reactor power module designs. Four identical TEM-15A S/N-4 series modules;
S/N-4, S/N-4A, S/N-4B, and S/N-4C were fabricated to study the effects of thermal
cycling on module performance. TEM-15A S/N-4A was déstrucﬁvely examined immediately
after processing ond was not ploced. on test. Destructive examination measurements showed
nearly perfect alignment of internal components in this module.

Two other modules of this initial group, S/N-4B and 4C, were tested for relatively
short time periods during which they were thermally cycled at 2. 5°F/minute and 30°F/minute
ramp rates, respectively, 50 times, Cyclic of.)erqil*ion produced no measurable performance
variations or degradation rate increases in these modules. TEM-15A $/N-4 was tested for

a time period comparable to that of the thermally cycled modules, was themal cycled one
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time and removed from test. Subsequent destructive examination dato from these modules
showed that although the amount of inner-to-outer conductor ring displacement was a function
of number of cycles and cyclic ramp rates, in no case was the distortion significdnt enough

to conceivably affect performance, The primary reason that the TEM—I5-series modules were
much less cyclic sensitive than the TEM-13 series modules is that the circuit Iéngfhs were
much shorter. Very little distortion had been observed in the center four inch portion of the
TEM-13 series modules,

Three of the initial group of TEM-15A series modules were specified as long-term
steady state endurance tests, These modules were tested at TH = HZSOF/TH = 570°F matched
load conditions continuously, except for laboratory power failure caused shutdowns, for
testing times exceeding 25, 000 hours. Elégfrical power output and overall efficiency data
from this group of long-term TEM-15A series modules are presented as functions of testing
time in Figures 1ii-3 and |1i-4, respeéﬁveiy. As can be readily seen from the data presented
in these figures, excellent long-term performance reproducibility was achieved in these
modules, indicating that none of the minor design, processing, or fabrication modifications
investigated in this series of experiments has had a gross effect on module performance.

A comparison of the data shown in Figures 1li-3 and {1i-4 with similar data presented
in Section | of this report shows that the power and efficiency levels of the sub-length modules
are lower than those of typical reactor power modules. The power output reduction, of course,
results from the use of shorter thermoeleciric circuits in the sub-length modules. Module
power output is directly proportional to circuit length, all other parameters held fixed.

The lower efficiency levels of sublength modules result from two factors. First, the TEM-

15A series modules utilize relatively large mica insulator/thermoelectric washer axial thick-
ness ratios. This results in increased mica shunt heat losses in the sublength modules. Second,
although both types of modules use identical end closures and thus have identical end closure
heat loss rates (about 300 watts), these losses represent a significantly larger portion of the
total sublength module power requirement (a.bout 1800 watts). | Typical reactor power modules

have a total power requirement of about 5000 watts, hence the effects of end closure heat

Hl-9
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losses on overall efficiency are substantially less for reactor power modules,

More recent data from the long fen’n TEM~15A series modules (data taken after
20, 000 hours of operation) indicated that the degradation had begun to deviate from the
initial linear trend. Data presented in Figures [11-3 and 1114 showed that degradation
rates had begun to reduce. This phenomenon would be expected to occur either as the
concentration gradient of the migrating specie (tellurium) tends to become equalized or
as the reaction which produces the degrodarion tends toward completion. During the first
20,000 hours of operation, these modules had degraded by approximately 35 percent of
their initial power levels. Hence, this deviation from linear degradation would not be
expected to occur in thermoelectric power system in which the total degradation of the
modules would be restricted to less than 10 percent of the initial level, such as the 5 KWe
demonstration system.

It is quite obvious from the data presented in Figures 111~3 and {14 that the
50 thermal cycles performed on TEM-15A S/N-§ after about 14,000 hours of steady state
testing had no effect on subsequent performance of the module. The degradation rate analysis
of data from this module, presented in Table 111~2, also shows the lack of sensitivity to
thermal cycling. '

TEM=15A S/N-4E was the first sublength technology module fabricated after
the identification of the refractory inner clad as a solution to the cyclic distortion problems
encountered in TEM-13 series reactor power modules. This module was identical to the
baseline TEM-15A $/N-4 module except that the module was not hydrogen purged after
fabrication. Hydrogen purging had been performed on all previous modules to reduce
trace amounts of oxygen in the thermoelectric circuits, The hydrogen purge step was
eliminated to evaluate its effect on module performance stability, 1t was recognized that
the hydrogen purge would have to be eliminated in refractory clad TEM~X series modules
because of the formation of hydrides during this operation,

Elimination of this purge operation produced no measurable effect on TEM=15A

S/N-4E beginning-of-life performance levels or on degradation rates determined during

I-12
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the first 3000 hours of -fH = ”25°F/TC = 570°F operation. Subsequently the hydrogen
purge step was eliminated from all TEM-15 and TEM-X series modules.
After 3000 hours of operation, the average hot clad temperature of TEM-15A
S/N-4E was increased to TH = 1200°F. After 190 hours, the module was returned to the
initial TH = 1125°F/'TC = 570°F operating temperatures. Degradation rates recorded during
the 9000 hours of operation after the temporary temperature increase were substantially
higher than those before, as shown in Table 111-2, The post 1200°F degradc-:tion rates
of TEM-15A 5/N-4E are in excellent agreement, however, with rates determined for a
later module, TEM-15A S/N-4F, which was held at TH = 1200%F operafing conditions.
This indicates that modules assume degradation characteristics related to the peak temper-
atures to which the modules are operated. Hence, no reductions in degradation in a thermo-
electric system can be achieved by reducing operating temperatures during low power
H= 1085°F degradation rates of TEM-X
$/N-3D, discussed in Section | of this report, after the initial TH =1175°F operation.
Testing of three additional TEM-15A S/N-4 series modules; S/N-4F, S/N-4G

requirement periods. This also explains the higher T

and S/N-~4H was conducted at various temperature levels to determine the relationship
b'e_tween operating femperatures and degradation rates. Power output and overall efﬁciency
data from these modules are presented as functions of testing time in Figures I11-5 and
[1t-6, respectively. Testing temperatures of two of these modules, S/N-4F and S/N-4G
were modified at the times indicated on the curves, Degradation rates for these modules
have been calculated and listed for all sets of operating conditions in Table 111-2. A
discussion of the temperature - degradation rate relationship of these and reactor power
modules is given in Section 1 of this report. |
Performance data from the final TEM-15A series module fabricated, S/N-4J,
are also presented in Figures 11-5 and 111-6. Processing {gas-pressure-sintering) conditions
were modified in this module to achieve full compaction at lower temperature and higher
pressure than the standard autoclave cycle used for all previous TEM-15 series modules.

Data presented in Table 111-2 indicate that after 4194 hours of operation, TEM=~15A S/N-4)

1-13



SOINPOW 581185 VG -W3L $uasay woy biog snding 1emoy jo uosupdwo) y *g-ji ainbiyg

SYNOH~ SNOLLIONGD 1S3L 1V 3WIL €3Sdv13
Qocsi 00091 G004t 0002} 00001 0008 0063 000 0002 g

b B Q

3469 = D1/4,002t = Hi 04 pemasnui 4y-N/S v51-Wil

_ - 08
4,525 = 21/3,5¢01 = H] o4 pasoaisul op-N/5 vsL-wat
"2L6E*BT 1030 HINOWHL NIXVL VIVO
"SIS3L 3200 GVOT OIHILVK
"SNGILIONDD 1S3 J8NIVYIJWIL INVISNG) 001
(ST LS S2IY Th -N/S YSI-WAL O

[3VF  GIS G231 M -N/S ¥SI-WIL A
6501 08t S201 54 -N/S ¥SI-WiL O
(313 0LS  S&il 3 -N/S ¥SI-WiL O
Ugddl (3,000 ¢4 M TNT0N

S |

Oci

0
Lo ]

1NhaiNY Y3M

SLLYMA-

[H~-14



Astronuclear
Laboratory

@)

S3|NPOW S81HS WG| -W3IL 4uadsy wosy pjoQ A5ualdiy] j|BssAQ 40 uositodwoD) v 9|y 21nbyy

SYNCH- SNGILIQHOI L1531 LV 3WIL 025dVv73

Q0081 0009T . OGGHE 00021

00001 ocos 00Gs GO0t coeé 0

A

3289 = I/ g0zt-= By o4 pesmsioul dy-N /S voL-waL

'2r61 961 1030 HONOBHL NIMVL V1VE

'SISIL 2400 0YOT Q3HILVW

"SNOILIONGD 1531 J8NLYEIGWIL INVISNOD

(GPY GLS  SaFb 8 -N/S VSI-W3L ©

£SP1 0 GiC G2IT HY -N/S VGI443L A

£SOl 08y S207  'Sh -N/S VSI-W3L L3

19V GLG G134k -N/S WET-WIL O
408 )L N FINAGK

T

A A s b iy
¢ F«EF%‘ P IPPRY Ay
P oty :l(ﬁH ;

3,525 = 21/4,5201 = H) o4 pasoainuj op-N/s vs|-wat

_ B

00

1

02

0'¢t

"0

0°9

ASN3IJ1443 TIVHIAL

L ENCER

=15



had o power degradation rate nearly one-half as large as the rate displayed by identical
modules tested at the same temperatures: TH = 1125°F/TC = 570°F. Based on these data
from this module, it was decided to use the revised processing conditions on the final full-
length reactor power module, TEM=X S/N-3M.

The rationale for this change in process conditions was that some modules, des-
tructively examined prior to test, showed indications of free tellurium around the p~fype |
washer and it was thought that the existance of this free tellurium after processing may
have been contributing significantly to the degradation observed, The premise was therefore
made that the free tellurium within this p-type material was being melted and subsequently
squeezed out of the washer during the high temperature processing. The processing tempera-
ture for TEM-15 S/N-4J was therefore established at 440°C, which is below the melting

temperature of teliurium, with a pressure increase to 30,000 psi to achieve compaction.
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C. TEM-15B SERIES TUNGSTEN FOIL BARRIER MODULES
The TEM-15B designation applies to all sub-length reactor technology modules

incorporating tungsten foil diffusion barriers positioned between two mica electrical insu-
lators. Five TEM<15B series modules were fabricated and tested on the program and the
individual design features of each of the modules are listed in Table III—‘I.-

The first four of the five TEM-15B series modules were experiments to determine
the effects of the foil/mica insulator variations on module performance. Electrical power
output and overall efficiency data from these four modules, all tested at —fH =1 125%F/

TC = 570°F operating temperatures are presented in Figures 111-7 and 111~8. A comparison
of these data with similar performance data from TEM-15A series modules discussed above,
shows that the use of diffusion barriers resulted in substantial reductions in both power and
efficiency at beginning-of-life, Calculations had indicated that substantial heat flux
increases result from the use of the tungsten foil. The increased heat flux, in turn, produced
increased radial temperature drops across the clads, boron nitride insulating sleeves and
conductor rings of the module, thus reducing the temperature drop across the lead telluride
material, This reduced thermoelectric temperature drop produced an attendant drop in
power clw%puf. The different barrier configurations incorporated into the individual TEM-158
series modules produced beginning-of-life performance variations which were in excellent
agreement with calculations. .

. Although the power output and éfﬂciency levels of the TEM~158B series modules
were somewhat lower than those of the non-barrier TEM-15A series modules, substantially
improved performance stability was demonstrated, Degradation rates exhibited by each
of the TEM~15B series modules are summarized in Table 11i-3, Characteristic power oﬁfpuf
degradation rates for modules incorporating tungsten foil barriers and . 005 inch mica insu-

= 1125°F/T'C = 570°F operation compared

lators were 13 percent per 10,000 hours for TH
to 17 percent per 10,000 hour degradation rates of non-barrier TEM-15A series modules
operated at identical tempergtures. In addition, a comparison of data from TEM-15B

S/N-48 and 4C verified that substantial performance improvements are achieved with

in-17
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little or no powér degradation penalty by terminating the foil barriers midwa);lrddiclxlly
in the thermoe Ilecfric washers. Temperatures beyond the midpoint are too low to sustain
tellurium diffusion.

Both the data plots and the degradation analysis show that the performance
stability of the 0.010 inch mica module (TEM-15B S/N-4A) was substantially better than
that of either module incorporating 0.005 inch mica. The power output degradation exhibited
by this module was less than 8 percent per 10,000 hours, a factor of two reduction compared
to TEM~15A series modules, This is the barrier configuration used in the TEM-X series
reactor modules. The B, O. L. performance penalty associated with the use of tungsten foil
barriers was greatly reduced in reactor power modules because of axially thicker thermo-
electric washefs and fewer intercouple insulafors per unit length at the thermoelectric circuit.,

Destructive examination of TEM-158 S/N-4, the only module of this group
to be destructively examined, indicated that residual degradation observed in modules
incorporating tungsten foil intercouple diffusion barriers was caused by tellurium transport
around the ends of the tungsten foils, An additional module, TEM-15B S/N-4D was
designed to prove this. Tellurium transport around the ends of the tungsten foils was
combatted by extending the foil radially inward through the entire inner conductor ring
to the boron nitride insulating sleeve. This required fabricating the inner conductors as
‘two separate rings. Because of the uncertainties involved in the introduction of axial
electrical interfaces, this experiment was defined to determine the effects of increasing
the tellurium diffusion path length, but was not intended to identify a couple design to
be incorporated into a reactor module,

Beginning-of-life performance data from TEM-158B S/N-4D indicated that the
axial conductor ring interface resistance component was more than twice the value of the
bulk resistance of the module. In standard modules which incorporate no axial electrical
interfaces, there is no measurable interface resistance component, Because of the high
TEM-15B §/N~4D interface resistance which actually decreased with time, it was impossible

to evaluate the effects of reduced intercouple tellurium transport based on experimental data.

IH-21



It was intended that these effects would be determined based on resulis of a destructive

examination. The program was terminated prior o initiating this destructive examination,
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B. TEM=-15C SERIES ELECTRON BEAM VAPOR DEPOSITED MODULES

TEM-15C series modules were experiments in which thin films of molybdenum

or tungsten formed by electron beam vapor deposition (E.B. V. D. ), were used to retard
the transport of tellurium between adjacent thermoelectric washers. In this design two
. 0025 inch thick mica insulators were used between each adjocent pair of thermoelectric
washers as shown in Figure Hi-2, A deposition film of 1000 to 2000 angstroms was placed
on one side of each mica piece, and the mica oriented so that the coated faces were
together. Since the total electron beam deposited film was approximately 3 percent
as thick as the tungsten foil barriers incorporated in the TEM~15B series modules, shunt
heat losses were negligible.

Three TEM-15C series modules were designed, fabricated and tested in this
program. Design features of each of these modules are listed in Table 1lI-1. The first
two modules, S/N-4 and S/N-8, incorporated molybdenum barriers. Degradation rate
reductions were observed in these modules, as is shown in Table 111-3. However, the thin
fitm molybdenum barriers did not exhibit the same degree of performance stability observed
in foil barrier TEM-158 series modules,

Subsequently, TEM=15C S/N-4 was removed from static test and destructively
= N25°F/'TC = 570°F operation. Data from this examination

examined after 2753 hours of TH
showed that the molybdenum had reacted with the diffusing tellurium to form a molybdenum-
e Huride compound, thus, substantially reducing the effectiveness of molybdenum as a
diffusion barrier., |

The second module of this series, TEM=-15C 5/N-8 remained on static test,
Power output and efficiency data from this module, which had accrued over 22, 500 hours
of testing, are shown in Figures 111-9 and l1-10, respectively.

The final TEM~15C series module, S/N-4A, was essentially identical to S/N-4
except that thin film tungsten barriers were utilized, Performance data from this module
are also shown in Figures 1[1-9 and [II-10, Degradation rate data are presented in Table

il1=3, During the first 4433 hours of operation, TEM=-15C 5/N=4A exhibited degradation

11-23
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rates as low as had been observed for tungsten foil barrier modules, These results were of
particular significance because the thin film barriers provide substantially improved B, O. L.
performance relative to the standard foil barrier through the elimination of shunt heat losses,
Based on these results, o substantial effort in the first half of GFY 1973 was directed toward
the improvement of tungsten foil deposition techniques to allow their incorporation in reactor
power modules.

After 4433 hours of operation, TEM-15C S/N-4A experienced a rather severe
momentary overfemperature as a result of controller malfunction. During the incident,
the module inner clad temperature rose to 1360°F before the heater power was shutoff,
After standard TH = ”250F/TC = 570°F test conditions were restored, somewhat acceleration
rates were observed. Table [1|-3 lists the TEM-15C 5/N-4A degradation rates before and

after the overtemperature.

=26



Astronuclear
Laboratory

E. ADDITIONAL TECHNOLOGY MODULE EXPERIMENTS
In addition to baseline TEM~15A and barrier TEM-15B and C series modules, five

one-of-akind sublength technology modules were fabricated during the course of Compact
Thermoelectric Converter System Technology Program. The individual design features

of each of those modules are listed in Table 111~1.

1. Material Experiment Modules
Three of the modules; TEM~15E $/N-4, TEM-15F 5/N-4 and TEM~15P

$/N-1 were material experiment modules related to the ternary thermoelectric material

program. The first two of these modules were tested in static test stands. Results of these

tests are discussed in a later section of this report as an integral part of the ternary material
development program discussion. The final material experiment module, designated TEM~15P
S/N-1, was fabricated and p.rocessed during the latter half of 1972, This module incorporated
ternary p~type thermoelectric material in both legs of each couple. The purpose of this
experiment was to generate electrical resistivity and thermal conductivity data for the new
material and to allow a detemination of degradation rates associated with the ternary p-type
material, Plans to test the module, however, were suspended as a result of the program

close out notice.

2. TEM-15D S/N-4:.005 Inch Mica Module
TEM-15D S/N-4 was sublength technology module designed with ., 010

inch mica insulators containing no additional diffusion barrier mechanisms. This module
was designed with 33 thermoelectric couples as opposed to 36 used in all previously fabricated
TEM~15 series modules except TEM-158 S/N-4A which also incorporated . 010 inch mica,
The reduction in the number of couples was required to accommodate the increased mica
thickness within the 4.0 inch {(nominal) circuit length. The purpose of this experiment
was to determine the effects of mica thickness alone on module degradation,

TEM-=15D S/N-~4 was placed on static test May 26, 1970 at T, = 1125°F/TC =570°F

H
operating temperatures and was tested essentially continuously until the end of the program.
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Power output and efficiency data from the module are presented in Figures 111-2 and 111-10,
respectively, A reduction in the B. O.L. levels of both parameters was the result of replacing
a portion of the thermoelectric material with mica in this design.

Substantial performance stability improvements were observed in TEM-15D 5/N-4
as a result of the increased mica thickness. These data are shown in Table 11-3. The
power output degradation of TEM~15D 5/N-4 was approximately one-third lower than
that of the baseline TEM-15A series modules operated at the same temperatures. Based
on these data, a reactor power module, TEM-X $/N-4, was fabricated and tested with the

same intercouple insulating configuration used in TEM-15D S/N-4,

3. TEM-15H 5/N-4; Three Piece Inner Conductor Ring Module
The final sublength technology module, TEM-15H S/N-4 was identical

in design to the TEM-15A baseline technology modules except that a tungsten insert was
incorporated under both the p- and n-type lead telluride washers. The result was o three-
piece inner conductor ring. This modification was made to eliminate a surface reaction
between molybdenum and n-type lead telluride observed at the hot junctions of destructively
examined modules,

Static testing of TEM=-15H S5/N-4 was initiated March 2, 1971, Performance
data recorded during steady state TH = 1125°F/TC = 570°F operation of the module are
shown in Figures -2 and Il1-10. A statistical analysis of these data indicated that
modifications incorporated into the TEM-15H design resulted in a measurable reduction
in degradation rates. The results of this analysis are shown in Table 111-3, As a result
of the success of this experiment, the final reactor power module fabricated in this program

incorporated the three~piece inner conductor ring design to further improve performance

stability.
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iV, TERNARY THERMOELECTRIC MATERIALS

A, INTRODUCTION

From its inception in 1958 to date, the development of tubular thermoelectric

module technology has incorporated p~type PbTe (3M Company TEGS-2P) and PbTe-SnTe
(3M Company TEGS-3P), and n-type PbTe (3M Company TEGS-2N and -3N, General
Electric Company GE-NL), as the p- and n-type leg materials in the thermoelectric

couple. Until fairly recently, no materials work had been reported that indicated the
existence of different p- and/or n-type materials which had superior Figure of Merit (Z)
over the tubular module operating temperature range and which were likely to be chemically
and mechanically compatible with the general tubular module materials/structure/fdbrication
combination. _

In 1968 and 1969, however, reports(l)of work performed by Radio Comporation of
America for the U, 5. Atomic Energy Commission indicated that certain dilute p- and
n-type PbTe-base alloys might be advantageously considered as improved tubular module
materials, Accordingly, a work task was instituted at WANL under this program to investi-
gate the application of these materials on both analytical and experimental bases.

It is well established that in materials such as PbTe, large substitutional alloy
additions of either anion or cation species {or both) will substantially lower the lattice
confribution fo the thermal conductivity, However most investigations, conducted with
olloy addition concentrations of order 25 to 50 atomic percent, showed thot o reduction
of carrier mobillity was effected along with the lowering of lattice thermal conductivity,
and that the overall effect on thermoelectric performance was little or no improvement.

RCA, working initially with n-type PoTe - GeTe alloys, reported that if the
concentration of alloy addition was restricted to the dilute region (less than 10 atomic
percent), substantial lowering of the lattice thermal conductivity could still be achieved,

but degradation of electrical properties was much less severe and a substantial overall

1

"Improved Compatible Materials for Thermoelectric Power Generation", RCA Laboratories,
Princeton, N.J., Report Nos, NYO-3886-1 (February, 1968), - 2 (November, 1968), - 3
(April, 1969) and - 4 (August, 1969).
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improvement in thermoelectric performance was obtained. They then found a similar
situation in the case of p~type PbTe - PbSe alloys. The WANL program included investi-
gations of both types of alloys, and these are discussed separately in the remaining main
sections of this task report,

The first phase of the WANL work, conducted from mid-1970 through mid-1971
resulted in the preliminary identification of optimized p~ and n-type compositions and
the fabrication and testing of TEM-15 type experimental modules in which those composi-
tions were evaluated. This work is discussed in the following sections as "Previous Develop-
ment." Although the results at that time indicated a need for continuing the experimental
work to complete the characterization and optimization of these materials and more
thoroughly develop their application to the tubular module, further work on the task
was canceled, In mid-1972, with the availability of additional funding the work was

resumed, and the bulk of this report is concerned with activity since that time.
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B. N-TYPE PbTe ~ GeTe TERNARY ALLOYS

1. Previous Development

Working initially with crystal ingots grown from the melt by the vertical
Bridgeman method, and later with specimens fabricated by an elaborate hot pressing
procedure from powder obtained from quenched, homogeneous polycrystalline ingots,
RCA concluded that their n-type composition %.953 Ge-osTe (PMZ).OOI was the best
of the compositions they investigated for use in the temperature range which coincides
with the tubular module operating region.

it was decided at the outset to conduct the WANL investigation of PbTe-
GeTe alloys in such a way that the technology developed in the investigation would be
as directly applicable as possible fo use of the material in the tubular module. For example,
materials were prepared by forming polycrystalline ingots, and test specimens were fabri-
cated from these using powder metallurgical techniques. While this approach undoubtedly
yields specimens of somewhat lesser quality than, say, a grown and sliced Bridgeman
crystal, it is more important to consider that the specimen fabrication techniques are directly
applicable to the fabrication of tubular module washers; furthermore, properties measured
on powder metallurgy specimens are more representative of material behavior in an operating
tubular module than are properties measured on single crystal specimens.
51 Ge-OSTe(Pblz).OOT
were prepared and tested by WANL, but the Seebeck coefficients, o , and electrical

In accordance with this rafionale, specimens of Pb 9

resistivities, p , measured over the temperature range 300 to 850°K, were not the same

as the values reported by RCA for these materials. Also, in the course of investigating
various materials processing conditions, including hydrogen heat treating temperatures

from 550°C 1o 750°C, it was found that the material was unstable with respect to processing
temperature, As processing temperature increased, both o and p decreased, indicating

an increase in the electrical carrier concentration. Evidence was obtained which indicated
that a Ge-rich, nearfy-submicroscopic precipitate phase, was developing in the material

as process temperatures were increased, and this was presumed at the time to be the source

of the changing material properties.
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To investigate the {ack of correspondence between the properties of RCA
and WANL prepared Pb.95]Ge‘05Te(Pb|2).00], a series of additional specimens having
small modifications in their lead and iodine content were prepared and tested. The
compositions of these specimens are given in the left-hand column of Table 1V-1; the
electrical properties of specimens of each composition were measured on material which
had been processed at both 650°C and 750°C. Also, to determine whether a reduction
in Ge content would increase the thermal stability of the material structure, a corresponding
series of reduced Ge specimens were similarly prepared and tested; the compositions
of these latter specimens are given in the right-hand column of Table IV-1.

Briefly, the test results on the above specimens indicated the following:

a. None of the specimens tested exhibited both & and p values which

closely corresponded to the RCA reported values.

b. Reducing the Ge content of a material of given iodine content decreased

(but did not eliminate) the previously discussed thermal instability.

¢. Despite (a) and (b} above, several of the compositions tested exhibited
a and p values which promised overall energy conversion characteristics

superior to the GE-NL n-type PbTe.

It was found, in the course of further investigotion, that the electrical resisti«
vity values measured on standard cold pressed specimens were a much stronger function
of specimen density than was the case with unalloyed n-type PbTe. Because of this density
effect, specimens were prepared to near theoretical density by hot pressing. However,
the resulting samples had many surface and bulk cracks, Nonetheless, Figure IV-1 gives
the estimated figure of merit data for five compositions based on measurements made on
the hot pressed specimens. Superimposed on Figure V-1 are solid curves representing
figure of merit data from the RCA work on the Pb.?SlGe,OSTe(PbIZ).OOI material and
also for GE~-NL n-type PbTe, Based on the information presented in Figure 1V-1, the
WANL ANX 6 composition Pb‘9sGe.05Te(Pbl2).0007 was selected as the optimum PbTe-
GeTe alloy for experimental module TEM-15F S/N-4.
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Figure V-1, Figure of Merit of Hot Pressed Specimens of PbTe-GeTe Alloys
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2. Sublength Technology Module TEM-15F S/N-4
TEM-15F 5/N-4, a sublength technology module of the type discussed

previousty in Section Hi, wos fabricated in the first half of 1971, It contained thermoelec-
tric washers made of TEGS-2P p-type PbTe and ANX én-type Pb.95Ge'05Te(Pbi2).0007.

A large batch of the ANX 6 material was prepared (for making the module washers) by
crushing three polycrystalline ingots to powder and heat treating the powder at 750°C

for one hour in flowing hydrogen. Electrical test specimens were then cold pressed

from this powder, and they in turn were heat treated at 750°C for two hours in flowing
hydrogen. (It was upon the properties of ANX 6 specimens processed in both powder

and pressed form at 750°C that the selection of the ANX é composition had been based.)
On the basis of test results obtained on these specimens, the material was accepted for
module use.

Before washers could be fabricated, however, additional information became
available which indicated that GeTe was being lost from the ANX 6 material during
750°C heat treating due to preferential vaporization of that molecular species. This
information included the results of relative weight loss versus temperature experiments,
shown in Figure |V-2, and a fairly complete set of vapor pressure data for various alioy
compositions in the PbTe-GeTe sysi'em(}).

Although the available data was incomplete and not thoroughly analyzed,
it was decided in view of the impending cancellation of further work to use this material
batch for module washers but to limit the heat treating temperature for the pressed washers
to a value where loss of GeTe would be minimized. Accordingly, the washers for TEM-15F
$/N-4 were heat treated at 587°C for two hours in flowing hydrogen.

The module was then fabricated and processed in the same manner as the
"baseline” TEM-15A $/N-4 modules except that the inner conductor tungsten insert clear-
ance was eliminated and o simple vacuum degassing process was substituted for the earlier

hydrogen purge/vecuum degassing cycle. Following fabrication, the module was placed

(1)5. G. Karbanov et al, "Physico-Chemical Study of the System PbTe-GeTe", lzv. AN SSR
Neorgan. Materialy 5, No. 2, pp. 270-274 (1969).
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on static test ar'fH = 606°C (1125°F) and T~ = 296°C (570°F), where it was found that

C
BOL power output was lower than anticipated and the degradation rate higher than that
of comparable modules. The BOL experimental data and calculated values are shown

in Table 1V~2.

TABLE 1V-2

CALCULATED AND EXPERIMENTAL TEM-15F S/N-4 BOL DATA

Fixed Load = 88.9 millichms TH = 606°C, 'T'C = 206°C

Percent Deviation of
Parameter Data "~ Calculated Actual from Calculated

A" - volfs 4,79 4,95 - 3.3
oc

Rg ~ millichms 91.7 87.0 + 5.1
Pe - watfs 62.5 70.4 -12.6
Qin - watts 1734 1632 + 6

- '

A year after this module was built, fundiﬁg was again allocated for ternary
material development. Accordingly, the first step in the investigation was the destructive
examination of the TEM=15F S/N-4, '

Chemical analysis of the ANX 6 formulation was carried out on specimens
taken from various stages of material processing and from washers taken from the tested
module. The results of the analyses and the composition of the material as formulated
are shown in Table IV-3. The analyses of germanium confirm suppositions that germanium
had been lost from the alloy during processing. The chemical results indicate a 20 - 22
percent loss in germanium for the heat treated powder and a 28 percent (total) loss for
the washers that were made from the powder, heat treated again and used in the module.
There appeared to be no change in germanium content during operation in the module
internal environment. Thus, it is apparent that part of the anticipated decrease in lattice

thermal conductivity was not achieved because of the GeTe loss.
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TABLE 1V-3

CHEMICAL ANALYSIS OF ANX 6

Relative Atomic Abundance
!
Pb Te Ge ]

. ANX é Make-up Composition 0.9507 1.000 0.050 - 0.0014
2. ANX & Powder 0.9602 1.001 0.039 0.0012

Heat freated 2 hours at 750°C 0.9595 1,000 0.040 0.0012
3. Unused ANX & Washers 0.9625 1.001 0.036 0.0012

(2) + wosher% heat treated two

hours at 585" C 0.9644 - 1,003 0.033 0.001)
4, ANX 6 Washers from TEM-15F §/N-4 0.9630 1.001 0.036 0.0011

(2) + (3) + 4865 hours test 0.9630 1.002 0.035 0.0012
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1t was thus decided that, in the resumption of work on this task, heat treating
would be performed at temperatures compatible with minimum vaporization loss of GeTe,
and the composition being worked with would be changed to the higher-doped ANX 1
compound %.95168.05%(%12).001' The latter change was considered necessary to
increase the electrical carrier concentration and hence reduce the electrical resistivity
in the direction of the RCA reference properties.

Electron microprobe examination disclosed reaction products of GexTeyMoz
and GexMoy at the ANX 6/molybdenum conductor ring interfaces. This reaction wos
observed to have occurred at both the hot and cold side surfaces. Seebeck probes on the
n-type washer showed a significant portion of the ANX é material had been altered with
respect to its initial electrical properties. The changes were attributed to tellurium migra~
tion from the p-type material, although it is possible that the molybdenum/ANX 6 reacrior\r
could have contributed to the high infernal resistance measured at BOL. It was also
postulated that the high resistonce arose because the hot isostatic compaction process
did not produce sufficient densification and decreased resistance in the ANX 6 material.

Without quantitative calculations as to the amount of n-type material affected,
it appeared that the higher degradation rate of TEM-15F §/N-4 {compared to other standard
TEM-15 modules) resulted from a higher mobility for tellurium migration in this particular
module, possibly a greater susceptibility of the ANX é material to tellurium transport
degradation, and compatibility problems with the molybdenum conductor rings.

3. Current Materials Processing

The current procedure for the manufacture of PbTe~GeTe alloys consists of
accurately weighing lead, tellurium, germanium, and Pbl2 doping ingredients and placing
into a carbon coated quartz tube, The tube is evacuated to less than < 10—5 torr and
sealed. The sealed tube is then heated in incremental steps to 1000°C and rocked for
two hours. The reacted products are quenched from above 975°C into water. The cooled
ingot is removed from the quartz tube, ground into powder, and screened. The material
that is retained between -50 +270 mesh is used to produce cold pressed washers and test

bars. The washers and bars are then heat treated for 2 hours at 575°C in flowing hydrogen

prior to electrical testing or assembly into o module.
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4. Material Property Evaluation

Evaluation of the themoelectric properties of PbTe-GeTe alloys consisted
of measuring Seebeck coefficient (o) and electrical resistivity (p) as point functions of
temperature, and also measuring Seebeck voltages across specimens having large temper-
ature differences imposed upon them. Preliminary thermal conductivity measurements
were initiated, but these were not completed and no data was obtained due to termination
of the program. In addition to the above, x-ray diffraction measurements were performed
on various specimens to determine crystal lattice parameters.
a. Seebeck and Resistivity Measurements
Ternary material qualification specimens were installed in o resistance-
probe hamess, shown in Figure 1V-3, which was then installed in a special
test fixture and placed within a large quartz tube, The tube was then
positioned in the bore of a resistance~heated tube furnace as shown in
Figure IV-4, The furnace was used to heat the specimen/fixture assembly
to the approximate steady state reference temperatures 475, 550, 620,
700, 770 and 850°K, at which data points were obtained. At each such
reference temperature, a small heater in the test fixture provided an
additional heat input at one end of the specimen bar to create a 20 - 25C°
axial temperature drop along the bar and permit making Seebeck voltage
measurements. Seebeck coefficient and electrical resistivity values were
calculated from the voltage, resistance and temperature data. To minimize
surface oxidation and retard sublimation, an argon atmosphere at a slight
positive pressure was maintained in the tube throughout the eight hour

test run.

Eleven ingofs of ANX T composition (Pb.95]Ge.05Te(Pbl2).00]) were
prepared in various charge sizes (three-quarter, half, and full) to yield
approximately 454 grams (full charge) of material. All ingots were success-

fully quenched with the carbon coating intact on the quartz tube. The
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Figure V-3, Special Test Harness to Hold Qualification Bars and Obtain
Resistance Data at Operating Temperatures
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Figure 1V-4. Seebeck and Resistivity Test Apparatus Used to Obtain
Thermoelectric Property Data from Qualification Bars
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ingots were reduced to powder and fabricated into test bars for electrical
property measurements by cold pressing un-heat treated powder {~-50 +270
mesh)} and then heat treating the bars in flowing hydrogen for two hours

at 575°C. This treatment duplicated the process procedure for standard
n-type PbTe and minimized the loss of germanium through sublimation.
Electrical test bars from ingots ANX 1-9, 10, 11, 12, 13, 14, 15, 17, 18,

19 and 21 were tested over the temperature range 295 to 850°K. Results

of these tests are shown in Figure 1V-5, Figure V-6 and Figure V-7

along with the RCA n~type ternary reference curves (solid lines) for Seebeck
and resistivity, No variations in electrical properties were noted between
different batch sizes. In general, except for ANX 1 - 11 which produced
very anomalous data, the Seebeck data indicates all specimens had compar-
able properties; however, there was considerable scatter in the electrical
resistivity, The scatter was thought tobe caused by variations in specimen
density, a phenomenon noted in previous experiments with this material.
Hot pressing to 99 percent theoretical density did not olter the Seebeck
coefficient of the material, but reduced the electrical resistivity to the

desired values, as is discussed below.
Measurement of Seebeck Voltage over Large Temperature Differences

Seebeck voltage characteristics of PbTe-GeTe qualification bars were
measured for all n-type ternary materials with serial numbers between
ANX 1-9 and ANX 1-21. One end of the ANX test specimen was heated
by conduction through a tungsten dise, while the other end was cooled

by a water cooled base plate, Seebeck voltage {millivolts) was plotted

on the vertical oxis of an X-Y recorder with hot junction temperature

(°C) as the horizontal component. At any point in the test eycle, a change

in voltage {8 V) versus a change in temperature (AT) would describe the
Seebeck coefficient (AV/AT).
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All high & experiments were performed in an inert atmesphere under o
water cooled metallic bell jar. Figure |V-B is o photogroph of the test
apparatus for the high & experiments. Shown in the photograph are the
X-Y recorder, digital voltmeter, water cocled bell jar, and power control
system (under desk). Figure IV=9 is a photogroph of the inside of the bell
jar, with a closer view of a qualification test bar, tungsten disc and heater
housing. Thermocouple readings were measured at the tungsten disc and

directly under the qualification bar.

The main purpose of these experiments was to determine material performance
over a temperature range consistent with the operating temperatures of

a reactor power module in which the material would be used. Consequently
the high & experiments were performed with hot-junction temperatures

of 319.00°C (506°F), 592.75°C (1099°F) and 650.00°C {1202°F) and with
cold junction temperatures maintained at 8.75°C (47.8°F).

Table 1V-4 lists the qualification bars and n-type temary materials tested
in the high & apporatus. By comparing the performance of eoch qualification
bar from one ingot to another, the small, medivm, and large melts of n=type

ternary material were assessed for potential veltage cutput.

Typical results of one of the high AT experiments are listed in Takle 1V-5,
A comparison of the voltoge data with calculations made by integrating
the Seebeck coefficient data from the experiments discussed in the previous
section showed good ogreement for all specimens tested.

Thermal Conductivity Experiments

Preliminary experiments were parformed with known test specimens in

the thermal conductivity test opporatus. Both 0.500 inch diemeter and 1.00
inch diameter samples of known standards were tested in a modified thermal
conductivity instrument, (Model TCC GM-R22 manufactured by Dynatech

V=19




Figure 1V-8. Test Apparatus for High AT Focility
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Figure 1V=9. Ternary Moterial Gualification Bor Installed on Water Cooled Base Plate
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TABLE V-4

HIGH AT TEST SPECIMENS FOR PbTe-GeTe MATERIAL

Specimen Mumber

MN-Type Ingot Duignu.ﬁun
ANX 1-9 QI044R, Q1045 Q1044
AMNX 1-9* Q11428 Q1143, Q1144
ANX 1-10 Q1048R, Q104%, Q1050
ANX 1-12 QI1053R, Q1056 Q1057R
ANX 1-13 GIHI0R, G, Gz
ANX 1-14 QU148 Q1115 Q@116
ANX 1-15 Q11188 Q111%, Q1120
AMNX 1-17 Q11228 Q1123 Q1124
AMNX 1-18 Q1268 GN127, Q1128
ANX 1-19 QI130R QI1131, Ql132
ANX 1-20* G 138R, Q113%, Q1140
AMX 1-21* QI174R, Q1175 Q1176
ANK 1-21** QI178R QI179, Q1180

S ALY TILL

*

Heat treated at 700°C for 100 hours

MNon=heat treated specimens
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TABLE 1V-5

HIGH AT TEST RESULTS WITH N-TYPE TERNARY MATERIALS

ANX 1-15 (PbTe-GeTe) Ternary Material

Specimen No.
Identification
Description Q1119 Q1120
Th] 319.00 319.00
Tc1 8.75 8.75
AT (°C) 310.25 310,25
Normalized Voltage {mv) 54.84 54,15
Thz 592,75 592.75
T<:2 8.75 8.75
AT (°C) 584,00 584.00
Normalized Voltage {mv) 124,67 123.65
Ths 650.00 650.00
Tcs 8.75 ' 8.75
AT (°C) 631.25 631,25 !
Normalized Voltage (mv) 138.00 137.14
AV (592.75 - 319.00) 69.83 69.50
AV (650.00 - 319.00} 83.16 82,99
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Corporation, Cambridge, Massachusetts). Qualification tests were relatively
easily performed with the 1.00 inch diameter specimen, but the use of o

0.500 inch Pyroceram standard resulted in extreme difficulties in arriving
at a balanced equilibrium where the heat through the two heat meters was

in good agreement,

Large size (1.00 inch diameter) thermal conductivity specimens of lead
germanium telluride materials were unavailable. Therefore, considerable
time and effort was expended in perfecting the fest procedure with 0.500

inch diameter specimens.

Some difficulty was encountered in specimen preparation when two small
thermocouple holes had to be drilled radially 0.250 inch to the centerline
of the 0.500 inch diameter cylinder. One ANX 1 hot pressed cylinder
was successfully instrumented and partially tested prior to the cancellation

of all thermal conductivity experiments.

Initial thermal conductivity experiments were attempted at 400°C with
ANX 1-type material, but due to extensive loading stresses during thermal

expansion, the specimen cracked, split, and invalidated the results,

Other hot pressed samples of ANX T-type ternary material and n-type
lead telluride were available for test prior to all work stoppage, but all

tests were terminated as directed.
X~Ray Diffraction Measurements of Lattice Parameters

X=ray diffraction (XRD) patterns obtained on powder from quenched ingots
or powder heat treated in hydrogen produced broad diffuse lines which
made measurement of lattice parameters impossible, Sharp XRD lines
could be produced by annealing a quenched ingot in situ at 700°C for

168 hours, or by annealing powder from a quenched ingot in o sealed
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ampoule at the same temperature for 100 hours. A series of annealing
experiments were conducted to evaluate the use of x-ray diffraction
as a tool which could measure alloy composition; i.e., germanium content,

after various processing steps.

The XRD studies, along with a recent paper by Hohnke et al.(]), allowed
an understanding of the phenomena and results previously observed. Speci-
fically, the new phase diagram determined by Hohnke (in contrast to
Shelimova's work(z)) shows complete solubility of germanium telluride in
lead telluride down to about 570°C. Below this temperature, spinodal
decomposition occurs for compositions whose mole fraction is given by

0.05 ( GeTe € 0.96. [n addition, Hohnke found the lattice parameter

to be a linear function of germanium telluride content to 60 mole percent
germanium tefluride, . Table 1V=-6 summarizes the results obtained from
various specimens used in this (WANL) study. The results shown in Table
V-6 can be superimposed on an expanded plot of Hohnke's values for
lattice parameter versus germanium felluride content, Figure 1V-10. It

is evident that the broad lines obtained previously resulted from microscopic
coring of the alloy, despite the rapid quench. Further, it is apparent that
for a nominal 5 percent germanium telluride composition, certain parts

of the individual grains will be composed of compositions in excess of

5 percent germanium telluride, and these compositions will decompose

into two distinct phases af elevated temperatures where diffusion is faster,
Appearance and growth of an almost pure germanium phase had been

observed when using the electron microprobe to examine samples prepared
at WANL in 1970.

() b, K. Hohrke, H. Holloway and S. Kaiser, J. Phys. Chem. Solids, 33, P. 2053 (1972).

@) L. E. Shelimova, N. K. Abrikosov and V. V. Zhdanovq, Russian J, of Inovg. Chem. 10,
p. 650 (1965).
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It is now clear that heat treating, which was done at a temperature where
complete solid solution exists, and at which diffusion must be exiremely
rapid, produces a homogenous 5 percent germanium telluride alloy. This
alloy (5 percent germanium telluride in lead telluride) is at the limit of
germanium telluride solubility and will remain single phase regardiess of
subsequent cooling rates and further times at temperatures below the solidus
(approximately 800°C). 1t is further evident, from Figure |V-10, that heat
treating the homogenized powder in a flowing hydrogen stream systematically
reduces the germanium telluride content, as evidenced by the increase in
lattice parameter with increasing time and temperature. In fact, the lattice
parameter measurements indicate that processing af 750 + 20°C under
flowing hydrogen effectively removes all of the germanium telluride from the
alloy. XRD lattice parameters results obtained on crushed hot pressed
specimens which were annealed at 700°C in sealed ampoules for 100 hours
indicated that no germanium telluride was lost during the hot pressing

procedure.

The above results, coupled with the electrical property measurements

made, show that while the homogenization anneal did not significantly
alter the electrical characteristics, judicious processing of the powder

was extremely important. 1t is rather apparent that powder should not

be heat treated prior to use for fabrication. The X-ray diffraction method,
because of its extreme sensitivity and rapidity, is o more desirable technique

than wet chemistry for germanium determination.

5. Compatibility Experiments

Temary materials compatibility tests were divided into two types of experiments

which exposed ANX 1 materials to different insulafing and electrical contact materials,

The first series of experiments, die tests, were short term accelerated exposures at a test
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() Powder Annealed 100 hours at 700°C

® Ingot Annealed 168 hours at 700°C -

O Powder Heat Treated in H2 two (2) hours ot 575°C

£\ Powder Heat Treated in Ho two (2) hours at 650°C

) Powder Heat Treoted in H2 two {2) hours ot 750°C

B Powder Heat Treated in Hp four (4} hours ot 57§°C
" & Powder Heot Treated in H2 four (4) hours at 650°C

@ Powder Heat Treated in Hp four {4) hours ot 7§O°C

[ O Hot Pressed Pellet Annealed 96 hours at 7006
— —— D. K. Hohnke et ol., J. Chem Phys, Solid, —
23, p. 2053 (1972).
| | [ |
PbhTe .02 .04 .06 .08 .10

GeTe in PbTe - Mole Fraction

Figure 1V-10. Lattice Parameter Versus Mole Fraction

GeTe in PboTe
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temperature of 700°C in o hydrogen atmosphere. The second series of experiments, capsule
tests, consisted of 1000 hour tests in a void-free, hermetically secled copsule ot o tempera-

ture of 636°C. Both types of tests were performed with AMNX 1 ternary material to determine

material interactions and long term stability of the thermoelectric material.

a. Short=Tarm Tests
Compatibility tests of short term duration (2, 4, and & hours) were performed
with lead germanium telluride in hydrogen at temperature of 700°C. ANX )
material in the cold pressed and sintered pellet form (0.30 diometer x
0.30 inch length) was placed in contact with molybdenum, tungsten,
phlogepite mica, and standard p-type lead telluride during the short
term testing in hydrogen. Twelve tests were completed with lead germanium
telluride ternary material in contact with each of the four materials for

(1} Testing Procedure
Shert-term compatibility experimenk were performed in a vacuum
furnace with pure hydrogen os o cover gas. A sample of each test
material was loaded into a graphite die (Figure IV-11)in direct
contact with the flat side of an ANX ternary pellet. Graphite punches
were used fo maintain contact between the ternary n-type pellet and
the respective compatibility sample. The sequence of operations
started by evacuating the air from the furnace ot room temperature
and back filling with pure helium. After o second evacuation and
backfill with helium, the pure hydrogen was introduced ond continuously
flowed through the furnoce throughout the compatibility test run.
Electric heaters within the furmace controlled the grephite temperature
*during warmup and at the test temperature. An Instron compression
test opparatus was used to apply 3000 psi pressure to the grophite
punches while both the ternary n=type pellet and compatibility sample
were at 700°C.
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Figure IV-11. P-03* Graphite Die and Punches Lked in Short-Term Compatibility Tests
* Product of Pure Corbon Company, Inc., 5t. Marys, Pennsylvenia

V=30




Astronuclear
Labaratory

(2) Evaluation Meathods

{a) Specimen Preparation

After furnoce cooldown, the grophite compatibility die was
removed from the test chomber and potted in an epoxy compound.
The assembly was later sectioned inte two halves along the longi-
tudinal oxis and polished. One section wos used for electron
beam microprobe examination, and the other half was tested for
Seebeck voltage output. All twelve compatibility somples were

prepared by similar processing procedures,

(b} Electron Beam Microprobe Analysis

Each of the compatibility tests were examined with the electron
beam microprobe for possible diffusion of the specific elements
invelved, Mo reactions were detected at the tungsten or mica
interfaces with the n-type ternary material, but there was o detect=
able reaction at the melybdenum/ANX interface. This reaction
was only apparent for the longest time (& die test hours). It oppeared
that this was the same recction seen in the examination of the

TEM=15F 5/M-4 experimental module.

(e] Seebeck Voltoge Probe Analysis

Each compatibility test specimen was probed with the Seebeck
apparatus to check the change in Seebeck coefficient with distance
from the interfoce of the simulated diffusion couple, The n=-type
ternary material's electrical properties were not offected by either
the tungsten or the mica, but were offected by the molybdenum,
os con be seen from the data in Figure IV=12, Although the malyb-
denum/ANX reaction could only be detected by the electron beam
microprobe for the longest time (& hours), the electrical property

:hn-ngh were avident after two hours,
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The contamination of the ANX (lead germanium telluride) by
tellurium diffusion from p-type telluride is quite apparent, as can
be seen from data presented in Figure 1V=13. The data tend to
indicate, quantitatively, at least, that the ANX is os susceptible to

contamination by tellurium as standard n=type lead telluride.

b. 1000-Hour Capsule Tests
After short term compatibility tests were completed with PbTe-GeTe

materials o new experimental capsule design was prepared to allow stability
measurements during long-term testing at ﬁEﬁuC {ll?ﬁuF}‘ AMNX 1 pelleats
were scheduled for steady state testing for at least 1000 hours at a minimum
temperature of 607°C. Several variations of capsules were plonned for
testing but only cne type of capsule was actually fobricated and tested.
Premature phasing-ocut of the program resulted in only three ANX 1 capsules
baing assembled and tested for 1000 hours.

(1) Design, Fobrication and Copsule Designation
Design revisions were mode to the experimental capsule to isclate each
ANMNX 1 pellet with the materials of interest for the full duration of life
testing. Each copsule contained five isolated pellets in contact with
boron nitride on their circumferentiol surfece and tungsten at both flat
ends. Figures V-4 ond IV-15 illustrate the EXC-copsule as assembled
and also the final product ofter processing and machining. Metallic
spacers were installed between pellets to parmit o definite break in
Seebeck voltage from one pellet to the next, In the post testing examin-
ation, the Seebeck voltage probing was conducted along the longitudinal
axis for all five pellets with definite separation of data for each ternary
pellet tested for 1000 hours. Every effort was made to utilize exiting
materials and components from previous capsule fabrication, Twe layers
of boron nitride were assembled between the ternary pellet and the

stainless steel outer cose. Stoinless steel electrical contact were
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utilized because of the external air environment during the 1000
hours at $36°C. Boron nitride and Alsimag spocers insulated the
electrical contacts from the outer case and permitted resistonce

measurements to be token ot operating temperature.

Every component in the EXC-capsule, except the boron nitride, woas
heat treated to a higher temperature than the static test temperature

of ﬂ&nC. to remove the possibility of contamination and to simulate
the assembly of TEM~-X modules. Stainless steel, tungsten, and iron
were heat treated in hydrogen at 825°C for one hour and then placed
in vacuum storage to await final assembly. Boron nitride was machined
dry and stored in high vacuum chambers without cleaning or heat
treating. ANX 1 pellets were cold pressed from screened powder

(-50 + 270) and sintered in hydrogen prior to assembly.

Final assembly ocperations were performed in an argon dry box by adding
companents from left to right as shown in Figure I1V-14, Final closure
at the end plug was provided by o welded seal. Heat treatment and
evacuation steps were analogous to tubular module fabrication proce-
dures. Evocuction tubes were first pressed and then sealed with an
electron beam weld. Eoch capsule was later subjected to cold isostatic
pressing and hot isostatic pressing similar to the processing of o standard
tubular module.

Final machining was performed to expose the stainless steel contocts
and remove part of the Alsimag spacer. After clean up, the copsules

wara made available for instrumentation.

Table IV-7 is o complete list of EXC-capsules fobricated for 1000
hour compatibility tests. The list includes three ANX copsules os

well as eight APX copsules discussed in the next section of this report.
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The individual pellets in each capsule are listed by position and sericl
number. Eoch pellet is also identified with o specific lot of ANX or
APX ternary material. In eddition, the specer components between
individual pellets are identified as to thickness and matericl. The
PbTe~-GeTe powder used in the AMX 1 copsules originated from ingots
AMNX 1-2 and ANX 1-10, which were blended to form AMNX 1 - 204,

Instrumentation and Test Apparatus

Each EXC-capsule was instrumented with three chromel alumel thermo-
couples that were beaded and spot welded to the stainless steel case,
One thermocouple was located ot the center line of the No. 3 pellet
and the other two couples were located at the outside extreme |ocations
of Mo. 1 and Ne. 5 pellets. By measuring the temperature at three
locations, the average pellet temperature was detemined throughout
the 1000 hour test period.

Two 304 stainless steel wires were spot welded to each stainless steel
contact to provide current and voltoge |eads to measure internal
resistonce at operating temperature. By passing alternating current
through the copsule and measuring the voltage drop from contact to
to contoct, the resistance vaolues for EXC-copsules were determined
by Keithley milliohmeter readings. Copsule resistance measurements
ranged from 33.0 milliohms initially to 36.0 millichms after 1000 hours
of testing at 836°C,

The bulk resistance contribution of the stoinless steel, iron ond tungsten
was calculated to be approximately 1.0 millichm at operating temper-
atures. Thus the total resistance of the AMNX 1-204A pellets rose from
32 to 35 millichms during the 1000 hours of 636°C operation. These
resistance data relate to averoge resistivity increases from 4.9 to 5.4

milliohm centimeters, an increase of 9.4 percent.
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(3)

(4)

The caleulated resistivity values cbioined from the copsules were lower
than values previously cbtained from qualification bars or even hot
pressed specimens. In addition, the test temperature was steady state

at 909°K {..53.5“::] in contrast to 850°K which was an established point
in Seebeck ond resistivity testing. At the lower temperature the resisti-

vity values for ANX 1-20A material would be even |lower.

Test apparatus for EXC-copsule work consisted of laboratory bench
Furnaces which could maintain 636°C test temperature for more than
1000 hours. Figure IV-14 illustrates two such furnoces under steady
state operations. Four EXC-copsules could be instrumented and looded
intc one furnace for long term testing. Three furnoces were operated
simul taneously during the 1000 hour tests with EXC-capsules.

Post=Test Specimen Preparation

After the 1000 hr. test time had elapsed, the electric furnace was

slowly reduced to room temperature and the EXC-copsules were withdrawn
from the furnoce. All stainless steel lead wire and chromel alumel
thermocouples were removed and eoch copsule was potted in an epoxy
compound and sectioned longitudinally. Both copsule halves were

ground and polished for Seebeck voltoge probing ond electron beam
microprobe scanning. Figure |V-17 shows photographs of polished

halves of EXC-005

3.
Electron Beam Microprobe Analysis

One half section of each copsule was further sectioned in order to obtain
samples of proper size for the microprobe. Sections from those AMX 1
EXC caopsules tested for 1000 hours were examined with the microprobe
for materials compatibility. Eoch section examined contained one full
pellet and half of each adjocent pellet with compatibility material of
interest in between each pellet yielding four contact surfaces for

examination.
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Figure IV-16. Two Bench Furnaces Operating at 636°C and Life Testing EXC-Copsules
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Figure IV=17. Polished Halves of EXC-005 Capsule
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The three EXC-capsules that were axamined each contained tungsten

as the spacer material. Mo reactions were evident in any of the samples
examined with the microprobe where the tungsten wos in contact with
the AMNX 1 pellet.

Seebeck Voltage Probe Analysis

The half of the polished EXC-copsules not sectioned for microprobe
analysis was used for 3eebeck voltage probe analysis. Voltoge probes,
spaced by .010 inch apart were made down the centerline of each
ternary n-type pellet. Each pellet was probed individually with the
initial probe commencing in the adjacent pellet or iron contact and
continuing over the spacer material in contact with the pellet af
each face. |t should be noted that from this type of probing the first
data point (interface between pellet and spacer material ) actually
represents a reading between 0 and 10 mils from the interfoce.

In any case there were no significant changes in Seebeck volteges

ot the contoct surfaces compared to the rest of the pellet.

Hot Pressing n-Type Thermoelectric Materials
{a) Hot Pressing Procedure

In order to perform hot pressing operations in a hydrogen atmosphere,
modifications were required to a vacuum furncce to meet fire and sofety
regulations. Vacuum tight fittings, valves and plumbing were required
to manifold a three gas system (helium, hydrogen, and argon) into the
hot zone of the test furnoce. In addition, emergency and standard
operational procedures were required to sofely handle the hydrogen
environment at elevated temperatures (700°C). To provide the hot
pressing copability, two grophite roms were used to exert pressure within
the hot pressing die. An INSTROM recerding system indicated the
relative position and total lood being exerted by the rams. By changing
scales, the load could be controlled from 10 to 10,000 |bs., depending
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on the test requirements. Graphite electric heaters provided the hot

zone and maintained temperature conditions for hot pressing operations.

Special controllers were used to start up the sequence of events and
program the furncce for several hours pricr to the hot pressing run. In

a similar controlling mode, the furnoce temperature was decreased

in small increments (no Foster than IDD“C,—‘TmurJ until all power was
shut-off. Total time for one hot pressing run was 20 to 21 hours, depend=-
ing on the speed and punctuality of the cperator at each step of the
aperation. A brief outline of the steps required to hot press n-type
materials are listed in Table |1'V-8.

In general, it was necessary to reduce the diometer and/or length of

the rasulting cylinder after hot pressing. The reduction wos cccomplished
by mounting the specimen in a lathe and turning down the outside
diometer in .010 inch steps. All machining waos performed dry, using

a vacuum system for dust collection. The machined cylinder was then
placed in o die and the top and bottom surfoces were rubbed over 600
grit polishing poper. By reversing the cylinder, both top and bottom
surfaces were ground smooth and parallel to each other. A two inch
diameter steel die maintained perpendicularly between the cylinder
walls and the flat ends. Final polishing was obtained with 00 paper
which permitted sizing the length dimension to an accuracy of L0005 inch.

After final sizing, the cylinder was boiled in methancl and ocetone
{50/50 mixture) for ten minutes to remove any foreign matter. The
specimen was removed from the hot liquid, air dried, and placed in
vacuum storage ovemight. Prior to testing the somples were heat
treated for two hours in hydragen at 575°C.
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TABLE IV-8

STEPS REQUIRED TO HOT-PRESS N-TYPE T/E MATERIAL

10.
11,
12,
13,
14,
15.
16.

ey E—— g

Situate undensified powdered PbTe-alloy within die.

Vacuum out-gas (ot .01 mm pressure and room temperature) PhTe-alloy powder
for ot least three hours.

Vacuum out-gas PbTe-alloy powder at 200°C for 8 hours.
Increase powder temperature to 400°C under full vacuum and hold for 2 hours.
Introduce high purity helium, purge, and evacuate.

Repeat step 5.
Fill chamber with high purity helium.

Admit high purity hydrogen to chamber and increase temperature to 700°C and hold
one hour,

Introduce high purity helium inte chamber displacing hydrogen.
Evocuate chomber and compress powder to 90 percent theoretical.

Introduce high purity hydrogen and adjust temperature to 700°C.

Apply 7500 psi hydrogen for 30 minutes.

Evocuate chamber.,

Cool furmace from 700°C to 500°C in two hours at o linear rate.

Cool furncce to room temperature at a linear rate not to exceed 100°C per hour,

Evocuate chomber and die and introduce argon.
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() M-Type Lead Telluride Preparation and Results

Initial procedural checkout tests of the hot pressing facility were
performed with standerd n-type PbTe. Quenched n-type material was
reduced to powder in an argon dry box to produce powder lots of =20
+35, and =50 +270 mesh (U, 5. Standard Sieve Size). CGualification
bars were cold pressed, heat treated, and tested for Seebeck voltage
and resistivity measurements to establish o reference base line for
cold pressed and sintered n-type PhTe.

Three successful hot pressing runs were made with n-type PbTe
to qualify the hot pressing facility. In each experimental run, n-type
hot pressing powder was loaded into @ 5/B inch diemeter die and com-
pocted under 6500 psi pressure for one half hour at a temperature of
700°C. Temperature profiles were controlled and monitored on both
the heatup and cooling cycles, Crack=free solid n=type cylinders
(0.625 inch diameter x 0.7 inch length) were obtained from all three
experimental runs. To verify the integrity and density of the hot pressed
cylinder, the diameter was tumed down on a lathe from 0.625 to 0.273
inch before and ofter machining. The relative non-smooth surfoce of
the larger cylinder is caused by the grophite surfaces of the punches
and die. Weight and volume measurements indicated a theoretical
density of 99.1% for the machined cylinder compared to 78.95% for
the total 5/8 inch diometer pellet. After hot pressing and machining,
HPOO! and HPOOD2 were subjected to a heat treatment in hydrogen
at 575°C for two hours. Seebeck and resistivity measurements were
made on the hot pressed samples and the results compared te similar
type dota obtained on cold pressed ond sintered qualification bars.
The data cbtained on hot and cold pressed samples showed good agreement.
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Only the resistivity value of the large (.623 inch diameter) sample
showed some deviation because of the large area-to-length rotio.
However, all Seebeck coefficients were in agreement with each other.
Consequently, all hot pressed specimens for Seebeck and resistivity
testing were machined to 0.273 diometer to cbtoin the best and most

accurate thermoelectric property data for both n- and p-type material.

During the thermal conductivity experiments, difficulties were
encountered in obtaining equilibrium conditions with 0.500 inch diameter
test specimens. An alternate standard was available in the 1.00 inch
diameter size which proved to be highly successful in obtaining stable
temperature conditions. Becouse of the better results with the larger
standard, an attempt was made to hot press a very large sample of
PbTe material (1.060 diameter x 1.000 length). Graphite punches
were fabricated for the redesigned die body ond the molybdenum
reinforcement ring was remachined to accept the larger die size.
MN-type powder was used with the new hot pressing tools on the initial
trial run. The procedure was the same for previous hot pressing runs
except that the total lood on the graphite punches was increased to
7000 |bs. to maintain high pressure on a 1.060 inch diameter cross-
section. During STEP 12 (Table |V-B) at 700°C, the graphite die
shattered and opened one of the graphite heaters in the furnace. The
hot pressing run wos aborted and the hydrogen was removed from the
furnace as quickly as possible. After cool down, the grophite pieces
were removed from the furnace and the hot pressed specimen was
salvaged. Figure |V-18 illusirates the hot pressed sample on n-type
PbTe machined to 1,000 dicmeter x 0.896 length. Further effort on
the large size specimen was deferred until all smaller sizes (0.625

diameter) of each material were prepared for thermal conductivity tests.
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Figure |V=18. HPO30 = Hot Pressed Cylinder of MN-Type Material
(Hot Pressing Conditions = 7500 psi ot 700°C)
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After the hot pressing facility was refurbished, one additional
run was made with n-type PbTe to prepare a smaller sample (0.625

diameter x 0.7 length) for thermal conductivity testing.

(¢} N-Type PbTe-GeTe - Preparation and Results
| Hot pressing of PbTe-GeTe was initiated ofter sufficient p-type
hot pressed samples we;'e available for thermal conductivity tests.
Quenched ANX 1-type ingots were reduced to powder in an argon
dry box to produce powder lots of =20 +35, and -50 +270 (U. S.
Standard Sieve Size). These two lots of powder had individual
grain sizes from 500 to 841 microns, (=20 +35), and 53 to 297 microns, _
(-50 +270). Coarse powder was used exclusively for hot pressing;
while fine powder, (-50 +270), was used for (1) cold pressing quali-
fication bars, pellets, and washers, {2) chemical analyses, and (3)
x-ray diffraction experiments, |
Because of difficulties in reaching equilibrium in the thermal
conductivity experiments, the 5/8 inch diameter hot pressed ANX 1
samples were deferred until December, 1972. Instead, the size of
the hot pressing die was reduced from 5/8 inch diameter to 1/2 inch
diameter to reduce the quantity of hot pressing powder for each run
and reduce the required machining by 125 mils. The hot pressing
procedures followed the steps described in Table 1V-8, except that
the initial hot pressing pressure was 6,500 psi rather than 7,500 psi.
The second and third hot pressing runs used pressures of 7,000 and 7,500
psi respectively. By increasing the pressure from 6,500 psi to 8,000 psi,
the density changed from 98.6% to 99.0%. ANX 1-type thermoelectric
material PbTe-GeTe was found to require a higher pressure during hot

pressing than n-type PbTe.
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Table 1V-9 lists the fourteen hot pressed cylinders of PbTe-GeTe
material that were prepared during this program, Eight hot pressed
samples were machined to 0.273 diameter and heated for two hours
in hydrogen at 575°C. Seven cylinders were used for Seebeck and
resistivity measurements, while the eighthspecimenwas recrushed
for x~ray diffraction measurements.

Results of electrical testing HP-018 (ANX 1-15} are illustrated
in Figure 1V-19. The solid curves represent RCA data. It is evident
that hot pressing has materially reduced the electrical resistivity
without changing the value of the Seebeck coefficient. Comparison
should be made with the data obtained on cold pressed samples, as
shown in Figure 1V-5, 1t was anticipated that the standard hot isostatic
process required to achieve module compaction would sufficiently
densify the PbTe-GeTe to a state where the electrical resistivity would
correspond to the data shown in Figure 1V-19,

The thermal conductivity specimens were further processed by
drilling two radial holes to a depth of 0.250 inch and spaced 0.500
inch apart along the axis of the sample. Two matched thermocouples
were installed in the holes to monitor pellet temperature during thermal
conductivity testing and the PbTe~-GeTe specimen was mounted in the
thermal conductivity test apparatus. Hot pressed specimen (HP-024)
containing ANX 1-13 ternary material was successfully instrumented
and measurements of thermal conductivity had begun when all thermal

conductivity measurement effort was terminated.
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TABLE IV-9

HOT PRESSED CYLINDERS OF PbTe-GeTe MATERIAL

Astronuclear
Laboratory

Specimen Number

HP-016*
HP-017*
HP-018*
HP-019*
HP-020*
HP-021*
HP-022+
HP-023**
HP-024 %%+
HP-025
HP-026
HP-027
HP-031
HP-032

Hot Pressing Pressure

Thermoelectric Material

{psi)
6, 500
7, 000
7, 500
7, 500
7, 500
7, 500
7, 500
8, 000
8, 000
8 000
8, 000
8, 000
8, 000
8 000

** Sample recrushed for x-ray diffraction work.

ANX 1-13
ANX 1-14
ANX 1-15
ANX 1-17
ANX 1-18
ANX 1-21
ANX 1-19
ANX 1-21]
ANX 1-13
ANX 1-14
ANX 1-15
ANX 1-17
ANX 1-19
ANX 1-15

*  Samples machined from 0. 500 diameter to 0. 273 diameter for
Seebeck and resistivity measurement,

**Sample (0, 500 Dia. x 0.611 length) used in thermal conductivity tests,
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C. P-TYPE PbTe-PbSe TERNARY ALLOYS

1. Previous Development

Electrical property measurements on specimens from the p~type ingots made by
WANL to the RCA-reported optimum composition PbTe.‘?Sse.OSNO.OW indicated that the
WANL material had much too low an electrical corrier concentration.

It was postulated that this was due to a severely limited solubility of sodium in
the sirictly stoichiometric PbTe.%S".os alloy. It was further postulated, based on a know-
ledge of standard p-type lead telluride, that the sodium solubility could be increased by adding
excess tellurium to the composition. Accordingly, additional compositions were prepared in-
corporating both excess tellurium and higher sodium content. The six compositions investigated
are !:sted in Table 1V-10.

Analyses of Seebec‘k coefficient and electrical resmwlty measurements made on
cold pressed and heat treated specimens, Figures iV=20 and |V-21, together with analytical
figure of merit estimates, indicated that the highest sodium content formulations PbTe,?ése,OS
NG.OI and PbTe 9643S|e 05 Na o1 possessed the highest figures of merit of the listed composi-
tions over the temperature range of interest. However, due to the hard, brittle nature of these
p-type materials, specimens having acceptably high densities could not be fabricated by cold
pressing techniques. To permit measurement of true electrical resistivity values, a hot pressing
technique was developed for fabricating specimens to near-theoretical density.

Figures of merit caiculated from Seebeck and resistivity measurements on hot
pressed, high density specimens were found to be higher than values obtoined from cold pressed
specimens of the some composition. This was very encouraging because the physical state of
a hot pressed pellet is more representative of a thermoelectric washer in o fabricated module
than is the state of o cold pressed test specimen. The figure of merit vs. temperature curve
calculated for hot pressed PoTe 96 05 01 Was guite comparable to the reference curve
for the RCA-reported optimum composihon.

At this point in the previous work, PbTe ,, Se . Na o1 (APX 4) was designated

967705
the optimum ternary p-type composition for application to the fubular module. Thermal con-
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TABLE §Vv-10

COMPOSITIONS OF EXPERIMENTAL P-TYPE PbTe - PbSe ALLOYS

&

WANL Molecular Excess Te:Na
Designation Formula Atom Ratio
- :‘Pér:p.] PoTe o5 3205 007 0

APX 2 PbTe.957 Se.OSNa.007 1:1

APX 3 PeTe 960 2.0, 007 107

APX 6 PbTe.?SBSSe.OSNa.OOBS I:1

APX 4 PbTe.96 Se.OSNa.O? 1:1

APX 5 PbTe 9643 05Na 10:7

*

Excess Te = (Te atoms + Se atoms) - Pb atoms
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conductivity measurements were then made on an APX 4 specimen over the temperature range
300 to 8°K by Resalab, Inc. The results, together with the RCA reference dota for their

reported optimum composition, are plotted in Figures IV-22. The correspondence between the
two data sets is very good, and this reinforced the belief that use of the ternory p-type mater-

ial would substantially improve tubular module operating performance.

2. Sublength Technology Module, TEM-15E §/N-4

'TEM-15E S/N-4, a sublength technology moduie of the type previously discussed
in Section I1l, was fabricated late in 1970. The module design was identical to thot of the
"baseline" TEM-15A S/N-4 module except that the APX 4 composition PbTe-96$e.05No'm
was ysed for the p-type thermoelectric washers (standard GE-NL n-type PbTe was used for
the n-type washers), Two polycrystalline APX 4 ingots were prepared and crushed 1o =50 +270
mesh powder, and the resultant powder lots heat treated at 650°C for two hours in flowing
hydrogen. Electrical test specimens were then cold pressed and they in turn were heat treated
“at 650°C for two hours in flowing hydrogen. The results of electrical property tests on these
specimens indicated that the powder lots were identical and acceptable for module use.

The powder lots were then blended together and module washers fabricated from
the resultant batch, with the cold pressed washers being heat treated at 650°C for two hours
in flowing hydrogen. Assembly and fabrication of TEM-15E S/N-4 then proceeded in a manner
identical to TEM-15A $/N-4. The module was placed on static test in November 1970 and the
test data demonstrated that the thermal conductivity of the APX 4 alloy was about twenty per=-
cent lower than conventional p-type lead telluride. However, the electrical resistivity of the
module was higher than was calculated, and the change in elecirical properties proceeded at
a rate which was faster than that established by the TEM-15A S/N-4 series. Accordingly, the
module was removed from test after 1000 hours and destructively examined.

Based on the test data and the destructive examination results, it was concluded
that no incompatibility problem existed between the APX 4 alloy and the tungsten inner con-
ductor ring. |t was also concluded that the initial high resistonce of the module was a resutt

of tellurium loss during the relatively high 650°C heat treatment of the washers, particularly
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in view of their high surface to volume ratio. Because of this tellurium loss, the p-type
washer experienced changes in its electrical properties. The net result was that both the
n-and p-type material contributed to the module degradation rather then onty the n-type
changes that were being observed in modules incorporating standard p- and n-type lead tellu-
ride materials,

Despite the problems just discussed, the TEM-15E S/N-4 data demonstrated that
the ternary APX ciloys possessed thermal conductivities substantially lower than that of stan-
dard p-type lead telluride, and thus held promise for increased module efficiency once the
optimum combination of composition and processing temperature were determined.

From the results obtained in the first phase of ternary p-type alloy work, it
appeared that it would be necessary to utilize an excess Te:Na ratio greater than 1:1 in order
to achieve complete solubility of the sodium addition and maintain this solubility throughout
elevated temperature processing and operation. Also, it appeared that the compositions with
highest sodium content possessed the highest figures of merit over the module operating tem-
perature range. In accordance with these facts, it was decided that when work on this task
was resumed the composition to be investigated would be PbTe.?éSSe.OSNG,OI’ WANIL desig-
nation APX 10, having an excess Te:Na ratio of 1.5:1. It wos also decided that heat treating

temperatures would be minimized in order to [imit the loss of tellurium during processing.

3. Current Materiols Processing

The current procedures for manufacturing p-type PbTe-PbSe alloys are essentially
identical to those discussed previously for n-type PbTe-GeTe alloys. In the p-type case, how-
ever, sized powder is heat treated at 550°C for one hour in flowing hydrogen, and cold pressed
washers or test specimens are heat treated ot 575°C for two hours in flowing hydrogen prior to
use in module assembly or electrical property measurement.

Difficulty was experienced early in the program when several quartz tubes con-
taining one-pound melts of PbTe.?éSSe.O5 NQ.O'I exploded during the quenching step. Because

of this, the existing preparation procedure was reviewed step-by-step, ond several changes

instituted to eliminate the explosion problem and improve the ingot-to-ingot reproducibility
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of electrical properri.es. The principal changes made were reducing the ingot size by one-
half, applying multiple carbon coatings to the quartz tube inner surfaces, and <ubstituting
elemental metallic sodium for the sodium~lead alloy previously used to introduce sodium to
the formulation. It was found that reducing the melt size was the most important factor in

eliminating the explosion problem.

4, Material Property Evaluation

To fully charocterize the APX 10 alloy, a number of different measurements and
analyses were performed to develop an understanding of the material formulation and perfor-
monce, A total of 36 ingots were prepared in the course of the investigation, although severol
early ones were destroyed during quenching and others were judged to be contaminated and
were not used.

To verify that the APX 10 compositional formulation PbTe'9655e.Och'm wos
being maintained within acceptable limits and without contamination by impurity elements,
each useable ingot was checked by wet chemistry, emission spectrography, atomic absorption
spectrophotometry and x-ray diffraction measurements, In addition to qualifying the composi-
tion, extensive measurements of Seebeck coefficient and electrical resistivity as a function of
temperature, and Seebeck voltage over large temperature differences, were performed. Thermal
conductivity measurements were planned but were not performed due to termination of the pro-
gram. The various aspects of the APX 10 characterization techniques are described in the

following subsections:
a. Seebeck and Resistivity Measurements

Ingots of APX 10 material were reduced to powder using a mortar and pestle
in an argon-filled glove box. Powder was sized to -50 + 270 mesh using
stainless steel sieves, and heat treated as described previously. Rectangular
electrical test bars {0.250 x 0.235 x 0.875 inches) were then cold pressed
and heat treated as previously noted. The bars were maintained in vacuum
storage until tested. Seebeck coefficient and electrical resistivity measure-
ments were made using apparatus and procedures identical to those previously

described for n-type PbTe - GeTe alioys.
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Table 1V-11 lists the APX 10 material lot numbers ond test bar serial num-
bers tested during this program, and Figure 1V-23 shows typical test results
obtained on these specimens. [t is obvious that the properties of the APX 10
material do not duplicate the RCA reference data, as both the Seebeck and
resistivity of the APX 10 material are significantly lower. This is largely
due to the higher sodium content and resultant higher carrier concentration
in the WANL alloy. However, the APX 10 properties are superior to the
RCA data for application over the specific tubular module operating tem-
perature range. The power number { o 2/,0 } of the APX 10 material is com-
parable to that of standard p-type lead teliuride, so that the lower thermal
conductivity of APX 10 should result in a higher figure of merit and improved

module performance.
Measurement of Seebeck Voltage Over Large Temperature Differences

Seebeck voltage characteristics of APX 10 test bars were measured for al!
material lots between APX 10-21 and APX 10-34. These tests were con-
ducted identically to the manner previously described for n-type PbTe -

GeTe specimens.

Table 1V-12 is a list of the APX 10 specimens tested in the high AT.oppora-
tus, and typical test data are given in Table 1V-13. In general, as in the
n-type case, excellent agreement was cbtained between measured Seebeck
voltages and voltages calculated by integrating Seebeck coefficient data

over the given temperature range.
X-Ray Diffraction Measurement of Lattice Parameter

Powder samples from individual APX 10 ingots were submitted for accurate
lattice parameter determinations. The precision with which the lattice

parameters could be measured was determined by measuring values for four
different powder samples from the same melt. The dota yielded a result of

+ 0.0005 R for the technique used.
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TABLE 1Vv-I1

SEEBECK AND RESISTIVITY TEST SPECIMENS FOR PbTe'9655e'05No.0]
P-Type Ingot Designation Specimen Number

APX 10-8 Q-1026

APX 10-13B _ Q-1029

APX 10-17 Q-1031, Q~1032

APX 10-18 Q-1035, Q~1036

APX 10-19 Q-1038, Q-1039%

APX 10-21 Q-1059, Q~1060

APX 10-22 Q-1065, Q~1066, HP-007
APX 10-23 Q-1069, Q~1070, HP-008
APX 10-24 Q-1073, Q-1074

APX 10-25 Q-1079, Q~1080

APX 10-26 Q-1081, Q~1082

APX 10-27 Q-1085 Q~1086

APX 10-28 Q-1089, Q~1090

APX 10-29 Q-1093, Q~1094, Q-1094R
APX 10-30 Q-1099, Q~1100, Q-1100R
APX 10-31 Q-1103, Q~1104

APX 10-32 Q-1105, Q-1106

APX 10-33A (Capsule Material} Q-1145, Q~1146

APX 10-33B (Capsule Material) Q-1148

APX 10-33C (Capsule Material) Q-1150, Q-1151

APX 10-34C (TEM-15P S/N-1 Material) W-422, W-423
APX 10-34C (Washer Material Recycled) Q-1181, O-~1183, Q-1184
APX 10-40 (TEM~iSG*Moreriol) Q-1185 Q-1186, Q~1187

*Sublength technology module scheduled for fabrication
after program termination.
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Figure 1V-23. Electrical Properties Versus Temperature for APX 10-23
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TABLE tv-12

HIGH AT TEST SPECIMENS FOR PbTe.965$e.05No.m

P-Type Ingot Designation

APX 10-21
APX 10-22
APX 10-23
APX 10-24
APX 10-25
APX 10-26
APX 10-27
APX 10-28
APX 10-29
APX 10-30
APX 10-3]
APX 10-32

APX 10-34C

Specimen Number

Q-1059R, Q-1060R
Q-10658, Q-1067, Q-1068
Q-1069R, Q-1071, Q-1072
Q-1074R, Q-1075, Q-1076R
Q-1077, Q-1078, Q-1079R
Q-1081R, Q-1083, Q-1084
Q-1085R, Q-1087R, Q-1088
Q-1089R, Q-1091, Q-1092
Q-1093R, Q-1095R, Q-1096R
@-1097, Q-1098, Q-1099R
Q@-1101, Q-110Z, Q-1103R
Q-1105R, Q-1107R, Q-1108
W-424, W-425
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TABLE 1Vv-13
HIGH AT TEST RESULTS WITH P-TYPE TERNARY MATERIAL

APX 10-23 Ternary Material (PbTe.%sse.osN".m)

Specimen No,
Identification
Description Q 1071 Q1072
Th] 319.00 312.00
Tc] 13.75 13.75
AT (¢ 305.25 305.25
Normalized Voltage (mv) 37.75 37.77
Th2 592.75 592.75
Tc2 13.75 13.75
AT (°C) 579.00 579.00
Normalized Voltage (mv) 113.32 113.16
Th3 650.00 650.00
Tc3 13.75 13.75
AT (°C) 636.25 636.25
Normalized Voltage (mv) 129.68 129.94
AV (592,75 - 319.00) 75.57 75.39
AV (650.00 - 319.00) 91.93 92.17
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(5)

From each ingot, a portion of non-heat treated powder and a second por-
tion of powder that was heat treated in flowing hydrogen for one hour at
SSOOC, were used in determining the |attice parameters. The determino-
tions were then averaged and plotted on an expanded plot (Figure 1V-24)
of lattice parameter vs. mole fraction PbSe in PbTe as determined by

(5). The lottice porometer of 6,4429 A obtained from the

Steininger
non-heat treated APX 10 samples agrees very well with the Steininger

value of 6.4435 A for 5.0 mole percent PbSe in PbTe. The data indico'res.
that the ingots are reproducible and contain the as-formulated composition

value of 5 mole percent PbSe.

The heat treated APX 10 samples yielded diffraction lines that were broader
than those obtained on the non-heat treated powder. The average of lattice
parameter values determined from the middle of the broad lines was 6.4478
c!)\ , which represents approximately 3.7 mole percent PbSe. However, if the
lattice parameters were calculated using the leading and troiling edges of
the broad lines, a maximum value of 6.4545 )?\ and a minimum value of
6.4444 3. were obtained which represented 1.7and 4.7 mole percent PbSe,

respectively.

In order to understand more fully the effect heat treating has on the lattice
parameter of the APX 10 composition, two sets of experiments were con-
ducted. One study conducted consisted of heat treating powder from ingot
APX 10-21 for various times and temperatures in flowing hydrogen. The
other involved the annealing of powders (after various processing steps) in
sealed argon-filled ampoules for 100 hours at 700°C. The results of these
studies are shown in Table 1V-14. From the data, the following observations

were made:

J. Steininger, Met. Trans., Vol. 1, p. 2939 (1970).
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(1)  Samples heat treated at 550°C in H2 for from one to four hours have

exponded lattices.

(2) If samples from (1)} are onnedled in a sealed argon-filled tube for
100 hours at 700°C, the lattice parameter returns to its original non-

heat treated value.

{3) If non-heat treated powder is heated in o ¢losed argon atmosphere
{annealed in a sealed tube) to a temperature which causes lattice
expansion when heated in flowing hydrogen, the lattice does not

~ expand.

(4) Heat treatment of non-heated powder at higher temperatures than

550°C in flowing hydrogen does not result in line broadening.
The following conclusions are drawn from the dbove observations:

(1}  Interstitial hydrogen may be introduced in the 550°C heat treatment

in flowing hydrogen causing an expansion of the lattice.

{2) There is a critical temperature between 550°C and 750°C at which
the interstitial hydrogen is released and sublimation of PbSe and/or
Se occurs,

{3) The hydrogen heat treatment at 550°C does not offect the material

composition; i.e., cause a loss of PhSe and/or Se.

Analysis of Sodium Content by Atomic Absorption

Determination of the sodium‘confent of APX 4 alloy PbTe,%se,ost’,m
{during the destructive examination of the TEM-15E $/N-4 module)} by
emission spectrography indicated a level of order 0.03 weight percent in
most specimens. [f this was truly the case it represented a serious problem,
since the as~formulated level was 0.069 weight percent and this would
mean that over half the dopant addition was being lost during processing.

However, investigation disclosed that the accuracy of the spectrographic
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technique could not be guaranteed to be better than 1/3 to 3 times the

amount reported.

This tolerance was judged to be completely unacceptable for examinotion
and characterization purposes, so other potential analysis techniques were
investigated. The method settled upon was atomic absorption spectrophoto-
metry, which had an accuracy of + 5 to 10 percent of the amount present.
This technique was used to analyze both APX 4 and APX 10 ternary alloys
and also some stondard p-type PbTe specimens. The resulis of these anolyses
crré given in Table 1V-15. In all cases, the weight percentages obtained
by atomic absorption are substantially higher thon spectrographic values
obtained on the same materials and are in good agreement with the material

makeup compositions.

5. Compatibility Experiments

Ternary alloy compatibility tests were divided into two general environment/

time/temperature categories. The first of these was a series of die tests where accelerated

short-term exposures were performed at 700°C in o hydrogen atmosphere. The second category

was ‘a series of 1000 hour EXC capsule tests af a temperature of 636°C.
The tests were intended to determine interactions between the APX 10 atloy and

the other module circuit materials, and also to evaluate the long term stability of the APX 10

material in terms of its electrical properties. All test procedures and evaluation methods used

were identical to those discussed previously for n-type PbTe - GeTe alloys. The results obtained

were as follows:

a.

Short-Term Die Tests

A total of twelve die tests were pérformed with APX 10-pellets in contoct
with tungsten, molybdenum, phiogopite mica or standard n-type PbTe for
2, 4 and 6 hours at 700°C in a hydrogen otmosphere,
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TABLE 1V-15
ATOMIC ABSORPTION ANALYSIS FOR SODIUM
Weight Percent No.
Qualification Specimens from W308* 0.061
Original APX 4 Powder Lot Q57 0.066
Specimens Reclaimed from Q617* 0.058
15E-4 Module Washers Q618 0.055
Control Specimen Reclaimed .
from Unossembled Washers Q621 0.06]
Standard p-type lead
telluride powder No. 1 0.061
No. 2 0.061
No. 2R 0.061
APX 10 - 8 Powder -— 0.058
-138 —— 0.060
-17 -—= 0.06%
-192 -— 0.053
-22 _— 0.062
-23 -— 0.061
-25 -— 0.057
-27 -— 0.058
-28 - 0.062
-30 -— 0.052
=31 - 0.062
-32 -— 0.062

* Samples previously reported by spectrographic analysis to contain 0.03 weight percent

sodium.
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Electron beam microprobe examination of the sectioned and polished dies
revealed no interface reactions between the APX 10 alloy and tungsten,

molybdenum or mica.

Seebeck probe traverses across the compatibility interfoces indicated that
the APX 10 electrical properties remained unaffected in all cases. However,
as shown in Figure 1V-25, the standard n-type PbTe exhibited the clossic

degradation due to migration of excess tellurium from the p-type aolloy.

Long-Term Capsule Tests

After completion of the short-term die tests, a series of capsule tests were
performed to evaluate the compatibility and stability of the APX 10 alloy
during 1000-hour operation at 636°C (1 T75°F). Eight capsules, identical
‘in design to those previously discussed for n-type PbTe - GeTe alloys, were
assembled and tested with APX 10 pellets in contact with tungsten, moly-
bdenum and phlogopite mica (both air and vacuum heat-treated). In two
of these, APX 10 pellets were spaced alternately with standard n-type
PbTe pellets, with tungsten foil spacers separating the two thermoelectric
materials. The detailed assembly configurations of the eight capsules were

given previously in Table 1V-7.

Figure 1V-26 is a photograph of .some APX 10 capsule pellets positioned on a
heat treating fixture {ust after removal from the hydrogen furnace. Figure
IV-27 is an x-ray radiograph of all eleven EXC capsules (three ANX 1
capsules and eight APX 10 capsules) fabricated under this program. A core-
ful examination will disclose interpellet spacers in most capsules extending
beyond the outer diameters of the thermoelectric pellets and having much
higher densities than the boron nitride which surrounds the pellet circumfer-
ential surfaces. The dark lines appearing in EXC-008 and 009 are the low
density phlogopite mica spacers used in those capsules; the mica spacers

toward the right ends of these capsules are not visible because of parallax
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Figure 1V-26. APX 10 Pellets (0.50 Diometer x 0.625 Length)
Positioned on Furnace Fixture after Heat Treatment in Hydrogen
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Figure IV-27. Rodiogrophic Exposures of Eleven EXC-Ceopsules after Hot lsostatic
Pressing and Final Machining
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effects in the x-ray beam/film positioning arrangement. In general, the
as-fabricated copsules appeared to be very uniform in size, shope and

internal geometry.

The eight APX 10 copsules were imstrumented and tested in the some monner
os the ANX | copsules previously discussed. Measured resistonce values
during the 636°C tests ranged from 32,0 millichms initially to 37.0 milliohms
aftar 1000 hours. After accounting for the resistance contributions of the
stainless steel, iron and tungsten or molybdenum components, it was calculated
that the APX 10 electrical resistivity increased from 4.7 to 5.5 millichm-

centimeters (17 parcent) during 1000 hours of 636°C testing.

Caopsules EXC-008 and -00% were assembled with 0. 560 diometer x 0.005
inch thick mica spacers between all adjocent pellets ond ot the cutboard
faces of the first and last pellets. The purpose of theie capsules was to
establish o standard to which later assemblies containing identical mica

spocers plus various tungsten diffusion barriers could be directly compared.

During the testing of the three ANX 1 copsules and six APX 10 copsules
containing electrically conductive tungsten and/or molybdanum spacers
between all thermoelectric pellets the end-to-end capsule circuit resis-
tance mexured at temperature (635-640°C) did not exceed 0.04 chm in any
case throughout the test duration. Thus, in testing APX 10 copsules EXC-008
and =00%, all resistance in excess of 0.04 ohms could be attributed to the
mica interpellet spocers. Figures |V-28 and |V-29 illustrate the resistances
of these capsules os o function of test time. In both caoses, the initial megohm-
range resistonce hod deteriorated to hundreds of ohms by the end of 1000 test
hours. Also, the resistance between the capsule internal circuit and the
originally electrically isolated outer clad hod decreosed by two orders of
magnitude. |t thus appeared that the 0.005 inch mica spacers were being

gredually penetrated and/or circumvented by electrically conductive
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material (presumed, by onalogy with the known behavior of standard p=type

PoTe, to be elemental tellurium.) This situation was investigated further in

the course of electron beam microprobe and Seebeck probe analyses os

discussed below:

(1)

(2)

Post-Test Specimen Preparation

After the 1000 hour test time hod elopsed, the electric furnoces were
slowly cocled to room temperature and the EXC capsules withdrawn.
All instrumentation was removed, ond eoch capsule wes potted in an
epoxy compound and sectioned longitudinally. Both halves of each
capsule were ground and polished, as shown for EXC-008 in Figure
I'v-30.

Electron Beam Microprobe Analysis

One half-section of each copsule was further sectioned to provide
samples of suitable size for microprobe scanning. Each such somple
contained one full pellet plus half of each adjacent pellet and the
interposed spacers, giving a total of four compatibility /contact sur-
foces for examination. Sections from all eight APX 10 copsules were
studied.

In all copsules containing APX 10 pellets in contact with tungsten
spocers (see Table 1V=15), o slight selenium/tungsten interoction was
observed. Figures 1V=31, show an APX 10/tungsten interface in
EXC-001, as exhibited by photographs of both o backscattered elec-
tron scan and elemental x-ray traces. The bockscolterad elactron
intensity is directly proportional to the density of the material being
exaomined, so that the tungsten spacer appears white (high intensity)
and the APX 10 material light gray in the electron display. The x-ray
traces for Te, Pb and W indicate that no Te/W or Pt /W interactions

| V=79




Figure 1V-30. Photogroph of EXC-008 Polished Capsule Holves
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have oceurred, but the 5a troce shows: a band of Se concentroted at
the interfoce and diffusing slightly inte the tungsten. The interaction
zone is about 4 u m thick after 1000 hours at 636°C. Similar zones

were seen at all other APX 10 tungsten interfoces examined.

In all capsules containing APX 10/mol ybdenum contact interfaces, a
more severe compatibility problem was observed with both selenium
and tellurium interocting with the molybdenum spacers. The corres-
ponding backscattered electron scan and elemental x=ray traces are
shown in Figures 1V-34, -35 and -36. The interaction zone width is
about 10-12 g m and was present at all APX 10/molybdenum inter-

foces examined.

Mo incompatibility interoctions were seen in the copsules containing
APX 10/mica contact interfeces, and in general no evidence of tel-
lurium transport from the APX 10 material (except for the direct,
highly localized reactions with tungsten and molybdenum just dis-
cussed) wos seen in aony of the eight copsules exomined. In view of
this, the deteriorating resistance of copsules EXC-008 and -009 can-
not be explained. Further investigation was precluded by termination

of the program.
Seebeck Voltage Probe Analysis

The second half-section of each APX 10 capsule was wsed for Seebeck
voltage probe analysis. Voltoge probe troces were made along the
axis of each pellet in each capsule section, with e 0.010 inch spacing
between individual probe readings. Since the first point of a given
trace is located in the adjacent spacer material (or pellet), the First
data point in a given pellet lies anywhere from O to 0.010 inch

from the contoct interface. Mo significant Seebeck voltage change«

near the contoct interfoces were seen in any pellet in any of the
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APX 10 copsules. This indicates that the reactions disclosed by elec-
tron beam microprobe anolyzis were highly localized and did not affect
the bulk electrical properties of the APX 10 material over a significant

distance from the contact interfaces.

Hat Pressing of P-Type Thermoelectric Materials

Hot Pressing Procedure

Since only one hot pressing equipment facility wos equipped for hydrogen
almosphere operation, both n- and p-type materiols were processed in the
same unit. The features ond operation of this system were described pre-
viously in the section on n-type PbTe - GeTe alloys. In addition to hot
pressing runs, all shart-term compatibility die tests were also performed in
this system. To minimize the potential for cross-contamination between
consecutive expariments, the furnace was baked out at 9507 C in hydrogen

prior to each die test or hot pressing run.

The steps required to hot press the p=type PbhTe = PhSe alloys are autlined

below:

STEP 1. Voevum outgas at room temperature for several hours the un-
densified powdered PbTe - PbSe alloy which is sitvated within
the die. {'II::I'2 mm pressure)

STEP 2. Outgas in vacuum at EUDGC for 8 hours {overnight).

STEP 3. Increcse temperature ho EW&C with full vosuum maintained and

hold for two hours.

CTEP 4. Introduce high purity helium, purge, and avacuate.

STEP 5.  Repeat Step 4.

STEP &.  Fill with high purity helium.
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STEP 7.

STEP 8.

STEP 9.

STEP 10.

STEP 11.

STEP 12,

STEP 13.

STEP 14.

STEP 15.

STEP 1&.
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High purity hydrogen is odmitted to the chomber and the
temperature increased fo 650°C over a 2=hour period.
(Minimum 1 hour dwell at 650°C)

Introduce high purity helium and displace the hydrogen

fram the furnoce.

The helivm is pumped out and the powder is compressed
for 15 seconds to o density of 90% of thecretical. High
Eriiz halium is then admitted to the chamber. (Total time
under vacuum is to be limited to 2 minutes.)

Hydrogen is introduced into the chamber to displace the

helium.

The temperature of the die is odjusted to the desired value
of 700°C.

7500 psi pressure is applied for a peried of &0 minutes;

then remove all pressure.

Cool the furnace in two hours ot a linear rate from ?DD“C ho
502°C in a hydrogen otmosphere.

Introduce Eh purity helium and displace the hydrogen.

Set the outematic equipment to control the cooling of the

furnace ot a linear rate not to exceaed |'ﬂ'ﬂu'l:,a'rhr.

Evacuate chamber and die; then introduce argon. Open,

(17 APX 10 Material
After qualifying the hot pressing facility ond procedures with n-type
(PbTe) leod telluride powder, two changes were made for the APX 10

hot pressing runs. First, the size of the hot pressing die wos reduced

IV=-8%




from 5/8 inch diemeter to 1/2 inch diemeter to reduce the quantity
of hat pressing powder for eoch run. Second, the time at temperature
was increased to 80 minutes rather than 30 minutes to increase the

density of the hot pressed APX 10 pellet.

Some difficulty wos encountered in hot pressing APX 10 material

under &, 500 psi at 700°C. The pellet was partially hot pressed and
nan-homogeneous with one end containing numercus vaids. Con-
sequently, the pressure was increased in smoll Tncrements for successive
pressings until the APX 10 powder was successfully demsified. Figure
1V=37 illustrates the surface condition of the bottom end of a 1/2

inch diameter APX 10 pellet after hot pressing for one hour under
varying prassure from &, 500 psi 107,500 psi. Once the pressing condi-
tions were estoblished, the size of the die wos increased to 5/8 inch
diameter so that hot pressed pellets would be large encugh to be
machined to a size compatible with the thermal conductivity opparatus
{0.500 inch diameter by 0.611 inch length). Two samples of APX 10-26
and APX 10-27 are shown in Figure |V=38 aofter hot pressing and mach-
ining to 0.500 diameter.

Table V=17 lists the nine specimens of APX 10 material that were hot
pressed during this program. The first six pressings were varied to
establish the correct pressing pressure. HP-004 specimen was subjected
to metallographic examination and HP-00& was tested in the high AT
apparatus. A comparison of Seebeck voltage was mode between quali-
fication bar Q-1075 (cold pressed and sintered) and HP-006 specimen
{hot pressed) to determine if the Seebeck properties were affected by
hot pressing procedures. The data is tebulated in Table V=18 where
the voltage output is given for both specimens when subjected to tem-
perature differences of 293, 561 ond 61 7 g i These results indicated
that the hot pressing procedure wos not altering the Seebeck coefficient

1V=20
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o Pressed for
1 hows at
7002C, 4500 psi

. Pressed for
1 hour at
700RC, 7250 psi

d, Pressed for
1 howr at
7000C, 7500 psi

Figure |V-37. Bottom View of 1/2-Inch Diameter APX Pellet
after Hot Pressing under Varying Load Conditions
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Figure |V-38. Hot Pressed Cylinders of APX 10-26 and APX 10-27
P-Type Ternary Material Machined to 0.500 Inch Diameter

| v-92




wr Astronuciear

=/ Labaratary
TABLE IV=1é
HOT PRESSED CYLINDERS OF APX 10 MATERIAL
Specimen Mumber Hot Pressing Pressure Thermoelectric Material
ipst)
HP 004 &, 500 APX 10-22
HP 005 * & 500 APX 10-23
HP 006 *= 7, 000 APX 10-24
HP 007 * 7, 250 APX 10-22
HP 00B** 7 373 APX 10-23
HP 009 ** ?'_ 500 AP 10-24
HP O10*** 7, 500 APX 10-25
HP Q1] #** 7, 500 APX 10-26
HP Q]2 *+* 7, 300 APX 10-27

. Partially pressed cylinders illustrated in Figure 1V-37
it 0. 50 inch diometer cylinders mochined to 0. 273 inch diometer

s 0, &2 inch diometer cylinders mochined to 0, 500 inch diometer for
thermal conductivity tests

|'v=-23




TABLE 1V-17
COMPARATIVE TEST OF HOT PRESSED APX 10-24 WITH COLD PRESSED QUALIFICATION BAR

APX 10-24 APX 10-24

Qualification Hot Pressed

Bar Q-1076 Cylinder 006
T, (7€) 319 319
L (°c) 26 26
AT (%) 293 293
Voltage (mV) 19,2 38.6
Thal °C) 593 593
Tel i 32 32
aT,(C%) 561 561
Voltage (mV) 110.7 110.7
THEI[GC}I 651 651
Teql°C) 34 34
maff:“} 617 417
Voltage (mV) 126.8 127.5
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of the APX 10-24 materiol over the temperature ronge of interest.

Additional electrical property data were cbtained from HP-007,
HP-008, and HP-00% hot pressed specimens. Of the three cylinders,
two specimens (HP-008 and HP-009) were machined to 0.273 diameter
prior to testing, while HP-007 was tested at o diameter of 0.498 and

o length of 0.80. Comparison of results with cold-pressed qualifica-
tion bars from the same materials are illustrated in Figure IV-37. As
expected, the increased density of the hot pressed material is reflected
in a significantly lower electrical resistivity, while the Seebeck

coefficient is unaffected.
Standard P-Type Leod Telluride

It was decided that, if the thermal conductivities of hot pressed
specimens of both APX 10 and p-type PbTe could be measured in the
same apparatus, the superiority of the temary alloy could be assessed
on the basis of the most direct possible comparison. Thus, hot pressing
work was initiated on standard p-type PbTe to provide 0.500 inch

diameter x 0.611 inch long themal conductivity specimens.

The hot pressed APX 10 specimens discussed in the previous subsection
had been made from powder particles in the B4l to 500 micron size
range (=20 +35 U. 5. Stondard Seive Size). However, p-type PbTe
powder was available only in the 500 to 53 micron (=35 + 270) range.
To provide a relatively coarse powder for hot pressing, so that the
differences in particle boundary contributions to the measured thermal
conductivities would not obscure the comparison to be made, the
p-type PbTe wos screened into two powder lots. The coarse lot, con-
sisting of 500 to 297 micron (=35 +50) porticles was used for hot
pressing, while the 297 to 50 micron (=50 + 270) lot was used for cold

pressing washers and test specimens.
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Hot pressing of p=type PbTe specimen HP-013 was then attempted
using @ procedure identical to that described previcusly for the

APX 10 material. However, the response of the p-type PbTe to this
procedure was less than satisfactory; first, the pellet was strongly
bonded to the grophite punches after the one hour = ?ﬂﬂnc = 7500 psi
pressing cycle, ond second, it broke into irregular pieces during sub-
seguent machining. To correct this problem, 0.625 inch diometer
pymelytic graphite discs were prepared and interposed bebween the
hot pressing punches ond the PbTe powder; alsa, the 700°C - 7500 psi
dwell time was reduced from one hour to 30 minutes. Under these
conditions, two 0.625 inch diameter p-type PbTe pellets (HP-014 and
-015) were successfully hot pressed and released for thermal conduc-

tivity measurement.
Sample Preparation for Thermal Conductivity Measurement

Hat pressed cylinders of APX 10 and p-type PbTe were reduced o
0.500 inch diameter x 0.611 inch long cylinders using machining
techniques similar to those previously described for n-type materials.
They were then given a "cleanup” heat treatment for two hours at
575°C in hydrogen, and stored under vacuum until used,

To permit installation of the thermocouples required in the thermal
conductivity measurement procedure, it was necssary to drill two

0.04 inch diameter x 0.23 inch deep holes in each specimen. In
attempting to drill these holes in three APX 10 specimens, the cylin-
ders were destroyed due to cracking and/or chipping initiated by the
drilling operations. Additional p-type cylinders were being processed
when the thermal conductivity measurement effort was terminated
(ANX 1 specimens had already been drilled and instrumented suc-
cessfully at this point).
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D.

CONCLUSIONS

MN-Type PbTe - GeTe Alloys

a.

d.

Of the compositions investigated, the ANX 1 formulation Pb 951 Ge 05 Te
(Pbly) oo
templated tubular module operating temperature range. (This cssumes thet

1 exhibits the best energy conversion charecteristics over the con-

proper processing temperatures are used, os indicated below. MNote that this

farmulation s the same as the RCA reference composition. )

AMX |1 material should be prepared by ropidly quenching o homogeneous
melt from o temperature of 975°C or greater. Powder obtained from crushed
ingots should not be heat treated. Cold pressed module washers or test
specimens should be heat treated for two hours in hydrogen at 575°C. This
temperature is high enough to avoid spinodal decomposition and maintain o
single-phaose microstructure, and also eliminate any as-guenched compaosi-
tional inhomogeneities via diffusion, yet low enough to ovoid depletion of

the GeTe content through selective sublimation of that molecular species.

The Seebeck coefficient and elactrical resistivity as a function of tempera=
ture were determined for hot pressed ANX 1 material and presented in
Figure IV=19. The hot pressed condition is considered to be most represen=
tative of the physical condition of an AMNX 1 washer in a fobricated module.

The measurement of thermal conductivity as a function of temperature re-
mains to be performed in completing the choracterization of the ANX |
formulation. This could be done either by direct measurement on hot
pressed specimens, as was being attempted under this task when the program
was terminated, or by comparing the thermal impedonce of an all-AMNX |
experimental module to that of an all-Ge- ML n-type PbTe module operating
over a range of averoge temperatures and using a small radial temperature

gradient.
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The accuracy of the Seabeck coefficient measurements made on ANX 1
specimens was proven to be extremely good by virtue of the precision with
which Seebeck voltages calculated by intergration of the experimental
Seebeck coefficient vs. temperature curve could be correloted with Seebeck
voltages measured directly from specimens subjected to high temperature

gradients.

The ANX 1 alloy is chemicall y/elecirically compatible with pure tungsten
and with phlogopite mica at temperatures up to 700°C. It is not compatible
with molybdenum at 636 or 700°C, and thus mol ybdenum hot side conductor
rings should not be used in an ANX 1 module. [(Molybdenum can probably
be safely used for cold side conductor rings; although an interaction will
occur during hot isostatic compaction, its extent and effects should be
tolerable or negligible because of the short exposure time invelved.)

The ANX 1 formulation is just as wsmpﬁhla to tellurium transport degra-
dation as is standard n-type PbTe, and thus the same transport/diffusion
barrier requirements exist for an ANX 1 module as for the currently standard

devices,

2. P-Type PbTe - Phie Alloys

a.

OF the compositions investigated, the APX 10 formulation PbTe 945
Se mNﬂ ol exhibits the best energy conversion characteristics over the
contemplated tubular medule operating temperature range. (This assumes

that proper processing temperatures ore used, os discussed below.)

APX 10 material should be prepared by rapidly quenching o homogeneous
melt from o temperature of 975°C or greater. If powder obtained from
crushed ingots is heat treated for one hour in hydrogen at 550°C, and cold
pressed module washers or test specimens heat treated for two hours in
hydrogen at 575°C, then depletion of the PbSe content through selective

sublimation of that molecular species is avoided, and reproducible electrical
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properties are developed which are satisfactorily representative of the

final fabricated (i.e. fully densified) state. However, it appears that hydro-
gen is dissolved interstitially into the APX 10 latfice during the 550°C heat
treatment, as manifested by a significant increase in the lottice parometer
of material so processed. Further, this hydrogen is rejected from the lattice
at some undetermined higher temperature between 550 and 700°C, so that
its presence in module washers would probably produce some undesirable
effects during elevated temperature module fobrication processing and/or
operation. Further work is thus required to seek o heat treating temperature
between 550 and 700°C ot which neither lattice expansion due to solution
of interstitial hydrogen nor Pb5e depletion due to selective sublimation

oeeur to a deleterious extent.

The Seebeck coefficient and electrical resistivity as a function of tempera-
ture ware datermined for hot pressed APX 10 material ond presented in
Figure I1V-39. Az in the n-type case, the hot pressed condition is considered
to be most representative of the physical condition of an APX 10 washer in

a fabricoted medule.

The measuremant of thermal conductivity os a function of temperature
remains to be performed to complete the explicit characterization of the
APX 10 formulation. As in the n-type case (1 -d above), this could be done
either by direct measurement or by an in-medule comparative measurement
(with the comparison in this cose being made agoinst standard TEGS-2P
p-type PbTe). Before this is done, however, it would be possible to make

a reasonably good estimate of k(T) for APX 10 by using the k(T) values
measured by Resalab, Inc. for the APX 4 formulation (Figure 1V-22). From
those measurements and the measured electrical resistivity, a lattice con-
tribution I:IET] would be calculated for the APX 4 alloy. This k (T) would

then be assumed valid for APX 10 also, since the two compositions are
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virtually indistinguishable from the phonon propogation viewpoint. Finally,
using the measured electrical resistivity in Figure 1'V-39, on electronic
contribution I‘-LHI:T]- would be calculated for APX 10, and the total k(T) for
the APX 10 alloy determined from k(T) = !crlfT]' + kt{T]I.

As in the n-type cose, the good occuracy of Seebeck coefficient measura-
ments made on APX 10 specimens was confirmed by the excellent correlation
between Seebeck voltages measured directly from specimens subjected to
high temperature gradients and values obtoined by integrating the experi-
mental Seebeck coefficient vs. temperature curves. The high AT Seebeck
voltage measurements were also used to confirm that cold pressed and heat
treated APX 10 specimens hod Seebeck coefficients identical to hot pressed
specimens, which helped prove that the hot pressing procedure did not eoffect
the APX 10 material composition.

Atomic obsorption spectrophotometric analyses of APX 10 (and APX 4)
specimens proved that the sodium content of processed ond fabricated
material wes essentially the seme as in the material make-up compasition.
This alleviated the uncertainties which had arisen when previous emission
spectrographic analyses indicated that over half the moke-up sodium was
lost, Emission spectrography is not a satisfactory technigue for accurate

dopant concentration analysis in these materials.

The APX 10 alloy is chemically/electrically compatible with phlogopite
mica at temperatures up ho 700°C. It is not compatible with molybdenum
at 636°C, although the degree of interaction is somewhat less than in the
ANX 1/molybdenum case. Thus molybdenum hot side conductar rings
should not be used in an APX 10 module. On the some baosis as discussed
for the n-type case (|-f above), molybdenum Is probably a satisfactory
material for cold side conductor rings.

V=101



Unlike the n-type case, the APX 10 allay exhibits a slight interaction with
pure tungsten at 636°C. Although the extent of the 5e/W reaction zone is
only 4 um after 1000 hours at 636°C, further work is required to quantita-
tively establish the time and temperature dependence of the reaction, ond
its effect on the APX 10 transport properties and on the effective APX 10/
tungsten contact resistivity must be assessed to determine whether the

interaction can be ignored and tungsten safely used as a hot side conductor

ring materiol in an APX 10 module.

The APX 10 material exhibits behavior similar to that of standard p-type
PbTe in acting os @ source of elemental tellurivm which con tronsport to the
adjocent n-type washers and couse electrical property degradation of the
n-type material. Thus the same Ir-::nspnrl;-"rdl'f[l.rﬁqn barrier requirements

exist for an APX 10 module as for the currently standard devices.
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V. DIFFUSIOM BARRIERS
A, ELECTRICAL CONTACTS (RADIAL BARRIERS)

In the early embodiment of the tubular module, Armco iron was the material used

for the electrical conductor rings which directly contact the p- and n=type PbTe washers
at their inner (hotter) and outer (colder) circumferences. However, electron microprobe
and Seebeck probe studies together with EXC copsule experiments conducted during the
early yeaors of the Compoct Converter Program revealed that o diffusion-enhanced interoction
between the iron and p-type PbTe was deleteriously offecting the electrical properties of
the latter and thus causing a major fraction of the module performance degradation being
observed at that time. Thus, o study was initioted to find @ method for suppressing this
interaction through use of o substitute contact material or diffusion barrier.

An extensive series of compatibility experiments was performed in which nicbium,
zirconium, molybdenum and tungsten were tested in EXC copsules ond compatibility dies
in contact with both p- and n-type PbTe at temperatures up to 750°C. The results were
evaluated principally vio electron beem microprobe examinations, with some Seebeck
probe testing as well. This work hos been extensively reported prﬂ'.rinmr}r{”, and the
details will not be repeated here; briefly, tungsten was the only material which was totally
compatible with both n- and p-type PbTe, while molybdenum was compatible with n-type
but exhibited o slight interaction with p=type (much less severe, however, than the inter-
action between iron ond p-type PbTe). Micbium and zirconium were both found to exhibit
severe interoctions with the PETe materiols.

Molybdenum and tungsten contacts were then introduced to the module design in
various ways o3 listed and discussed below:

a. A thin tungsten foil strip was introduced as o diffusion barrier between the

inner (hotter) iron conductor ring and the PbTe washers. This produced a signifi-

cant raduction in short=term performance degradation rate, but the problem of

“}Cumpuc.'r Thermoelectric Converter Phase |1-C Finel Report, NYOO-3584-15,
July 20, 1949, Section Il.




completely covering the iron surfoce with foil while not shearing through the
mica separator washers with the sharp foil edges was never completely solved;

alse, the assembly process was complicated to a formidable degree.

b. In addition to (a); o tungsten foil strip was incorporated between the outer
(eolder) iron conducter rings and the PhTe washers after it was discovered that

in the 2 hour - 50/750°C module isostatic compaction process, enough inter-
action occurred between the outer iron conducter end p-type PbTe washer to sig-
nificantly reduce the initial medule performance level. This innovation also
produced a significant improvement in performance but suffered from the same

problem and complications as in (a).

e. Solid molybdenum inner, and later outer, conductor rings were substituted
for the iron/tungsten foil combinations. This waos very satisfactery from the
assambly and "coverage” viewpoints, and was quite successful in terms of low
degradation, high=initial-level module performance. Only the slight interaction
between the inner molybdenum ring and the p=type PbTe washer remained o
source of degrodation; the cold junction cperating temperature was too low
and the hot isostatic compoction time too short for this interaction to develop

at the suter canduckar interface,

d. To eliminate the lost known source of conloct-interaction degradation, the
molybdenum inner ring was modified by cutting a step into the p-type washer
contact area and filling this step with o solid tungsten ring diffusion barrier. The

resulting two-piece or "split" inner conductor ring design was discussed previously
and is shown in Figure I=11. This design modification essentially eliminated contact

interaction degradation from the tubular module.

e. Very recently, o slight interaction between molybdenum inner rings ond
n-type PbTe washers was detected by electron beom microprobe examination

of modules which hod been operated for very long periods of time. To elimin-
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ate this last tiny increment of degrodation, and also to prepare for the introduction
of ternary (Pb, Ge) Te and Pb(Se, Te) clloys to the module (which do not appear

to be as compatible with molybdenum as are p- and n-type PhTe), o tungsten

ring diffusion barrier was also incorporated between the n-type washer and the

main (melybdenum) inner conductor ring.




B. FOILS (AXIAL BARRIERS)

Results of electron beam microprobe examinations ond Seebeck probe measurements

on metallographically prepored specimers from tubuler modules, test copsules and compati-
bility dies have shown that phlogopite mica, used in thicknesses up to 0.010 inch to alectri-
colly insulate odjocent p= and n=type PhTe washers in the module circuit assembly, is

not an effective barrier to the axial transport of elemental tellurium from the p-type (tellurium
rich) to the n-type (neutral or tellurium deficient) wosher. Since no substitute Tnsulating
material possessing an adequate combination of mechanical and physical properties, fabri-
cability ond chemical compatibility has been identified to date, it has been necessary

to investigate vorious transport barrier concepts to permit continuing the use of phlegopite
mica while eliminating the electrical property degradation which results from accumulation

of tramsported tellurium in the n-type material.

The first concept investigated involved the incorporation of o .0004 inch thick
tungsten foil washer sandwiched between two half-axial=thickness mica washers at each
insul ator position In the circult, with the intent that the foil oct a5 o physical diffusion
barrier to tronsporting tellurium. Tungsten was selected becouwse it is the anly metal which
has been shown to be chemically inert to both p- and n-type PbTe, and the 0004 inch
thickness corresponds to the thinnest foil that wos commercially available. The concept
was evaluated in several EXC copsules and in sub-length technology modules TEM-15B
5/M=4 and 158 5/M-4B (See Section Il of this report). Testing of these devices revealed
that the barrier was very successful in reducing degradation due te axial transport of
tellurium through the mica (although there remained an increment of degradation due
ko transport around the mica). However, the significant performance loss due to redial
heat flow through the .0004 inch tungsten foil waos a serious drawback to this concept.

The situation was somewhat improved when it was determined from the results
of extensive Seebeck probe studies on metallographically prepored module sections that
the transport-degraded region of n-type PbTe washers in non-barrier modules was confined
to the inner (hotter) half of the washer rodial thickness, os shown schematically in Figure

V=1. It was then recsoned that a tungsten foil washer dimensioned to cover only the inner
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radial half of the mica washer would be perfectly adequate os an axial tromsport barrier,
and would perform much better from the shunt heat loss viewpoint (since the outer radial
half of the heat flow path would then be mica with its much lower thermal conductivity).
This modified concept was evaluated in experimental modules TEM-15B 5/M-4A and
158 5/MN=4C, where it was found that the reduction in degradation rate due to elimination
of axial tellurium trarsport wos indeed maintained, and that shunt heat losses were reduced
50 percent os compared fo the full-rodial =thickness foil case.

In view of the chove results, the holf-radial-thickness tungsten foil barrier concept
was incorporated os o standord design fecture in full=size tubular modules. A total of
12 reactor power modules (TEM-X 5/MN-3 series) and 3 electromagnetic pump power modules
(TEM-14B 5/N-1, -2 and -3) were fabricated using this barrier scheme.
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c. THIM FILMS (AXIAL BARRIERS)

1. Introduction
Daspite the odoption of the foll barrier as @ standard design feature, the

shunt heat losses through the foil /mica layers crected an cbstacle to the development of

a highest-attainable-efficiency module. A barrier concept which eircumvents this problem
is the use of a thin metal film deposited on either the mica or PbTe washer surfaces to
form o physical diffusion barrier, At film thicknesses less than obout 5, 000 i{i * 1!]"5
inchas), the radial heat loss through such o metal layer would be negligible. For reasons
already noted, tungsten is a highly aftractive condidate for a barrier film material. If

high quality tungsten films can be successfully opplied o the components, and if the

tungsten is effective as a tellurium diffusion barrier, then the use of such a film should
eliminate degradation due to axial tellurium transport without introducing any deleterious
sida EFFH::I:‘-{I} during the device operating life.

Experimental deposition of both molybdenum and tungsten films on mica
substrates, and iron and tungsten films on PbTe substrates, waos investigated using electron
beam vapor deposition (EBVD), RF and DC sputtering and chemical vapor depesition techni-
ques, with the bulk of the ectual work invelving the first of these. Facilities ot WANL,

(W) Research and Development Center, (W) Lima Aerospace Electrical Division, (W) Baltimore
Systems Development Division and outside suppliers were utilized. Process varicbles investi-
gated included source material purity, substrate temperature, source-to-substrate distance,
deposition atmosphere, deposition time and rote, substrate cleoning by glow discharge
bombardment, film thickness and post-deposition annealing.

Some success wos ochieved in depositing fairly good quality 1000 - 1500 A
molybdenum films and 500 - 1000 A tungsten films on mica, and experimental modules
were built fo evaluate beth of these. In later work tungsten films up to 1500 A thick

were successfully deposited, but equipment problems and program termination precluded
D
further advancement toward the 5000 A film thickness goal.

) such as potential long=term chemicol contemination.
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2. Description of Relevant Material Characteristics (e (2 () &)

Phlogopite (natural amber) mica is o complex mineral silicote found in natural
deposits in many parts of the earth. The chemical compaesition varies somewhat from one
deposit to another, but is typified by the farmula K I'f2 Mg3 Al (57(1413 which may also
(more informatively) be writted as HEG A AIEC}J . (MgQ), . ':SFCJE]# : {HEG:IE « In
certain varieties, fluorine atoms are substituted for some of the oxygen atoms. Two crystal
structures have been reported for natural phlogopite micas, Some varieties exhibit a
I;amgnnui structure with the (opproximate) lattice parameters a = 5.3 Eund €, " 29.98
A, In other cases are found monoclinie structures which resemble distorted hexagonal
arrays; these have lattice parameters of order a_=5.3 & b_=9.2 R =101 204
and 8= 95 to 100 degrees. In both types of structures there is very strong bonding in one
plane of the unit cell (the basal plane in the hexagonal case) and very weak bonding in
the principal lattice direction intersecting the strong bonding plene. This results in a
macroscopic structure which tends to be split into thin lamince paorallel to the strong bonding
plane. It is foirly eosy to accurately split the mico into thin sheets (down to about 0,0002 -
0.0003 inch thick) but, concurrently, it is almost impossible to obtain sheets 0.001 inch

or more thick which are completely free of laminar faults.

1

) F. M. Clark, Insulating Materials for Design and Engineering Practice, Part Ill: Mico
and Mica Products, Wiley, Mew York, 1962,

2

@ WAML-TME-1304, Literature Summary of Thermoelectric and Thermoelectric Madule
Material Properties, R. L. Novek and R Skalka, September 21, 1945,

(3) Electrical aond Fl‘l}mfﬂul Data on Mica |ru.t,.||uﬁng Film and Shest for the Design Engineer,
W. F. Griffith, Perfection Mica Company, MNov. 1945.

(4)

R. F. Bunshah {ed.), Techniques of Metals Research, Volume 1, Techniques of Materials
Preparation ond Handling, Part 3, Interscience, MNew York, 1748.
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Becouse of the laminar macrostructure, the mico is noticeably hygroscopic;
sheets obsorb moisture onte the internal lominar surfoces as well as the outer surfaces.
In applications such as the thermoelectric module this moisture is cbjectionable and must
be removed by drying ot elevated temperatures. An 800°C - 30 minute vacuum drying
cycle is used for module components. In sheets containing more than a few laminar faults,
the moisture evelution during this cycle couses surface eracking, blistering and physical
separation of the laminae over large areas, and 50 percent or more of the dried components
are often scropped for this reason. Although difficult te photograph, some appreciation
of this problem can be goined from Figure V-2, where two eriginally indistinguishable
2 x 2 x 0.0025-inch mica squares are shown after processing in the same drying cycle.
(Tha cbsorbed meisture discussed obove should not be confused with the water of consti-
tution which is given off as the material decomposes chemically in the Eﬁﬂ-lﬂﬂﬂ'ﬂﬂ'?emper-

ature range.)
The physical property of phlogopite mica which is of great significance in

this discussion is the coefficient of lineor thermal expansion. Most reference sources indi-
cata that in directions parallel to the plane of lamination this has a vaolue of 12 to 15 x
Tﬂdﬁx’Cﬂ in the 0 - 200°C temperature range. (Perpendiculor to the plone of lamination,
values os high o= |ﬂ"3 to Iﬂ-zf"'f.:ﬂ are given.)

Tungsten is o body centered cubic refractory metal having a lattice parameter
of 3.158 .E.. It has the highest melting point, 3410°C, of all the pure metals. In the 0 -
200°C temperature range its expamsion coefficient is about 4.6 iﬂ_ﬁfﬂn. Chemically,
tungsten is relativel y inert near room temperature, but becomes highly reactive { especially
with atmospheric gosses and carbon) ot temperatures abave 400 - 500°C or so.

Maolybdenum is another body centered cubic refractary metal, very similar
to tungsten in many respects; it has a lottice parameater of 3.147 R. melting point of ?MEIFC
and a 4.9 x 1072/° axponsion cosflicient in the 0 - 200°C range. It is somawhat mors
chemically reactive than tungsten in most instances; in particular, on interaction between
molybdenum and n-type PbTe has been identified which is deleterious to the electrical
properties of the latter.

V=g
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Iron is a bedy centered cubic metal (at the temperatures of interest hera)
having a 2.866 E lattice parameter, 1538°¢C melting point ond 11.8 x iﬂ_ﬁfﬂb expansion
coefficient in the 0 - 200°C. It reacts readily with many other materials (including p=type
PhTe) at moderate temperatures, but is virtwally inert to n=type PbTe.

PbTe is o compound semiconductor which exhibits the MaCl (B1) erystal structure
with a parameter of about 6.45 R (with small variations over the range of offstoichiometric
existence.) Its melting point is obout 923°C, but the vopor pressure of the solid is extremely
high and the material sublimes at a significant rate in open systems cbove 150°C or so.

FhTe has an expansion coefficient of about 19 x 1072/ in the 0-200°C renge. It 15 an
extremely reactive material even at moderate temperatures.

Before describing in detail the experimental work that waos performed, we
note a priori some of the major problems to be dealt with in implementing the thin film
deposition on mica substrates, these include:

a. The substrate surfoce will be crystallogrophically parallel to the strong

bonding plane a3 previously discussed. It is unlikely that any low index

planes in the tungsten or molybdenum lattices would mateh up closely with
the substrate surface (although this cannot be proved due to lack of o precise
atom=-position model of the mica erystal structure), so It is expected that

a distorted, highly defected tronsition region would be developed in the

deposited film adjocent to the mica. This would probobly result in poor

{mechanicolly weak ) bonding between film and substrate.

b. In the plane of the film, there will be o factor of 4 mismatch in thermal
expansion coefficient. Thus very high thermal stresses will be developed
in the film/substrate interface region when the temperature changes signifi-
cantly from the deposition temperature. Such a temperature change is quite
unavoidable; if a relatively high deposition temperature is used, the compo-
nents must be cooled to room temperature for removal from the deposition

chamber and assembly inte the module, and if o low depositicn temperature

V=11




is used, the components will be heated during processing and operation of
the assembled module. Since the film/substrate band will be weok at bast,

it is almost inevitable that the film will be mechanically separated from the
substrate due to the thermal stress. If the seporation occurred uniformly,

such that the film became an ultrathin foil adjacent but not bonded to the
mica, then its utility as o tramsport barrier would not be impaired. More
probable, however, is the occurrence of separation over small regions bounded
by cracks in the film. The resultant film segments might then foll owey, or
at least peel back from, the mico substrate.

c. Since the mica is hygroscopic, even if the substrates are processed in the
drying cycle prior to deposition, some moisture will be recbsorbed during
transport to any installation in the depesition chamber. This absorbed layer
will probably adversely affect film quality, and thus should be removed in

situ just prior to film deposition.

d. It is fairly well established in thin film technology that metal films of
1000 R or less thickness deposited balow o temperature ﬂa characteristic of
the particular metal tend to have an omorphous, non-crystalline structure.

The value of 03 tends to be highest for body centered cubic metals and tends
to increase with increasing melting point. Thus with tungsten and molybdenum
we probably encounter the highest possible volues of 8,; that is, to obtain a
crystalline as-deposited film, o higher substrate temperature would be required
for tungsten than for any other metal. The little quontitative information
available indicate that ﬁa for tungsten is prub-uhl}r 400 to EEIJDC. Im terms

of the capabilities of most deposition equipment systems (except chemical
vapor deposition systems), this is a very extreme requirement and could only
be met with o special and expensive apparatus. During most of the program,
equipment of this type was not available, and it wos necessary to take the

approoch of depositing an omorphous film on the mica and then annealing
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the coated component to effect an amorphous-ta-crystalline structural
transformation in the film. This tronsformation must be achieved if there is

to be any reasondble chance for the film to function as a diffusion barrier.

In the cose of film deposition on PbTe substrates, in addition to thermal
axpansion mismatch, the following must be comsidered:

a. The PbTe woshers used in tubular modules are produced by powder
metallurgy techniques and are about 91 percent of theoretical density when
ossembled into the module cireuit. The surfaces upon which films would be
deposited are thus not continuous flat planes as in the mica case, but rather
a series of relatively flat islands surrounded by deeply grooved boundaries.
When the washers are compacted to 100 percent of theoretical density during
subsequent module processing, the final film structure will have o network of
discontinuities correspending to the original surfoce porticle boundaries, and
the film material deposited in the original boundary grooves will be "folded"”

into the interior of the washer as final compoction progreses.

b. The high vopor pressure of PbTe will create problems if elevated substrate
tamparatures are Bi';'hnr (1) used to promote crystallinity in the as-deposited
film or (2) unovoidably obtained due to electron bombardment (sputtering) or
radiant heating (EBVD).

3. Electron Beam Vopor Deposition

As previously noted, most of the actual experimental deposition work has wtilized
the EBVD process. Mearly all of the EEVD work was performed in three equipment
systems at WANL. The first system used waos o 36 inch diometer by 48 inch long welding
chamber fitted with o 10 inch il diffusion pump vacuum system and o vertical beam EB
welding gun and power supply. A small molybdenum or tungsten cylinder (typically 0.5
inch diameter by 0.25 inch long) wos ploced on o copper block and positioned directly
under the electron gun. Mica sheet specimens (2 x 2 or 2 x 3 inches) were ploced in

various holding fixtures to position them as desired with respect to the vapor source.
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The chamber could then be evocuated and the source partially or completely melted with
the electron beam; material evaporating from the molten surface would then expand into
the chamber and deposit on the mica surfoce, In some coses, radiant heating lomps were
positioned irside the chamber to heat the mica substrates prior to and/or during deposition.
A large mumber of runs were made in this system using vorious combinations of substrate

|acation and substrate temperature (in the range 25 to cbhout ?mﬁ':} and o chamber pressure

just prior to each run of about 2-4 x 'II:Z'r_'I'Er torr.

A process was eventually developed for applying good quality melybdenum
films in this system. 2 x 2 x .0025 inch sheets were coated with 200 - B0O R films using
ombient substrate temperatures. The coated sheets were then hydrogen annecled ot 800°¢C
far 1 hour, after which the coating/onnealing sequence was repeated bwo more times.

The final Mo film thickness was in the range 1000 to 2000 & One module insulating

ring was then punched from each coated sheet. These barrier components were evaluated

in sublength technology modules TEM-15C 5/MN-4 and 15C 5/N-B, discussed in Section

Il of this report. In the TEM=15 circuit design, two rings were used ot each mice pasition
(Mo-coated faces together), so that the total barrier thickness wos 2000 to 4000 i at

each position. Testing of these modules indicated that their rate of electrical output degroda-
tion was less than in otherwise identical non-barrier modules, but the improvement was
disoppointingly small. Accordingly, it wos decided to obandon further work on melybdenum
coatings and concentrate on the development of a tungsten depasition process.

Warking with tungsten in the same equipment system, films obtained were
generally extremely poer and their characteristics extremely non-reproducible. Mo Ffilms
of remotely promising quality could be obtoined having thickness greater than 100-200 E
The problems invelved with the poor results were compounded by frequent breakdown of
the electron gun and power supply ond by frequent unavailability of the system for use
on this project.

Mear the end of the perod during which the above system was in use, a series

of EBVD experiments were conducted at the Westinghouse Boltimore Systems Development
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Division using a vastly superior equipment system. This opparatus featured o 270° deflected
electron gun, permitting placement of substrates in the optimum positions over the molten
source; quartz lamp substrate heaters permitting heating of the substrate to about 4ﬂﬂ-i51}nc;
provision for in situ cleaning of the substrate surfoce by glow discharge ion bombardment;
ond rapid pumpdown to the l'liil_'db - IIII_IIr pressure range, permitting many experiments
to be run per working day (vs,two days per experiment with the other system). Despite
these features and advantages however, the results of tungsten-on-mica depositions remained
poor. Only extremely thin films exhibited promising quality. Deposition of intermediate
layers of chromium or aluminum oxide did not improve the characteristics of thicker films.
The only positive result of this work was the cbservation that noticecble improvements
in film appearance and adhesion to the substrate were obtained by argon glow discharge
cleaning the substrate just prier to depesition or by splitting the mica sheets to expose o
"frashly cleaved" surface just prior to evacuating the chamber.
Attempts were also maode to deposit iron films on n-type PhTe, but the results
were poor; the films were dull and "powdery” ond oppeared to be completely non-adherent.
To permit further investigation of the cbove ond eliminote some of the problems
previously discussed, a second EBVD system wos set up at WANL. A surplus are welding
chamber, 30 inches in diometer by 48 inches long and equipped with a & inch oil diffusion
pump vacuum system, was obtained and fitted with the vertical beam electron beam welding
gun system that hod been used in the first chamber. This new chamber was reserved for
use on the vapor deposition project, and was thus fitted with more eloborate and useful
fixturing and occcessories including a water-cooled heat sink for holding the voper source,
universal adjustable substrate holders, o shutter for blocking the source-to-substrote vopor
path when desired, and a high voltage power supply, feedthrough and imstrumentation
to permit glow discharge cleaning of the substrates. Substrate heaters were not included
as resul ts previously obtcined with hot substrates were even worse thon in the cold substrate
coses. A |large number of experiments were run in this system, principally concerned

with investigating the effects of substrate position, glow dF:churga cleaning and duration
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of the deposition run. Ewventuolly it was determined that by using the following procedure,
falrdy good turigiten Finis 300-800 & thick could be deposited o 2:x 2 x 0.0025 fnch
phlogopite mica substrates which hod been processed in the 800°C - 30 minute vacuum
drying cycle prior to deposition:

a. Evocuate the chomber to obout 2 x lﬂdﬁ torr (the lowest attainable pressure

for this system).

b. Clean the substrates by argon glow discharge bombardment for 10 minutes

at a pressure of 20-25 microns and a discharge current of about 25 millamperes DC,

¢, Re-evacuate the chamber to 2 x IIEI_5 torr.

d. Melt the upper end of o .25 inch diemeter by .50 inch long tungsten cylinder
to form a molten hemisphere vapor source.

e. Deposit tungsten on the mica for | minute using a source-to-substrate distance

of B inches.
f. Cool for 30 minutes (or more), then perform o second 1 minute deposition run,

This procedure was used with the opparatus setup shown in Figure V-3 with a typical
vield of 50=60 percent occeptoble specimens (details of acceptable ond unocceptable
specimens are presented in a later section). All ottempts to lengthen the depasition run
duration or to increase the number of depositions per specimen produced unacceptable
results.

A sufficient number of acceptable specimers having film thicknesses of arder
500 A wes made to Fobricate axparimental modula TEM=15C-4A, Tasting of this module
revealed a reduction in the rate of electrical cutput degradation sufficient to justify the
procurement of a sophisticated ultrahigh vacuum EBVD system with which fo continue the
development of a tungsten-on-mico deposition process which would yield 5000 -ﬁu. tungsten
films.

Working in the same equipment system, o preliminary attempt wos made to deposit
tungsten onto the flat foces of P-Type PbTe pellets. However, the resultent films were

completely non-adherent, both in the as-deposited condition and following a one hour,
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725°C hydrogen anneal.

Finally, os alluded to obove, a third WANL EBVD system was procured and set
up. This was an Ultek RCS ultrahigh vocuum system (ion pump + titanium sublimation
pump + cryopump) fitted with o 24 inch diameter stainless steel water=cooled bell jor
and a conteminant-free rough pumping system (carbon vane blower + sorption pumps).

It was equipped with an Airco-Temescal 270° - deflected 4-crucible electron beam source,
B kw power supply and x-y beam sweep control; fixed-dome substrate holder having o
capacity of 137 1.5 inch diameter mica dises; 2.5 kv AC glow discharge substrate cleaning
system; and an B kw quartz lomp substrate heater system rated for heating the substrates

to 500°C. Most of the features of this system can be seen in Figures V-4, V-5 ond V-6.

The irstallation and set up of this system was plogued with o series of problems,
maost of which invelved inadequacies in the integration of the EBVD components, substrate
fixturing, substrate heater components and glow discharge components with the basic vacuum
system, Although most of these problems were eventually resolved, the time spent in
this work precludedthe accomplishment of much experimental depesition work prior to
termination of the program. Mevertheless, good quality, adherent tungsten films of about
1500 A thickness were being deposited on mica at substrate temperatures in the 350-450°C
range just before work waos stopped.

4. §Eurh!|'|'ng

The first series of sputtering experiments was performed in o DC system located
at the (W) Limo Aerospoce Electrical Division. Tungsten-on-mico and chromium=-on mica
films of 1000 - 3000 A thickness were deposited ot a substrate temperature of about 200°C.
The tungsten films were "powdery” ond completely non-adherent, but the chromium films
were of good quality and quite adherent. Attempts were then made to deposit tungsten
on a chromium subcoating, but the double film invariably floked away from the mica in
tightly curled flokes, presumobly due to a very high residual stress condition.

At obout the some time that the previously discussed EBVD experiments were

being conducted at (W) Baltimore, a second series of sputtering experiments wos being
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performed at the (W) Research and Development Center using aon RF system. This werk

was performed in a high performance Varian RF/DC sputtering system, where depositions
were attempted using substrate temperatures as high os 550°C. Among the other process
variables investigated were the effect of glow dischorge substrate cleaning (" off-sputtering" )
for as long as one hour prior to deposition, and the effect of a thin sputtered layer of
aluminum oxide interposed between tungsten and mica.

The results of the sputtering experiments were substantially the same as those
of the EBVD work at that time: that is, good quality films could only be obtained at thick=-
nesses up to a few hundred Angstroms, no good films could be obtained wsing high substrate
temperatures, and significant improvements in film quality were cbtcined by glow discharge
cleaning the substrate surface and by splitting the mica to expose a "freshly cleaved”
surfoce just prior to evacuating the chamber. The sputtering work wos termincted because
there did not appear to be any inherent advantage to using sputtering os opposed to the
EBVD process, ond it was thus considered preferable to continue working with the (EBVD)
facilities physically located ot WANL,

Finally, a set of evaluation specimens were prepared by an oulside vendor,
Varian Vocuum Division. These tungsten films, of unknown thickness, were of high quality
and exhibited excellent adhesion to the mica substrates. Hod these been obtained early
in the program, they probably would have influenced the direction of work toward the sputter=
ing process in preference to EBVD, but they were not made available for evaluation until

after procurement of the Ultek ultrahigh vacuum EBVD system was committed.

5. Chemical Vapor Deposition

Early in the tungsten film barrier concept progrom an outiide vendor, 5an
Fernande Laboratories was retained to deposit tungsten coatings on a set of mica specimens
using their version of the chemical vapor deposition (CVD) process. A set of evoluation
specimens was delivered having coatings in the 10,000 - 13,000 .E thickness range. In
all cases the coatings were badly blistered and virtually non-edherent to the mica. Also,

the uncoated back surface of the mica waos severely discolored, In view of these "best
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effort” results, it wos decided that the CVD opprooch wes not promising and the work was

terminated.

6. Charocteristics of As-Deposited Tungsten Films

Evcluation of experimentally deposited films was mode principally on the
bases of viswval and microscopic appearance and adhesion to the mico substrate os deter-
mined by certain qualitative tests. Visually, film oppearance varied from a bright, smooth,
mirrorlike metallic surface through various degress of milkiness or cloudiness to o completely
dull, dark "powdery” deposit. The microscopic aspects of these variations will be discussed
balow in some detail. Attempts to moke a meaningful film adhesion meosurement by various
tape-pul| techniques were not successful becouse o thin surface layer of mica easily fractures
and pul ls away from the bulk mica sheet, moking it nearly impossible to differentiate
between mica fracture and poor film adhesion. Eventually o simple rub test was resorted
to; and it was actually possible to make distinct judgements on the odhesion of o given
film using this approach,

The first discussion of specific film choracterisitics concemns films deposited
in the second WANL EBVD system, where the bulk of the octual EB experimental work
was performed; this is the system in which the components for experimental module TEM-
15C 5 MN-4A were made.

Figure V=7 is a 75X photogroph of a film which would be judged perfect
on the basis of visual examination. This film is obout 500 A thick, and enly o few fine
crocks and small pits or inclusions are seen in the 0,060 x 0.047-inch area of the phatograph.
A film of this charocter uswally (but not always) exhibits good to excellent adhesion.
Figure V-8 waos prepared specifically to illustrate one of the principal problems associated
with the mica subsirate (rather than the deposited film), namely the array of elongated
blisters which have developed in the surface (blisters are also faintly visible in Figure V-7).
It appears that these develop during glow discharge cleaning, but only speculation exists
at present concerning the mechanism of their development.

Figure V-9 shows a film which is relatively free of cracks but has a high

density of pits and inclusions. Films having this type of appearance were obtained periodi-
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Figure V-8, Elongated Blisters in Mica Surfoce Layers,
75X
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colly throughout the work, but their occurrence could not be correlated with any particular
aspect of the deposition process.

Figures V=10 and V=11 correspond to the visual observation of an increasing
degree of cloudiness or milkiness in the films. The photogrophs show this to be associated
with the development of an increasingly fine network of crocks, reducing the film to an
array of frogments having the appearonce of o "two-dimensional" groin structure. A frag-
ment network of this type was inevitably observed to develop in films whose thickness

approached 1000 E, irrespective of the details of the deposition run or process. However,
networks very fraquently were observed in much thinner films as well, and it is believed
in these cases that their appecrance is due fo the development of temperature gradients
{ond hence thermal stress grodients) in the specimen during deposition. Although it is
not evident in Figure V=11 because of the two-dimensionality of the photograph, edge
lifting and peelback begins to occur in the film fragments as their size approaches that
shown. Adhesion tests on network specimens indicate that odhesion deteriorates rapidly
with decreasing frogment size,

Figure V=12 illustrates o somewhat different, but also frequently encountered,
film defect structure. Several sets of long, parollel cracks or tears are found to intersect
at fairly discreet angles, and extersive peelback has sceurred at the edges of the tears.
Films of this type ore virtually completely non-adherent. The cccurrence of these arrays
may be more related to the mica substrate than to the tungsten film or the deposition
process. Similar arrays of lines which do not oppear to be cracks or tears are at least
faintly visible in Figures V-7 through V-10. Also, the array is very similar to the array
of deformation faults and cracks invariably observed in the mica insulators during destructive
examination of modules which have been isostatically compacted. In some coses an arroy
of tears is observed in a second or third "layer" of a film. with peelback occurring from
an earlier tungsten layer rather than from the mica as shown in Figure V=12

For the purpose of making module washers for experimental evaluation,

2 x 2 x 0.0025 inch mice squares were coated with 300 - 800 .E. films as previously described,

A given square waos accepted for madule use if it contoined o washer-size film orea of
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o
Figure V=11, Finely Frogmented 500 A Tungsten Film with Slight
Peeling - As-Deposited, 75X
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Figure V=12, Arroys of Porollel Tears with Severe Peeling in 500 A
Tungsten Film - As-Deposited, 75X
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qual ity equivalent to that shown in Figure V-7. Typicelly, 50 - 60 percent of the specimens
in o given run were accepted. Some feeling for the difficulty of selecting acceptable
specimens con perhaps be imparted by noting that oll of the film characteristics shown

in Figures V=7 through V-12 were photographed ot different locations of o single 2 x 2

inch specimen.

Mext, we briefly discuss films deposited in the Ultek RCS ultrahigh vacuum
system just before termination of the program. Figure V-13 shows various characteristics
of a 1500 A film deposited at o substrate temperature of 450°C, which oppeared visually
to be perfect and exhibited excellent adhesion. Most of the area of this film had a very
low defect density, as in Photogroph A. The most prevalent defects present were highly
localized fragmented regions, os in B; sets of parallel linear tears or crocks, as in C; ond
(rarely) areos of high pit or inclusion density, es in D,

The achievement of depositing good quality films at high substrote tempera-
tures in the ultrahigh vacuum environment belies the results previously obtained in the
oil-pumped EBVD ond sputtering systems. It must be concluded that the problems experienced
in the latter cases were due to outgassing, hydrocarbon contamination or some other factor
indigenous to the lower quality vocuum environment.

Finally, Figure V=14 shows some characteristics of the sputtered films deposited
by Varion Vocuum Division. Photograph A is on orea depicting the lowest density of
defects cbtained in flat films (see below); this does not opproach the freedom from defects
obtained in the better EBVD films. In B is seen a finely fragmented film very similar to
the EBVD film of Figure V-11, and C shows a film containing numerous large tears with
severe edge peelbock. Unlike the EBVD case, the above films all exhibit excellent odhesion
despite their high defect demsity. Photogroph D shows o sputtered film with low defect
density, but the film itself is severely corrugated or ridged in a randomly criented manner,
Only films of this tvpe hod defect-free areas approaching those obtained by EBVD., Mo

explanation is available for the development of the corrugation network.
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7. Processing of Tungsten Coaoted Mica

As noted previously, the thin tungsten films deposited ot relatively low
substrate temperatures are amorphous in the as-deposited state, but must be structurally
crystalline if they are to function as a physical diffusion barrier, Several experiments
were performed on annealing os-deposited films ot various temperatures and in various
heat treating atmospheres, after which the films were scroped off and x-roy powder diffraction
patterns token to see whether a given anneal had promoted the amorphous-to-crystalline
structural transformation. [t was found that a tungsten diffraction pattern was cbtained
after annealing af temperatures as low as 600°C, although 650 - 700°C produced a stronger
pattern. Varying the annealing atmesphere from argon to hydrogen to vacuum had no
apparent effect on the diffroction pattern.

Two complicating cbservations were also made during the annealing experi-
ments. First, a tungsten carbide (o - WCE} diffroction pattern was inevitably superimposed
on the pure tungsten patterns obtained. |t is believed that some tungsten carbide is formed
as the vapoerized tungster, transporting from the vopor source toward the mica substrate,
reacts with hydrocarbon contaminants in the residual chamber atmosphere to form W‘CI
molecules which then deposit on the mica. It is felt, however, that tungsten carbide is
a completely innocuous contaminant phose, and no effort was directed toward its elimination.
(Carbide formation probably would not occur in the Ultek ultrahigh vocuum system, as
the hydrocarbon concentration in the system is presumably very low.)

Second, it was found that annecling usually reduced the adherence of films
which had good appearance and adherence in the as-deposited condition; this is presumably
due to the thermal expansion mismatch previously discussed, (Mot surprisingly, it wos
alse found that annealing did not improve the characteristics of films which exhibited
poor as-deposited oppearance and/or adherence.) In view of this latter situation, it wos
dacided that components would not be annealed prior to assembly into the module; the
isostatic compaction temperature currently used in processing assembled modules is sufficient

te produce the required structural tromsformation in the tungsten films.
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Module washers for TEM=15C 5/MN-4A were punched from tungsten coated mica
blanks using the same hardened tool steel punching dies that are used for uncoated mico;
a test punching and an unpunched cocted blank are shown in Figure V=15, Microscopic
examination of o few punched module woshers revealed no film defects that could be

attributed to the punching operation.
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VI, LOW EXPAMSION BIMETAL INMER CLAD

A INTRODUCTION

Experimental data from early recctor power module tests along with dato generatzd
during destructive examination of these modules indicated that severe module circuit
component distortion resulted from differential thermal expansions of the module clads
during transient operation. Subsequent stress onalyses efforts showed that the distortion
could be eliminated through the substitution of a low expansion inner clad material for
the previously used Inconel 718 inner clods.

The design of o refractory metal inner clad to be used in o proof-cf-principal
test (TEM-X 5/MN-2) is discussed in detail in Section | of this report. The clad for this,
and all subsequent reactor power modules on this progrom, was made by (hot) tandem
co-extruding two single Te=10W/316 stainless steel bimetal joints, electron beam welding
the Ta-10W ends of these together, and machining the resultant assembly to the final elad
configuration. As discussed in Section |, performance data generated during subsequent
refroctory metal clad reactor power module performance data along with post-test destructive
examination results showed that the circuit distortion problem had been successful ly
eliminated.,

Additional materials evaluation work was required, however, to ensure that the
integrity of the bimetal joint was not imparied during cyclic or long term operation of
the module and to develop o seal to eliminate in-leakage of cir into the module during
operation in o laboratory (air) environment, The latter effort was very critical in that
trace amounts of air were found to produce oxygen attack of the refractory metal clod
during operction, thus initiating cracks which allowed liquid metal to leck into the module.

Vi-1




B. EVALUATIOMN OF THE TEM=X 5/MN=-2 INMNER CLAD

As discussed in Section | of this report, TEM=X 5/N=2 was o proof=-of-principal
experimental module designed fo demonstrate that circuit component distortion could be
eliminated through the use of a low expansion refractory metal inner clad. Test data and
destructive exomination data from this experiment, as discussed in Section |, gave conclu-
sive proof that the reason for previously observed circuit distortion was the total thermal
expansion mismatch between the inner and outer clads,

During the post-test destructive examination of TEM-X 5/MN-2, the entire length
of the inner and outer diameter of the bimetal clod was examined visually and metallographi-
cally. Mo evidence of NaK corrosion or oxidation was cbserved at any point along the clod
axis. The center section, where the two extruded bimetal joints were electron beam welded
togather, was removed and metallographicall y prepared for examination via light microscopy.
Figure Vi=1 is a photomicrograph of the weld zone from TEM=X 5/'MN=2. The microscopic
examination revealed no indications of impurities, porosity or inclusions.

The electron beam welding was done at o pressure in the Tll.'l_5 tarr range.

Experimen tal '.--.-'s:ur"-:mI has shown that EB welding of refractory materials ot pressures less

than TI:ZI'EIr torr results in weld zone oxygen levels which are equal to or less than the oxygen
content in the baose material. Comsequently, essentially oxygen-free welds are assured

at the center of the Ta=10W clad by proper control requirements during EB welding.

The tandem transition joint between the 316 ends and the Ta-10W center portion
was removed, mounted separately, and examined via light microscopy and the electron
beam microprobe. Figure VI-2 is a photomicrogroph of a portion of the jeint area. The
photo is representative of the entire bond area examined. Mo separation of the two materials
was evident. The diffusion bond reaction is characterized by a thin layer of intermetallic
formation (L0001 to 0002 inch) at the Ta-10W/314& 55 interface. EB microprobe troces
across the joint bond area showed the intermetallic loyer was composed of nickel, chromium

and tantalum,

) MNASA Controct Report Mo, 54088, ﬂuur’raﬂy Report, March, 1964, " Determination

of the Weldability and Elevated Temperature Stobility of Refractory Metal Alloys."
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Figure Vl-1. Electron Beam Weld Zone from TEM-X-2 Inner Clad (40X)
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Ta-10W

3146 55

Figure Vi=2Z Photomicrograph of Bond from TEM-X-2 Inner Clad Showing
Intermetallic Diffusion Zone (500X)
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The width of the intermetallic layer is controllable during the fabrication process
by varying the extrusion temperature. |t was decided that o lower extrusion temperature
would produce o two=fold benefit; not only would the intermetallic loyer be reduced in
thickness, but the bond would be strengthened because the strength ratio of the stainless
steel to the To=10W would increase. There waos also evidence that o stronger joint resul ts
as the length of the tapered transition region is increased. The joint from TEM-X 5/MN-2
hed a bond length which voried from 0.5 to 1 inch. In later implementations of the bimetal
clad, the extrusion temperature wos limited to the ronge 782 to Iﬂﬂﬂn"; and slight changes
were made to the billet preforms to yield a final transition region length of ebout 1.5 inches.
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C. QUALIFICATION OF THE TA-10W/316 55 CLAD FOR LONG TERM USE

1. Intreduction and Background
In view of the demonstrated success of the Ta=10W,/314 55 low exponsion

inner clad in eliminating module circuit distortion during thermal cycling o program
was initiated to perform detailed qualification of this clad for long-term operaticnal
system use, The specific objectives of this program were as follows:
0. Ensure that the MDT and inspection techniques used to evaluate the TEM-X
bimetal clads are adequate for detecting defect conditions which might
lead to problems during long-term system operation.

b. Determine the detailed effects (if any) of thermal cycling on the physical,
mechanical and mi‘u"urg?cal charocteristics of the bimetal clad in general

and the intermetallic bond region in particular.

c. Uking available literature data from prier and continuing cutside progroms,
estimate the diffusional growth rate of the intermetallic bond region at
temperatures in the vicinity of 650°C. Lking this estimate, select three
suitable test temperatures ond experimentally measure the intermetallic

growth rotes at these temperatures.

d. Based on the growth rates measured in (c), caleulate the operating time
ot peak inner clad operating temperatures required for the thickness of
the intermetallic bond region to reach the critical 5 x 'lﬂ-q' inch value

(1)

that previous work " * has shown to couse mechanical embrittlement of similar
bimetal diffusion bonded ossemblies. This period of time would then repre-

sent a probable limit to the useful operating life of o bimetal clod module.

LY R. W. Buckman, Jr. ond R. C. Goodspeed, "Evaluation of Refractory/Austenitic Bimetal

Combinations, " WAML-PRE-(EE)-004, August, 1949, Final Report, Contract NAS-37634
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e. Also bosed on the growth rates measured in (c), analytically determine
a temperature T* which in 100 hours of exposure will produce the same
amount of intermetallic growth as would 44, 000 hours of exposure to the
650°C peak inner clad operating temperature. Then actually anneal an

experimental specimen for 100 hours at T*, and verify the analytical results.

To provide specimens for the experimental work, six Ta-10W/314 tandem
extruded single joints were procured from Muclear Metals. These joints were extruded
at a nominal temperature of 101 0°C. The machined specimen dimension (inches) were
.932 O.D. x .750 I.D. x 10.8 long (later shortened to 8.0 inches by cutting off the To=10W
ends), with a nominal tronsition joint length of 1.62 inches; a typical joint is shown in

Figure VI-3.

2. MNondestructive Testing and Inspection

Various nondestructive testing and inspection technigues were used to evaluate
the bimetal joint specimens in the as-received state and after exposure to various experi-
mental conditions. To detect surfoce and surface-connected defects, liquid penetrant testing
incorporating o solvent-removable visible dye penetrant was used in cccordance with
WAL P5-294564-1, Class O. A borescope wos used to look for defect indications in
the specimen bores. Helium leak testing for gos-permechble defects penetrating the entire
specimen wall waos performed using the most sensitive scale of o Veeco M5-9 mass-spectro-
meter-type leak detector. Dimensional meosurements were made using conventional inspection
instruments, with all values measured being indexed and recorded to permit comparison
of pre- and post- test conditions. Rodicgrophic imspection was performed in accordance
with MIL-5TD-271,

It had been onticipated that the most semsitive and useful technique for
nondestructively evaluating the condition of the intermetallic bond region itselF would
be immersion uvltrasonic testing using a water couplant; both pulse-echo and through-

transimission ultrasonic examination hod been used to inspect module clads and to evaluate

vi-7




usw|38ds LOKDILLENE JUIST [D4BWLG §S 91E/MOL-PL "E=IA 24nBl4

Vi-8



Astronuclear
Laboratory

similar bends in another prngmm“! At the time that the six specimen joints were ordered,
the ultrasonic equipment which was used to inspect module clods had been dismantled and
put up for disposition (fabrication of new reactor power modules was not o funded task

of the Compact Converter .F"mgmrn at that time], and the experienced operator wos no longer
available. To parmit on-site performance of ultrasonic testing during this qualification
program, the equipment was redesignated for such use; a new operator identified, and the
test equipment/Fixturing setup reassembled with incorporation of some fixturing improvements
over the previous arrangement.

A precision standard for evaluation of the bond region, which simulated both
localized defects and large-area unbonding was then dasigned and procured. LUsing this
standard and also an early bimetal joint which was known to be defective, a series of setup
and checkout tesks were made to ensure proper functioning of both equipment and personnel.
The results of these tests were somewhat disappointing; good reproducible indications
could easily be obtoined for the localized defects, but indications of lorge area unbonding
were extremely difficult to interpret, and the reliagbility of the |atter interpretation appeared
to be overly dependent upon operator skill and experience. It was finally necessary to
abandon the use of an unbonding standard, and each test run on each tubular specimen
was set up on the basis of detecting the presence of small-diemeter dots of thin paper
tape offixed to the inner surface.

At first it oppeored that this latter approach was satisfoctory; when an unbonding
indication was obtained on cne of the as-received specimens, it was exoctly reproduced
several times even when other specimen tests were interposed between repetitions. It
was |ater found, however, that specimens which had originally been judged defect-free
exhibited urbonding indications when re-tested in the some condition some months later.
Thus, although the results of ultrasonic tests will be noted below as though they were
completely reliohle, they must in fact be regarded with some suspicion. |If the progrom

() D.R. Stoner, "Evaluation of Tentalum/316 Stainless Steel Transition Joints", MNASA
CR=-121111, December, 1972,

V-9




were to be continued, either more work would be done to qualify @ totally reliable ul ra-
sonic technique, or a different technique (probably eddy current testing) would be developed
to detect unbonding.

The six single joint specimens were inspected and tested in the as-received
state using all of the cbove methods, with results given in Table VI-1. The results of
inspection and testing after exposure to the various experimental conditiors will be given
in the appropriate subsections below.

3. Thermal Cycling and Mechanical Property Tests

A paramount ut:]ucli-.re of the qualification progrom was te demanstrate that

the bimetal joint could withstand the specified recctor module thermal cyeling conditions
without experiencing physical or mechanical domage or deterioration which would affect
module performance or integrity. The specified cyele configuration consists of heating
and cooling at the approximate rate of 16,7 C°/min between the limits 260 and 593°C,
Before any experimental work was perfformed, o study was conducted of avail-
able information frem other programs which have considered the effects of thermal cycling

() (@),

on refractory metal/stainless steel tronsition joints In one :usu“f a 3.0 inch I. D. %
0.095 inch wall Mb=1Zr/316 55 joint wes subjected to 20 thermal cycles between 149
and 843°C o rates of 11.6 (heating) and 5.3En.fmin-. (eooling), 500 more cycles between
788 and 871°C at 16.7C°/min., and finally 58 cycles identical to the first 20. Na structural
defects were found in this specimen after cycling but a 0.052 to 0.055-inch rodial reduction
had occurred in the joint region,

In a second more extensive program {2],, 1.75 inch LD, x 0.123 inch wall To/316 55

joints were w]:ri&cred to 100 thermal cycles between 121 aond ?32:':: alt o rate of S,ICGfmin,

(1)
H. M. Cameron, "Thermal Cycling Test on a 3-inch Diometer Mb-1 Zr to 316 Stainless

steel Transition Joint,™ MASA TMX-2118, Movember, 1770.
(2) D. R. Stoner, "Evaluation of Tantalum/316 Stainless Steel Transition Joints, ™ MNASA
CR-121111, December, 1972.
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All four specimens remained helium leck tight after cycling but all four had developed
fissures (cracks) in the 316 LD, adjacent to the intermetallic bond region, end cne had
also developed fissures in the Ta O.D. adjacent to the bond region. Mo unbonding of
the intermetallic region itself was cbserved. All four specimens exhibited diometral reduc-
tions in the joint region, renging from 0.005 inch (specimens internally helium pressurized
to 250 psig ot 732°C) to 0.017 - 0.085 inch (specimens tested with open bores),

In considering the applicability of these results to the reactor module inner
elad, we had in the TEM-X case a much smaller 1.D. (0.750 inch) while maintaining o

comparable wall thickness (0,091 inch). These, combined with the comsiderably reduced
upper temperature limit for cycling (593°C), meant that the radial displacements due to
thermal expansion would be very much smaller, and hence the extent of the yielded zone
and amount of plastic flow in the TEM-X joint region would be far less than In the reference
cases. Furthermore, the strength of the To=10W refroctory metal component in TEM=X
was substantially higher than that of the Nb=1 Zr or Ta referance specimens (67/37/335 kpsi,
0.2% ¥S ot R T.; 80/50/45 kpsi, UTS at R.T.; typical values for comparable spncimens“ }l,
which would further reduce the extent of the yielded zone, the amount of plastic flow and
the probability of fissuring in the refroctory metal side of the joint. In defense of the obove
argument is the fact that 11 TEM=X modules with Ta=10W/316 55 inner clods were operated
on test, with up to 13,990 hours of operating temperature exposure and up to 53 thermal
cycles, without any indications of transition joint failure.

The possibility of developing diametral shrinkage in the TEM-X transition
zone wos not quite so easily dismissed; although such shrinkage would be for less thon
in the reference cases, it clearly could be non-zero. An immediate lock into this situation
was taken by making |.D. profile measurements on @ TEM-X clad which was subjected to
50 thermal cycles between 260 and 593°C at Iﬁ.?'l:n,.-"'mfn. in a liguid metal loop system

at Atomics International, The results indicated that no significent diamatral changes

(1) b. R Mash, D. W. Bauer and M. Schussler, "Fobricating the Refractory Metals, "
Metal Fmgres:, February, 1971.
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{localized to the tramsition zone) had cccurred. However, o more precise evaluation of
this sitvation was made during measurement of specimens from experiments conducted under
this task, os discussed below,

A tensile specimen design for evaluating the transition jeint was evolved
in conjunction with mechanical testing consultants at the Westinghouse Research ond
Development Center, and friction-type tensile grips for this specimen configuration were
designed and procured. A sketch of the tensile specimen is shown in Figure VI-4; five
of these could be machined from o given bimetal joint specimen.

Ona specimen (C23842) was selected at random from the defect-free group
and machined into five tensile specimens to be used for establishing the mechanical defor-
mation and strength characteristics of the intermetallic joint (relative to the Ta-10W and
314 55 base alloys) for the as-received condition, and room temperature temsile tests were
made on three of these, In testing the first specimen, C23542-E shown in Figure Vi=3,
some slippage was experienced in the friction-type tensile grips; this resulted in a less-than-
smoothly varying distribution of plastic tensile strain along the specimen gage length, as
shown in Figure Vl-6. However, the important result of the test is that fracture eventually
occurred in the 314 stainless steel portion, well removed from the intermetallic bond region,
After correcting the grip slippage problem, a second specimen (C23842-A) was tested at
a higher strain rate; as shown in Figures V1-7 and VI1-8 the fracture again occurred in
the 316 stainless steel portion, but this time a very smooth plastic strain distribution was
obtained,

Finally, to investigate the fracture mode when the specimen was comstrained
ta fail in the intermetallic bond portion, a third specimen (C23842-B) was cut down to a
small cross section in the bond pertion as shown in Figure V1=, This was then tested
at a crossheod speed selected to give about the same strain rate in the cut down section
as that used in testing the second specimen above. Failure of this specimen cccurred
in the following sequence:

a. An initial frocture occurred in the Ta-10W near the thin end of that material,

as shown in Figure VI-10.

VI=13
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b. As deformation continued, vielding of the 316 stainless steel wos oble to
accommodate the displocement in thet material, but the intermetallic bond
itself {which is less ductile than the stainless) could only accommadate the
displacementby a slow propogation of the initial frocture olong the bond
interface, This condition con also be seen in Figure VI-10.

c. When fracture along the bond interface reached opproximotely the midpoint
of the joint, propogation ceased. The remaining test displocement was

accommodated by yielding of the 316 stainless steel in the region of bond
fracture, Finally terminating in fracture of that material. The plastic strain

distribution ond other data for this test are shown in Figure VI-11,

Two important conclusions were drawn from the results of the above tests.

First, when the base metal and intermetallic bond regions are equally stressed, frocture
occurs in the stainless steel rather than in the bond region along the bond interface.

Second, even if the joint is stressed in such a way that failure must oceur in the bond region,
the principal failure mode is o tersile-type fracture in the Ta-10W side of the bond inter-
face rather thon o delaminating=type fracture olong the interfoce. It thus appears that,

in the as-received {extruded) condition, preferential mechanical failure clong the inter-
metallic bond interface does not occur, and the as-received Ta-10W/314 55 joint must

be considered satisfactory from the mechanical property viewpoint.

A Varian ion-pumped ultrahigh vacuum furnace with split-can tontalum heaters
was fitted with a cam-type temperature controller and set up for thermally cyeling the
bimetal joint specimens. The ultrahigh vecuum environment was judged necessary to avoid
contamination of the Ta-10W specimen portion with the interstitial impurity elements
iC, M, Q) which are commeonly found in lower-quality vacuum atmospheres and which
are known to severly affect the mechanical properties of refractory metals at concentrations

as low as a few hundred ppm.
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Te permit precision profiling of the contraller cam to give the desired time-
temperature cycle configuration, setup tests were made using o stainless steel dummy speci-
men and later the bimetal joint specimen which had exhibited unbonding indicatiom during
ultrasonic testing in the as-received condition. Grit blasting of the outer specimen surfoces
was found necessary to increase the specimen emissivity to a value which permitted achieve-
ment of the desired 16,.7C"/min cooling rate. Instrumentation comsisted of one contral
thermecouple, located at the axial center of the intermetallic bond region, and three
monitoring thermocouples distributed along the specimen length. Pressure was measured
with an ienization goge. The specimen was held in the furnace hot zone by o tungsten
wire hanger threaded through two small holes drilled through the tube wall at the Ta-10W

end.
Specimen C23840, which had exhibited unbonding indications during ultrasenic

testing in the as-received condition, was installed in the furnace and subjected to 50
thermal eyeles. It was then removed from the furnace and ultrasonically tested; unbonding
indications of greater severity than in the as-received cose were oblained. Helium leak
testing indicated no apparent defects, but some liquid penetrant indications were obtained
on the inner surface. Inner and outer diameter profile measurements were then made,
and the averaged results are plotted in Figure VI-12 together with similar data representing
the as-received condition. It is doubtful that the dimensional changes shown, which
are at most . 0004 inch diametral variations, are of any significance with respect to the
physical/mechanical condition of the bimetal joint; most of the indicated changes are
within the limits of error of the measuring and averaging technique (+ . 00015 inches),
specimen C23841 wos then randomly selected from the remaining group of
defect free joints, installed in the furnace and subjected to 50 thermal cycles during which
the pressure typically varied from 2 x 107 torr at 260°C 1o 5 x 1077 torr at 593°C. The
actual time = temperature cycle configuration for this test is shewn in Figure VI-13. The
specimen was then removed from the furnace and ultrasonically tested, with some unbonding

indications being cbtained. Helium leak testing and liquid penetrant inspection indicated

ViI-23
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no apparent defects. After measuring inner ond outer diameter profiles the specimen was
cleaned, reinstalled in the furnace and subjected to o second set of 50 thermal cycles
which waos identical to the First set, |t wos again nondestructively tested, with results
similar to those obtained after the first 50 cycles, and diameter profile measurements were
repeated. The averaged diameter data is plotted in Figure VI-14, which again indicates
that no significant dimensional changes occur in the bimetal clad due to thermal cycling.
C23841 was then machined into five tensile specimens, two of which were
cut down to force failure to occur in the intermetallic bond portion os previously described.
Two regular and two cut-down specimens were then tensile tested at room temperature.
Figures VI-15 and VI-16 show the plastic strain distributions and other test results for

the two regular specimens (C23841-C ond -E), whose tests differed only in the stroin rates
used. Both specimens fractured in their stainless steel portions well removed from the

intermetallic bond region and quite similarly to the frocturing of os-received specimens

os previously described (see Figures VI-5 through VI-8). This indicates that no significant
embrittlement of the intermatallic bond (or of the Ta=-10W) occurred during thermal cyeling,
and also that no fissures (cracks) were produced near the intermetallic bond os seen in
somewhat similar joints in another sl'l.lr:l}"{”
total fractures under the tensile test looding. The yield stress values obtained for the

; such fissures, if present, would propogate into

regulor specimens are sufficiently close to the previously obtained as-received values
to indicate that thermal cycling does not strain harden the stainless steel.

The microstructure of the reguler specimens along the intermetallic bond is
shown in Figure VI-17, tegether with comparative photemicrographs of Specimen C23841-B
which was not tensile tested, These pictures show that only at the extreme tip of the bond
region, at the 314 end, does the stainless steel grain structure begin to exhibit the elongated,
strained oppecrance characteristic of the deformation produced by uniaxicl loading; the
groins are equiaxed and deformation-free along the entire remainder of the bond region.

It thus appears that, under axial loading, the intermetallic bond is "screeened” from any

(Dp. R Stoner, "Evaluation of Tantalum/316 Stainless Steel Transition Jolnis", NASA

CR=121111, December, 1972.
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1.5 (APPROX.) "I

¢ 316 5. ST. : = & Ta-10W ¢ | .09
3 r = : [ ¥ -j‘ 5 - B i ...". r . o=
4 o Sopti

C23841-B
NOT TESTED

C23841-C
—=—— TESTED AT 0.02 IN/MIN
CROSSHEAD SPEED

C23841-E
—=—— TESTED AT 0.1 IN/MIN

CROSSHEAD SPEED

Figure VI-17 Microstructure ot Intermetallic Bond Interfoce of Thermelly Cycled
Tensile Specimens not Froctured in Bond Portion - Etched to Exhibit 316 Grain Structure 200 x
{Reduced &0 Parcent for Reproduction)
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significant deformation by yielding and eventusl fracture in the bulk 316 stainless steel
portion, and that this situation is not cltered by the effects of 100 thermal cycles.

The plastic strain distribution and other test results for cut-down specimen
C23841-D are shown in Figure VI-18, and photographs of the specimen before, during and
after testing are displayed in Figure VI-19. C23841-D wos tested ot a croshead speed
selected to give about the same strain rate in the cut-down section os that used in testing

regulor specimen C23841-C, The failure sequence for this specimen was as follows:

a. Tensile=type fracture in the 314 stainless steel along o plone of maximum
sheor stress (see center photogroph of Figure VI-19).

b. Yielding of the 314 to accommodate continuing deformation, together
with slow propogation of the initial frocture in both directions along the
bond interface.

c. Final tensile=type fracture in the Ta=10W (see right-hand photograph
of Figure VI-19).

This differs from the failure sequence of as-received cut-down specimen
C23842-B, described previously, in two respects. First, the initial fracture in this case
was in the 314 rather than the Ta-10W; and second, the extent of yielding and secondary
fracture propogation along the intermetallic bond interfoce is much less here than in the
as-received specimen.

The microstructural oppearance of the fracture arec is shown in the upper
half of Figure VI-20, The extent of heavy deformation in the 314 is seen to opproximately
correspond to the extent of secondary fracture propogation along the intermetallic bond
interface. Beyond this point, the 316 structure is relatively equioxed and deformation=
free, o confirmed by comparison with the end photomicrogrophs of the grain structure
far from the fracture location.

The correspanding data, photographs and photomicrographs of cut-down speci-
men C23B41-A are shown in Figures VI-21, V1-22 and the lower half of VI-20. This spaci-
men was tested at o crosshead speed five times higher than that used on C23841-D,
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C23841-D
STED AT 0.002 IN/MIN—==

CROSSHEAD SPEED

316 5. ST.

C23841-A
FTESTED AT 0.01 IN/MIN—m=
CROSSHEAD SPEED

Figure VI1-20. Microstructure at Frocture Location and Far from Fracture Location of Thermally Cyecled
Tensile Specimens Constrained to Fail in Intermetallic Bond Partion - Etched to Exhibit 314
Grain Structure 50 = (Reduced &0 Parcent for Reproduction)
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Qualitatively, the various mpects of this specimen are similar to those of C23841-D,

The extent of heavy 316 deformation and secondary fracture propogation is about doubled
in this case, probably due to the increcsed strain rate. There is no ready explanation for
the curious double-peaked shape of the plastic strain distribution curve; it is probably
reasonable to suspect that an eror was mode in measuring the gage mark separation after
fracture.

The metallographically prepared sections of all five tensile specimens were
carefully examined at high magnification along the entire length of the intermetallic
bond layer. Mo evidence of bond separation or crocks in the bose metals was seen (except,
of course, at the fracture locations in the cut-down specimens). Since these chservations
wera made on five planes equally-spoced around the circumference of the original specimen,
this casts further suspicion on the validity of the ultrosonic tests which indicoted severe
unbonding conditions aleng the intermetallic region.

The principal conclusion drown from the work in this section is thot the
Ta-10W/31555 bimetal joint can survive 100 thermal cycles from 260 to 593°C ot 16.7C%/
min without suffering any significant dimensional, physical or mechanical changes or
damage, On this bosis, then, the bimetal TEM=X inner clad is considered to be qualified
for cyclic operation under the given conditions.

4. Diffusional Growth of Intermetallic Bond Layer

It hos been experimental ly shown (1) that when metal lurgical bonded refroctary
metal /austenitic alloy combinations are exposed o elevated temperotures, the thickness
of the intermetallic bond layer increases due to solid state diffusion and reactions at the
bond layer/base metal interfaces. At o given tempercture T, the growth process is conven-

iently described by the simple parabelic expression:

G LY = Km-17/2

m R W. Buckman, Jr. and R. C. Goodspeed, "Evaluation of Refroctory/Austenitic Bimetal

Combinations, "WAMNL=-PR=(EE)-004, August, 1969, final report, Confract NAS-374634.
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where G (T,t) = increase in layer thickness {inches) due to exposure at temperature
T for time t,
e y : -1/2
K (T) = parabolic growth rate constant (in = hr ) at temperature T,
and t = exposure time (hours).

The parabolic rate constant is generally assumed to cbey the Arrhenius rate equation

K{T)h = “:- exp (-Q/RT)

where Ka = a constant (in - hr-i"ﬂ},
Q = an "octiviation energy” (colories/mole),
R = gas constont (1.987 cal /K° - mole),
and T = ghsolute tempercture {DK}I

The reference work showed that when the bond layer thickness in these
combinations reaches a value of order 1.7 pm (5 x Tﬂ-4 in}, the bond becomes extremely
brittle ond the jeint susceptible to failure under very small thermal stresses or applied loads.
In view of this, it wos of great importance to determine for the specific Ta-10W/31555
combination of the TEM-X inner clad the time required ot the 650°C peak operating tempera-
ture for the bond layer thickness to reach the critical 12.7 pm value. (It should be understood
that 12,7 pm is not o precisely defined value which holds with absolute validity for every
conceivable refractory metal /austenitic alley combination, but rather a rule=of-thumb type
value obtained by comsideration of results obtained on nine specific base metal pairs. In
applying such a criterion to a high relicbility thermoelectric system, a liberal margin of
safety would of course be adopted. The best approoch would obviously be to perform a
series of diffusional growth/mechanical test experiments to define a unique critical volue
for the Ta-10W/316 55 combination of actual interest in the TEM-X program, but the amount
of additional work invelved to do this was beyond the support and schedular scope of this
bask.)
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The particular combination studied in the reference work which was most similar
to our Ta-10W/314 55 system was the system Ta/321 55. The nominal compositions of the
two stainless steals are:

316: 17 Cr-12 Ni = 2 Mn {max) = 1 Si {max) - .08C (max) - 2.5 Mo - bal. Fe

321: 18 Cr-10.5 Ni - 2 Mn (max) = 1 5i (max) = .08C (max) = (5 x C) Ti = bal. Fe

On the rather tenuous basis that at a given temperature diffusion coefficients tend to be
smaller for higher melting point elements, it might be expected thot interdiffusion would
be somewhat slower in 3146 systems (M.P. of Mo = 2610°C) than in 321 systems (M.P, of
Ti= lﬁﬁﬂu':], and similarly slower in Ta-10W systems (M.P. of W = '.HIDEE} than in pure
Ta systems (M.P. of Ta = 2996°C). On this basis, intermetal lic layer growth in our Ta=10W/
316 55 system should be slower than in the Ta/32] 55 reference system. However, diffusion
in multicomponent systems is for too complicoted o process to permit using reosoning of
this type for drawing impertant conclusions without some specific experimental verification.

The parabalic growth rate constants measured for the Ta/321 55 reference system
are plotted in Figure VI-23, from which it is seen that o serious problem existed in ottempt-
ing to use this data for moking estimates for this program. If the indicated slope change in
the K(T) vs. 1/T curve is recl, indicating a change in the rote contralling mechanism, and
if a similer slope change cccurred for our Ta-10W/314 55 system, as would be most reasan-
able to believe, then data from high temperature experiments (where large, easily-measured
amounts of intermetallic layer growth could be obtained in relatively short times, greatly
simplifying the experimental work) cannot be accurately extropolated back to 650°C 1o
give the sought-after HI,’&EJD&C} vloue. On the other hand, if one of the two end data paints
is in error and we arbitrarily choose one of the two branches to work with, then if we chose
the incorrectbronch we would be led far astray in making temperature choices and growth
rate estimates. The opproach which was token is o5 follows:

a. Assumed that the Ta/321 55 reference dota in Figure VI-23 is correct,
that the slope change is real and that a similar slope change would
occur in our Ta=10W/314 55 system,

V-39




d
| w1

Cini= HE 2
2

=g
i
L

ng

k

Pararowic GrRowTH RaTe Coancrawt KEIT)
i

_,_
L1
-
L=

W & R

A

-9
Ixig i .
B.0

D=bata ror Ta/321 55, emam B, w.
Buckaan 4wp R.C. Soopsrecs,
"EvALUATION oF KEFRAC TR Y AugTraimis
Biwcrer ComeEmwaTions", WANL= PR =
(EE)-004, AuvsusT, 1767.

@ = DATA For Ta-10W/316 S5, reom
) THIS STULTYT.
T,
'\h&‘x
'.'.."l
[~
~ Taf22)
Ty
{ -
Ta- 1o W/ 316
b
k' Kk‘--.
"",,t - Ta=13 I-'-’,ul":!.r&
~,
L1 *-..f
\
% H‘x.
\".. *Hx
" S
. H-\.‘_
M e
b
\
L}
%
b
%
LY
x LY
%
3
i TA 321
\
o o o o o " B
o [2) ) Q e al 'y
b=l T Q2 T3] = i
3 P ] - = ] .
| %
&5 %0 %8 Mg @ o3 FE0 .. dhS

Reciprocar Avsecute Teurerature Vg =w? (°K7')

Vi=40

Bond Layer Growth in Ta/321 55 ond Ta-10W/316 55 Bimetal Systems

Figure VI-23, Parabolic Growth Rate Constant Versus Reciprocal Temperature for Intermetallic




Astronuciear
Laboratory

b. Extrapolated the lower temperature branch of the Ta/321 55 reference
eurve back to ﬁﬁﬂu, yielding a K I::‘.lﬁﬂn{::l value of 4.9 x H]-? in=hr
Calculated for this system that 44,000 hours of exposure at 650°C would

1/2

producs 2.6 10™%.pm (103 x 107 in)-of infermstollic bayer:growih.
(This alone was a very encouraging result, as this is well aver two orders
of magnitude less than the 12.7 pm critical value, end we did not a
priori expect the rote comstonts of the two systems to differ by as much

as one order of mognitude. )

c. Calculated for the Ta/321 55 system that 100 hours of exposure ot o
temperature T* of 714°C would produce the saome 2.6 x Iﬂ-z pm of
intermetallic layer growth that was predicted for 44,000 hours of exposure
at 650°C,

d. Based on the above results, plus the fact that the slope change in the
Ta/321 55 reference curve occurs at 81 ﬁnC,- selected the three tempera-
tures 750, 800 and 850°C at which to experimentally measure the
intermetal lic layer growth rate in our Ta-10W,/316 55 system. It was
believed that this selecticn would (1) encompass the temperature of
slope change in the Ta-10W/316 55 system, if any, and (2) permit an
accurate extrapolation of the K(T) vs. 1/T curve back to 650°C to
obtain the desired K{650°C) value for Ta-10W/316 55,

Bimetal joint CZ3837 was then randomly selected from the remaoining defect-
free group and cut axially into twelve equal -width strips. Each strip was then cropped to
the ends of the intermetallic bond region, mounted and metallographically polished. A
series of electron beam microprobe experiments was initiated to determine the as-received
intermetallic bond layer thickness by measuring concentration profiles of the major elements
present as the beam spot traversed the bond layer, However, the results of an extensive

program of running microprobe traces on both the bimetal specimens and precision calibration
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standards led to the conclusion that the effective beam spot size of the WANL microprobe
was too large (2 to 7 microns in diometer, depending on the accelerating voltage) to permit
accurate mecsurement of the as-received bond layer width. Consequently, the specimens
were repolished ond etched, ond 2000 X photomicrogrophs were mode ot selected par ts of
the bond layer for each specimen. Layer thickness measurements were then made on these
photographs, and o suitable averaging technique was used to colculate a representative
mean thickness for each specimen.

The results of layer thickness measurements on the as-received specimens are
given in Teble V1-2. The overall mean value for bimetal joint C23839 is 1,12 um (4.4] x
Iﬂdiin}, an order of magnitude less than the cirticol 12.7 pm volue representing an embrittled
bond. It should be noted, however, that local variations in thickness along the bond layer
are quite large. This is seen, for example, in the upper half of Figure VI-24 for strip specimen
A, Extreme localized thickness-transition regions and anomalous areas were aveided in
making thickness measurements from the photomicrographs. Such additional work tasks as
determining the compesition and crystal structure of the intermetallic layer(s), or investi-
gating the spheroidal precipitate (or inclusion) aggregation in the Ta-10W adjocent to the
intermetallic layer, were beyond the support scope of this progrom.

After completing photomicrography for the as-received condition, the specimens
were demounted, cleaned and divided into four groups of three each. One group was
designated for 2000-hour annealing runs at each of the temperatures 750, B0O and Eﬁﬂﬁl:.
with the fourth group being held aside for possible annealing at higher temperatures and/or
longer times should this prove necessory. Eoch onnealing group was wrapped in an envelope
of clean, high-purity tantalum foll (which has been shown \to provide an effective barrier
to interstitial contaminants in vacuum heat treating atmospheres), instrumented with two

monitoring thermocouples whose hot junctions were wired tightly cgeoinst the tantalum

1
i H. Incuye, "The Contamination of Refractory Metals in Vacua Below '!ﬂ-& Torr”, in

Refractory Metals and Alloys Ill: Applied Aspects (ed. R.l. Joffee), Gordon end Breach,
Mew York, 1968,
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envelope, and installed in @ Varion ion-pumped ultrehigh vocuum furnoce. The groups
were then annealed for 2000 hours at their respective temperatures. Averoge furnoce
pressures during the runs were 2,3 x lﬂ_‘? torr at ?Eﬂaf.‘.. 7.2 x ].n'? torr at 800°C and
1.2 x 107 torr at 850°C.

It was most unfortunately the cose that, ofter cbout 250 hours of annealing at
800°C, the combination of a power supply malfunction ond o failure of the overtemperature
protection system for that particular furnace permitted the 800°C specimen group to exper-
ience a 15 minute excursion to some unknown temperature greater than 975°C (this baing
the upper scale limit on the temperature recorder being used to monitor the system), At
the time, it was decided to continue the run on these specimens, for the following recsons:

2. It was believed that the 316 stainless steel hod not melted (solidus
temperature = 'Fa?'lﬂ{':j, since it would then have attocked and penetrated
the tantalum envelope and this would have been visible through the

furncce sight port.

b. After comsideration of the available data for the Ta/321 55 system, it
was believed that the amount of accelerated intermetallic layer growth
that sceurred during the temperature excursion would be negligible
compared to the total growth to be obtained in 2000 hours ot 800°C,
and thus the results would not be significantly affected.

While these reasons were proved to be valid ones, it turned cut that another problem (dis-
cussed below) had occurred, evidently during the temperature excursion, which ruined the
800°C group of specimens with regard to obtaining layer thickness measurements,

At the end of the annealing runs, the specimen groups were cooled to room tempera-
ture and removed from the furnaces. The tantalum foil envelopes were removed, whereupon
it was found that a noticeable film hod been deposited on the inside of the 850°C foil, o
heavy film on the 800°C foil and no visible film on the 750°C foil. These films were undoubt=
edly composed of manganese and chromium which had evaporated from the surface of the
316 stainless steel ond deposited on the adjacent tantalum surfoce. The foct that the 800°C
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foil exhibited a much heavier film than the 850°C foil was an indication of the severity of the
temperature excursion experienced by the former.

The specimens were then visuclly ond microscopically examined, where it was
found that the 800°C group exhibited almost complate fracture along the bond interface,
and the 850°C group exhibited some frocture indications as well. The 750°C group oppeared
to be physically intoct. Figure VI-25 shows the intersection of the bond interfoces with the
specimen outer surfoces for all three groups; fracturing of both the B0O and 850°C specimens
is plainly visible.

Figure VI-2& through VI-28 show selected areas of the as-annecled, unprepared
specimen surfoces on the side originally polished and etched for layer thickness measurements
in the as-received condition. The rather exotic thermally etched or decorcted oppearance
of the 316 stainless steel is due to selective or biosed evaporation of material from the grain
boundary/surface intersections, austenitic matrix and various precipitated phase transformation
prclducl‘s{” developed in the stainless due to the 2000 hour elevated temperature exposures.
The 750°C specimen bonds appear to be unperturbed, but the nearly totally fractured condi-
tion of the 800°C specimen bonds is markedly evident. The 850°C specimen bonds appeared
to be largely intact except near the feather edges or tips at both ends of the bond region.
Some bond layer cracks were seen toward the axial center of the bond region, and these
are selectively displayed in the figure.

It was obvious that the bond layer cracking and fracturing in the 800 and 850°C
specimens wos due to the thermal stresses developed os a consequence of the difference in
thermal exponsion coefficients between the Ta-10W and the 316 stainless steel. However,
it was impossible to determine whether the damage occurred immediately upon heating to
the respective temperatures (i.e., the os-extruded bond was unoble to withstand the thermal
stresses developed at these temperatures) or whether failure hod occurred only after the

intermetal lic bond layer had grown to some thickness representing an embrittled condition,

{1 }See, for exomple, B. Weiss ond R, Stickler: "Phose Instabilities During High Temperature

Exposure of 316 Austenitic Stainless Steel”, Met, Trans. 1972, Vol. 3, pp. 831 - B&5, Mo
attempt will be made here to identify precipitate phases by their micrographic appearence,
but their presence is duly noted.
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Ta-10W

314

Ta=10W

316

Te=10W

750°C Specimens

Figure VI-25. Bond Layer Intersections with Outer Surfoces of
Diffusional Growth Specimens after 2000 Hour Annealing Runs - 9X
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Ta-10W
Specimen A

3é

Ta-10W
Specimen E

b

Ta-10W

Specimen |

Figure VI-26. As-Annecled (Mo Surface Preparation) Appﬂumﬁ:.a of Ta-10W/314 55
Growth Specimens Exposed 2010 Hours ot 750°C - 400X
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Specimen J (Mote complete bond frocture)

Figure VI-2/, As-Annealed (Mo Surface Preporation) Appearance of Ta=10W/316 55
Growth Specimens Exposed 2000 Hours ot HUUD'L'-. Flus 15 Minutes at Unknown
Temperature > $75°C - 400X
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Ta=10W

Crocked Bond Area
Specimen C

3é

Ta=10W

Specimen K

Figure V1-28, As-Annealed (Mo Surface Preparction) Appearance of Ta=-10W/3146 55
Growth Specimens Exposed 2000 Hours ot 850°C - 400X
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To help formulate an answer to this question, specimens from the group which hod been
held aside were installed one each in the 800°C and 8s50°c annealing furnoces, heated
to those temperatures at roughly the saome rate [~ 1DCD,.-’mEn] used for the 2000 hour groups,
held at temperature for & hours and then cocled to room temperature. 'thm specimens were
removed from the furnaces and exomined visually and microscopically; no indications of
bond layer fracture or cracking were seen in either case.

All of the specimens from the 2000 hour annealing groups were then mounted,
and the sides which had been originally polished and etched for ms-received measurements
were re-prepared for metallographic examination with the minimum possible amount of
material (~.001 inch) being removed. Figure V1-29 shows representative microstructures
for each annealing group ofter etching to emphasize the 314 stainless steel grain structure,
together with a comparative micrograph of an as-received specimen similarly prepared.
It is seen that little or no groin growth occurred in the 2010 hour - 750°C specimens,
while in the 2000 hour - 850°C specimens the average 316 groin size has at most doubled,
The enormous size of the 316 groins in the 2000 hour - 800°C specimens indicates that
their 15 minute temperature excursion must hove been to a temperature fairly close to the
melting point.

At this point, the following conclusions were drawn regording bond layer frocture
and cracking in the 2000 hour specimen groups:

a. The 800°C specimens fractured during their 15 minute temperature excursion,

as the strength of the (essentially) as-extruded bond was inadequate to with-
stand the extremely high thermal stresses which were developed.

b. The bond layer cracks and feather-edge fractures in the 850°C specimens
developed only ofter the intermetallic bond loyer had grown in localized
areas to a thickness representing an embrittled condition.

(It should be pointed out that all of the foregoing discussion of bond layer fracture and
crocking has concerned the sliced and cropped diffusional growth specimens which are
um&nliu"}r bimetal strips with skewed interfoces, The state of stress duvelupad in such
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a strip upen heating to a given temperature is vastly different from that developed in a
full tubular bimetal joint (i.e. in @ TEM=X inner clad), so that the foct that frocture ond
eracking occurred in the strips implies little or nothing about the fate of a full joint
similarly heated.)

The specimens were then lightly repolished and etched to bring out the boundaries
of the intermetallic bond layers. 2000X photomicrogrophs were then mode, and layer
thicknesses measured and mean thicknesses colculoted as in the as-received condition.

Te determine whether the effects of surface diffusion had produced an anomalously large
amount of layer growth at this plane (which wos .001 = .002 inches from the as-onnecled
surface), additional specimen preparation was performed and layer thickness determinations
made at planes which were (1) 0.015 inches below the eriginally pelished surface, (2) os
close as possible to the originally unpolished surface and (3) 0.015 inches below the
originally unpolished surface. All of the results are given in Table VI-2. In comparing
average layer thicknesses near a given surface with the corresponding values 0,015 inches
below that surface, it is found that the near-to-surfoce layer thickness is significantly
larger in six coses, significantly smaller in four coses ond about the same in two cases.
This is sufficiently random to warrant concluding that the potential effects of surface
diffusion are in foct not present.

In view of the above, only the layer thickness measurements made near the
originally pelished surfoces were used to calculate the 2000 hour layer growth values,
since these should be most occurately related to the as-received thickness volues. Mean
layer thickness growth values of 0.653 pm in 2010 hours at 750°C and 2,400 pm in 2000
hours at 850°C were thus obtained. From these were calculated the parabolic growth rate
constants

K (750°C) = 5.73x 107 in - hr" /2
and K (850°C) = 2.29 x 10" in - hr‘]ﬂ,
which are plotted in Figure VI-23 and the general Arrhenius-type expression
K (T) = (3.284 in - he™ ' 2) exp (~31,600 cal/mole/RT)
for our Tu-lﬂw,—"'ﬂi!l 55 sysham.

V=33




From the Arrhenius expression, or by a straight=-line extrapolation through the
two data points of Figure VI-23 a vaolue of
K (650°C) = 1,06 x 107 2
is cbtained for Ta-10W/3146 55. If an initial intermetallic bond layer thickness of 1.12 pm
is assumed, then 11.58 pm of layer growth is required to reach the 12.7 pm critical value

in=hr

which has been taken to represent on embrittled bond condition; at a temperature of -&Eﬂﬂt;
this growth will cccur over a period of 1,467 x lﬂé hours or 1?1 years. (It should be
appreciated that this is an extremely corservative prediction; having failed to obtain

layer thickness data at Emﬂ'{; it cannot be determined whether o slope chonge occurs

in the K (T) versus 1/T curve in the 750 - 850°C range. If such a change does really
ocecur, analogous to that shown for the Ta/321 55 system in Figure V1-23, then the true

K (650°C) value for To=-10W/316 55 is orders of mognitude less than the volue feund obove,
and the critical growth period correspondingly longer.) For 44,000 hours of cperation at
&Eﬂn-‘: the operational criterion specified for this qualification program, our results predict
that the intermetallic bond layer will grow to a thickness of 1.58 pm, which is nearly an
order of magnitude less than the critical 1.7 pm value. In 100 hours, thissome 0,56 pm

of layer growth should be cbtained ot o temperature T* of Eﬂﬂnt; however, experimental
verification of this prediction was not performed due to termination of the progrom.

The microgrophic appearance of the bond layer region after the 2000 hour growth
rurs is shown for a 750°C specimen in the lower half of Figure Vi-24 and for two 850°¢C
specimens in Figure VI=-30. From these it is seen that two distinct intermetallic layers
are prasent in the 750°C specimens and three layers are present in the 850°¢c specimens.
This means that overall bond layer growth must be a very complex process involving diffusion
in four I:?.S{!nf.:} or five I[H.'H]ul':} phases, in eoch of which each diffusing element would
have a different diffusion coefficient, plus reactions at three ﬂ?ﬁﬂnC] or four (850°C)
phase bounderies which could also be rate-controlling processes. Thus it appears that
the single parabelic growth rate constant K(T) is not @ parameter having fundamental

significance with regard to the atomistic mechanism of layer growth, but rather a sort of
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averaging device which conveniently describes the process in a way thot is odequate for
anginearing purposeas.

In brief summary, it has been shown that the Ta-10W,/316 55 bimetal joint can
aasily operate for 44, 000 hours at 650°C without developing an embrittled bond due to
excessive diffusional growth of the intermetallic bond kyer. The bimetal TEM=X inner
elad is thus considered to be qualified for use at these conditions.

5. Conclusions
The following conclusions, based on the work discussed in detail in the pre-

ceding subsections, are now presented:

a. The existing procedures and equipment wed for dimensional inspection,
borescope examination of inner surfaces, x-ray rediogrephy, liquid penetrant
testing and helium leak testing are all satisfactory fer evaluating their
respective intended aspects of the Ta-10W/314 55 bimetal inner clad.

b. The existing procedure/equipment combination used for ultrasonic inspection
of the intermetallic bond region is satisfoctory for detecting localized,
three-dimensional defects but has not been proved reliable for detecting
planar defects or "unbonding" at the bond interface. Should the program
be resumed at some future date, either more work should be devoted to
making the ultrasonic test reliable, or another method (e.g. eddy current
testing) should be developed for detecting bond layer defects.

¢. The Ta-10W/31& 55 bimetal inner cled con withstand 100 thermal cycles
from 260 to E?EG(: at 16.7 Cn,.v"min {in @ noncontaminating environment) with
no significant changes in or damage to its dimensional, physical and mechan-

ical characteristics.

d. When subjected to axial loading, the bimetal inner clad does not fail by
a delaminating=type frocture along the intermetallic bond interfoce. |If

the clad is stressed uniformly along its axis, then foilure occurs by a
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tersile-type fracture in the stainless steel, IF it is stressed in such a way
that failure must occur within the intermetallic bond region, then the
failure mode is a primary tensile-type fracture in either the Ta-10W or
the stainless steel, followed by secondary frocture propogations which

are largely of ccademic interest.

The intermetallic bond layer in the os-extruded Ta-10W/316 55 bimetal
joint is not @ uniform layer of reasonably constont thickness, but rather
a layer which exhibits numerous abrupt thickness transitions and a thickness

range of + 400 percent of the nominal 1.1 pm value.

The diffusional gmwl‘l'l of the intermetallic bond Iu}rar in the To=-10W/314 55
system is described by the expression

6L =t72(3,284 in-h" /2 exp (17500 "“"”’““'3"!:7}

where G(T,t} = grewth (inches) in time t ot temperature T

t = time (hours)

T = absolute temperature {'Dk:}

R = gos constant (1.987 cal/K° - mole)
In 44,000 hours at 650°C, the intermetallic bond layer thickness in the
Ta-10W/314 55 bimetal inner clad will grow from an initial value of 1.1
pm to a final value of 1.7 pm, far less than the eritical 12.7 pm value which
reference work has shown to represent an embrittled condition in similar
refractory metal/austenitic alloy systems. There is some evidence that
the actual critical value for the specific Te=10W/314 55 system may be
somewhat less than 12,7 pm, but it is in any case far greater than 1.7 pm.

The Ta-10W,/316 55 bimetal inner clad is considered tobe qualified for use
in TEM-X modules operating 44, 000 hours or less in o noncontaminating
anvironment at peak inner clod temperatures not exceeding 650°C and
experiencing not more than 100 thermal cycles from average inner clad

temperatures of 260 to 593°C at a cycling rate not exceeding 14.7 Cn;’m]n.
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D. GLASS SEAL DEVELOPMENT
As described above, failure of the duplex refractory clad was diagnosed to be

caused by air leaking into the module at the ends where the power pins emerged through
the BN insulators. A study of the problem resulted in o decision to develop a gloss seal
which would bond to the nickel conducter pin and the stainless steel end plate. Further,
the glass wos intended to remain in compression during operation and remain helium leok
tight (HLT) after 50 thermal cycles (17 - 18C° per minute) and 44,000 hours of operation.
In oddition, the electrical resistonce of the glass hod to remain reasonable high, relative

to the internal resistance of the module, o prevent current leckage.

1. Test Specimen Geometry

The initial phase of the study was performed using flat plates with a central
hole contoining a BM sleeve and a nickel pin, all whose diameters were identical to the
as fobricoted dimensions of the corresponding parts used in actual modules. As experience
was gained in forming gloss seals on these single pin, flat plate mock-ups, four pin, and
finally an eight pin, flat plote mock-up waos fabricated. This latter mock-up duplicated
a module end with the exception that all parts were a slip fit, whereas, in o processed
module, the BN and nickel pin were tightly fitted and under compression os o result of
the hot isostatic compression process. Eventually, mock-ups were fobricated to duplicate
a module end ond processed through hot isostatic compression. The use of the latter type
mock-ups were more representative of the ectual conditions under which the glass would
have to operate. The usefulness of these mock-ups is further described below.

During the course of these experiments, it was found that two medifications
in geometry materially affected the ability of the seals to remain HLT. First, the length
of the BN sleeve was reduced so that a well was formed inte which the gloss, when it was
melted, could flow, ond subsequently would be ploced under compression by the stainless
plate os the assembly cocled. Second, the shoulders of the hole in the stainless steel were

rounded, rather than squared. The latter configuration prevented objectionable sharp
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comers from which cracks in the glass would originate if the glass overflowed the aonnulus
between the nickel pin and the stainless steel.
2, Glaoss Application
Initially the glass was applied to the annulus in powder form, and then the

pin/plate assembly wos heated with a hydrogen torch until the glass melted ond flowed.
However, over the course of the project, experimental work grodually changed the procedure
to one which proved more workoble and comsistently produced HLT seals. After assembly,
the mock-up was sandblosted and the pins and plotes pre-oxidized. Upon cooldown, the
glass was applied in the form of a paste, using distilled water to make the mixture. The

use of glass pre-forms seemed attractive, becouse it would allow the opplication of o
pre=set amount of glass of each pin and prevent overspill which occurred when too much
glass was applied. However, it wes found that it was more difficult to ebtain HLT seals

with the preforms. The difficulty wos attributed to retained binder which resulted in random,
rather than uniform, wetting of the stainless steel and nickel. Accordingly, the paste
mixture, described above, was used in all cases.

At first the gloss was melted using o gos hand torch. Each pin was individ-
ually sealed in sequence. While this technique produced acceptable seals, the method
depended to a large degree on the operators ability to judge the amount of heat necessary
to form o seal. To circumvent this type of processing an RF heating procedure was developed.
Glass secls were then made on oll eight pins simultanesusly by proper coil design. In
addition, the whole assembly was limited to o maximum predetermined temperature as
determined by a thermocouple mounted on the stainless steel plate on the same belt circle
as the conductor pins.

3.  Test Procedure

After the gloss seals were formed they were leck checked on o Veeco helivm

2 2 e =10
leak detector. HLT was defined as no indications on the most sermsitive scale, 3 x 10
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atm - cc/sec full scale. Cycling of the seals was performed under atmospheric conditions
in an electrical furnace that was programmed to cycle the temperature between 530°C
and 210°C at a rate of 17C° per minute with a one-half hour dwell time at the high and
low points. Periodically, the seals would be removed and checked for leok tightness as
described obove. Life tests were also conducted under the same test conditions.

Seals were also placed on isothermal test, although in actual operation
a radial temperature gradient would exist across the plate. At various time intervals, which
increased as the integrity of the seals proved to be relicble, the seals would be removed
and tested for their obility to remain HLT. Twe in-situ tests ware clso conducted. One
consisted of monitoring the pin to plate resistance as a function of time, and the other
used an experimental set-up which allowed monitoring of HLT at the test temperature.
However, the latter test which necessitated o more elaborote setup, including preheating
of the helium to prevent thermal shock of the glas, was not within the scope of defined

work, and 5o wos o one of a kind experiment.

4| Rﬂﬁulh
The maximum temperature to which the seals would be exposed was calculated
to be around 420°C. A temperature of 500°C was chosen for both the upper limit of thermal

cycling and isothermal testing on the assumption it would provide a form of occelerated

testing for the seals which might conceivably be exposed to an overtemperature. The
problems inherent in the validity of such ossumptions which try to occelerate time by
increasing the temperature will become apparent as further details are described.

{1)

{GPS) meck-ups were successfully cycled a minimum of 50 times while retaining their

Once o proper glass' * was identified, eight pin and gos pressure sintered

ability to remain HLT. One seal was cycled to foilure, which required 77 eycles to
destroy the HLT capacity. Life tests ot 500°C were so successful, i.e., no leaks for the
times at test, that further accelerated testing on eight pin flat plate mock=-ups wos done
at 540, 570 and 600°C to allow a failure analysis at 420°C.

(1)

The glass used in these experiments was developed on compony funds at the Westinghouse
Research and Development Center,
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The failure mechanism proposed to explain the results was essentially one
coused by devitrification of the glass. This proecess, where amerphous glass {"u"lﬁ transfarms
to erystalline solid {'H’E_:I, apparently causes a volume change l["'.l"E ¢ ‘l.l".r:l, pin holes and
the resulting inability to provide a helium leck tight seal. A model of the process wos
made by assuming the crystallization followed first order kinetics. Letting n equal the

fraction of gloss crystallized

The time to failure, l‘+.,. was assumed to occur when n equals unity, or some critical fraction

ns In either cose,

b = Al aWRT

where A' = 1/A or nc/A,

Hence, a plot of the log of failure time versus 1/T wes made to allow an estimate of seal
life at any specific operating conditions. Such a curve is shown in Figure VI-3]1 where the
data for the four previously discussed temperatures is plotted. The data was obtained on
six eight pin mockups tested at temperature > 500°C, and one single pin mockup at 500°C,
The time spread indicates the interval over which the seal failed, i.e., went from a helium
leck tight condition fo a state which permitted the passoge of helium. The daota allowed
a reasonable straight line curve fit over the temperature range studied. The longer time
data range ot 500°¢C corresponds to the foilure of three eight pin mockups and one single
pin mockup over virtually an identical time interval. The lower temperature data corres-
ponds to a possible helium leak indication of a single pin on an eight pin mockup after
2373 hours. However, it was not detected after the next check at 2642 hours.

Also shown on the plot is a point labeled goal. This point represented the
five year desired life of o gloss seal during air operation at the maximum cperating tempero-

ture at the pin seal bolt circle [4'20‘:':] for o module operating ot TH = 585°C. However,
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it should be noted that system temperatures were still not defined at the termination of
the work. In foct higher temperatures were in vogue so it did not seem unrecsonable to
expect that one end (inlet side) of the medule might have been exposed to o higher tempera-
ture. Further, it is pertinent to point cut that the use of these modules in spoce, oxygenless
environment, precluded the necessity for glass seals other than for a relatively short time
ground checkout, 1000 - 2000 hours. Monetheless, a 44,000 hour seal was the goal. |t
was apparent thot extropolation of the data to the lower cperating temperoture ossured
a more than adequate operating time, by o factor of ten, for these glass seals. In addition,
messurements of temperature on a medule whn:eTH was 635°C showed o temperature of
387°C at the pin seal. Hence, regardless of how comservatively the data was handled,
the prognosis for successful thermal copability of the glass seal oppeared good.

Howewver, testing at lower temperatures, 400°C disclosed seal failures oceurring
in the hundreds of hours for flat plate mock-ups. The GPS samples, on the other hand,
did not fail even at the low temperatures. Obviously, the mechanism postulated above
adequately explained seal pin failures at temperatures from 500°C upwards. Somewhere
between 400° and 500°C the model breaks down for flat plate mock-ups. Teble VI-3
shows the mockups that were on test when the program was terminated.

The ability of the gas pressure sintered end mock-ups (MEM) to maintain
HLT copability for extended periods is evident. Obviously the glass seal is subjected to
a more stringent test using o slip fit mock-up, i.e., assembly clearances to be filled by
the glass, than a compacted end. That the |atter statement appears to be true is pointed
aut in the successful performance of the TEM X §/'N-3 modules that had gloss seals applied

prior to testing.
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TABLE VI-3

GLASS SEAL LIFE TEST
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Last Leak Check

Seal and Glass Temp. Tested Hrs. Tested Hrs. HLT
8P-1] LB 500°C 4602 46072
(7571 Ma. 1)
8P=13LA s500°¢c 4198 4198
(7571 No. 2)
MEM MNe. 3 400°C 3110 3110
(7571 No., 1)
MIOTE: Fr&vingsly tested

at S00°C for

3, 634 hours
MEM Mo, 4 400°C 4207 4207
(7571 Mo. 1)
MEM Mo, 54 4[H]nC 419 419
(7571 No. 2)
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ViIl. WELDING DEVELOPMENT

Relatively little welding development has been performed or required in the
continuation of tubular module fabrication since the end of Phase |1-C of the Compact
Thermoalectric Converter Program (June, 196%). MNew joints in TEM-13, TEM-X, TEM-15
and TEM-14 series modules have been handled for the most part by making straightforward
engineering extropolations from existing procedures and welding parameters, and making
qualification specimens, welds and examinations in the few cases where the extrapolations
axceaded the limiks permitted by the controlling welding specification (WARNL P5 597983).
Such cases included welding of the Inconel 718 end stiffeners used on TEM=X 5/N=1, discussed
in Section | of this report, the electron beam welds in the 315/304 stainless steal outer
clod joints in TEM=-15A 5/N-1, (see Section lll), and the welding of the hermetic end cops
ta TEM=X 5/M=3 series modules as discussed in Section Vl: all of these proceeded success-
fully and without incident,

Late in the program, a series of welding experiments was conducted in connection
with the conductor pin/external collector ring joint for the three-module assembly of TEM-
14B electromagnetic pump power modules (see Section Il). In an attempt to minimize axternal
IER |losses in the high current circuit, experimental TIG and EB welds were performed on
nickel conductor pin/copper cellector ring specimens (as opposed to the nickel pin/nickel
ring combination used in previcus pump modules). In the TIG welding case, heat inputs
far in excess of those nomally used or allowed for thermoelectric module welds were required
to obtain fusion in the self-chilling copperring and it was felt that damoge to either the
module or the collector ring/bus assembly braze joint could too easily cceur under such
conditions. The EB welding experiments indicated a severe problem in obtaining simultaneous
fusion of both pin and ring when wsing the assembly clearances anticipated to be required
for +|'m three-module array. At this point it was decided that although a sotisfactory nickel/
copper joining procedure could eventually be developed, the amount of development required
was beyond the existing work scope ond the schedule could not tolercte the time required,

so the nickel/copper opprooch was abandoned.
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A series of EB welds was then performed on nickel pin/nickel ring specimens,
anticipating that weld heat input to both medule and braze joint would be minimal for
the EB process. Although this indeed appecred to be the case, ond adequote penetration
was easily obtoinable, two problems were encountered. First, bumoff of the thin web
around the conductor pin hole at the collecter ring L.D. invariobly occurred, with the
molten web material running down the inner surface of the ring (where it could drip anto
the module end face and/or retaining ring stretch neck); second, the welding parameters
could not be fixed for the total range of anticipated ossembly clecrances. It was thus
decided in the interest of reliability and simplicity to work with o nickel pin/nickel
ring TIG welded joint. A design and procedure were evolved in which a 0.1 inch wide
% 0.1 inch deep » 2407 "pocket", oriented opposite to the collector ring 1.D., was milled
around each conductor hole, as shown in Figure V1l=1; the pin was then welded o the bot-
tom of the pocket with a simple fusion pass, after which the pocket was filled in with o
high-nickel-content alloy to develop an electrical contact area cbhout 1.5 times the cross-
sectional area of a conductor pin. Several demonstration joints of this type were welded
with sotisfoctory results, and this approach (with slight modifications to ease the assembly

fit-up problems of the three-module array) was committed for the TEM=14B application.
A weld specimen of precisely the final joint design was then fabricated and o

series of qualification welds performed. During this work, it was determined that shrinkage
cracks at the beginning and end of the initial fusion pass could be eliminated by adding

a significant volume of ASTM B3 4 Class ERNi-3 filler rrm.-.t‘.:nl!“:II at these points, and this
detail wos incorporated into the finol procedure. Completed qualificotion welds were
sectioned, examined metallographically and found to be satisfactory; an example is shown
in Figure VIl-2, An electricol resistance of 0.07 milliohms was measured from the pin

to the collector ring. Accordingly, the joint design ond welding procedure were designated
as qualified for the TEM-14B assembly.

{”This u"u}-' is also used to fill in the pﬂckar obove the end of the conductor pin.
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Prior to initiating the actual welding of the three-module array, the program waos
terminated. In retrospect, if the work were to be later continued, two changes to the exist=
ing procedure would be made. First, the initial fusion poss of each joint would be converted
to a complete filler pass instead of adding filler metal only at the beginning and end points;
and second, the procedure would be requalified to develop operator technique for making
all welds in an inert atmosphere welding chamber, to simplify the problems of avoiding
oxidation of the unwelded pin/ring surfoces ond of the copper bus strops brozed to the

collector rings.
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‘ Collector Ring

5 % " Collector Pin

Figure Vll-2. Photomicrographs of Etched Section of Typicol TEM-14B
Canductor Pin/External Collecter Ring Qualification Wald
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VIIl. 5 KWe SYSTEM MODULE AMNALYSIS AND DESIGHN

A, GOALS AND ACHIEVEMENTS

In GFY 1973 work was initiated on the design of a 5 KWe reactor/thermoelectric
demonstration system. The overall objective of the thermoelectric module portion of this
program conducted by Westinghouse was to develop technolegy leading to the delivery of
compect tubular thermoelectric converter modules copable of producing at least 5 KWe net
power output at 30 volts at the end of o five year mission. To meet this objective o substan-
tial effort was completed at Westinghouse to provide parameiric medule performance infor-
mation as required in support of the 5 KWe system design conducted at Atomics Intemational.

The initial portion of this effort invalved the investigation of varicus design improve-
ments on efficiency levels of reactor power modules. This effort was followed by the genera-
tion of reactor power module and E.M. pump module performance calculations over o ronge
of operating temperatures and module dimensions leading toward the selection of reference
designs for use in the 5 KWe system. Particular attention was given to effects of cperating
temperatures and design dimensions relative to module degrodation rates allowing the
reference designs to be optimized for end-of-life conditions.

Although the work haod not been completed prior fo the termination, o preliminary

reference module design had been selected.
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B. MODULE IMPROVEMENT EFFECTS STUDY

The objective of this effort was to quantify the performance improvement associoted

with seven individual medifications considered feasible for incorperation into the stote-of-

the=art TEM=X 5/M=3 series modules.

The design improvements considered in this onalysis were:

1. Incorporation of ternary materials, For these calculations the ternary thermo=

electric material properties quoted by ECJ‘\“} were substituted directly for the standard lead
telluride,

2. Reduced mica thickness and EBVD barrier. These two improvements were

paired since it oppears that the incorporation of reduced axial thickness must be accompanied
by a thin electron beam vopor deposited diffusion barrier. The mica oxial thickness con=-
sidered here was 0015 inch.

3. Increased radial thickness thermoaelectric washers. Wosher rodial thickness
increased to .200 inch from .145 inch was considered to improve efficiency.

4. Low heat loss end closure. By redesigning the existing TEM=X 5/M-3 type

end closure, it is considred feasible to reduce the end closure conductances by 50 percent.

5. Thin inner clod. Using the swirl generctor for intemal radial support, it is

comsidered feasible to reduce the inner clad thickness by approximately 50 percent, thus

reducing the temperature drop across the cled,

6. Thin outer clod. Using the Mak shroud swirl generater for external rodial

support, it is considered feasible to reduce the outer clad thickness by opproximately 50
percent.
7. Segmented thermoelectric washers. By varying the dopant levels in the ternary

materials, it is possible to shift the peak in the figure-of-merit curve to lower temperatures,
Segmenting of the thermoelectric washers would allew the cuter portion of the washer,

( }RCA Quarterly Progress Report NYOO-3886-4.
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which operates in a lower temperature range, to be doped such that it more efficiently

uses the existing temperature gradient.

Since the effect associated with each modification was found to be dependent on
the arder in which the modifications were considered, two sets of caleulations were generated,
First, claculations were performed considering each individual design improvement, incorpor-
ated, one at a time, into the existing TEM-X 5%'N-3 design. The calculated overall efficiency
for the existing TEM=X 5/MN-3 is 4,64 percent. The improvement effect, then, was defined

i
D, = 'FDEI( -T}
I ﬂb

ﬂh = 4,64 parcent,

by the expression

whnrmi:li is the percent improvement associated with each design modification; ﬂb (4.64
percent) and . are the calculated overall efficiencies before and after the incorporation
of the improvement, respectively. Hence the improvement number represents the percent
by which the TEM=X 5/N-3 efficiency would be improved by the incorporation of each
individual design improvement.

In the second phase of the work, eech design improvement was investigaoted, one

at a time, after the incorporation of all other improvements. The improvements effect in

this case was defined by ’
®, = mu( - ul),
M.

= 7.41 percent.

Here '¢?i is the percent improvement associated with each design medification, 7 b (7.41
percent) and " ;re the calculoted overall efficiencies with all improvements and with
all except the | improvement, respectively.

Table VIll-1 summarizes the calculated module improvement effects associated
with each design improvement. All numbers were generated using TEMOD, the tubular

thermoelectric module performal colculational code.
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TABLE Will=1

CALCULATED MODULE IMPROVEMEMNT EFFECTS

Improvement Effect (Pct.)
Added to Last Addition to
Design Medification TEM=X 5/N=3 Optimized Module
1. Ternary thermoelectric 19.3 23.1
2. Reduced mica and EBVD barrier 13.9 14.6
3. Increased T/E rodial thickness 5.1 1.7
4, Low heat loss end closure 2.4 3.6
5. Thin inner clod 0.6 0.5
&.  Thin outer clod | 3.5 1.8
7. Segmented T/E washers | 5.0 5.0
Accumulative | 59.8 59.8
- - |

MNOTE:

1. Improvement No. 7 connot be added to TEM=X 5/MN-3 without incorporation
of improvement Mo, 1,

2. The aceumulative total is not the arithmetic sum of the individual effects
since the effects compound one ancther.
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The results indicated that the first two improvements resulted in substantial effi-
ciency increases whereas the last five were much less effective. Primary emphasis, then
was placed on the development of termnary thermoelectric materials and electron beam vapor
deposited barriers during GFY 1973.
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C. REACTOR MODULE PARAMETRIC AMNALYSIS AND PRELIMINARY DESIGM

System calculations performed ot Atomics Intemational in conjunction with
preliminary module performance parametfric calculations resulted in the end=-of-life (3
year) reactor power module performance requirements listed in Table VIlI-2. To meet the
specified requirements, the following "ground rules" were established to allow the deter-
mination of the circult component dimensions of the "reference madule” for the 5 K'We

Demonstration System:

1.  The radial and overall axial dimensions of the reference module will be
identical to those of the current TEM=X series modules. Preliminary system studies indicated
the performance improvements associated with modifications in the overall module dimensions

are relatively small.

2.  The reference module will incorporate thin film EBVD (electron beam vapor
deposit) diffusion barriers allowing the use of 0.0015 inch intercouple mica insulators.
This barrier configuration eliminates the need for the tungsten foil and .010 inch mico
insulators used in the TEM-X 5/MN-3 series modules resulting in o substantial reduction |

in shunt heat losses.

3. The reference module will incorporate ternary thermoelectric materials result-
ing in a substantial performance improvement over that obtainable using the current p=
and n-type lead tellurides. The improvement results primarily becouse of a reduction in
thermal conductivity exhibited by the ternary materials.

4. The beginning-of-life efficiency will be 4.5 percent when the module is

operated at TH = lﬂESuFKTC = 507°F under matched load conditions. This represents
a 30 percent (relative increase above the 5.0 percent efficiency level demonstrated by
current TEM=-X 5/MN-3 series modules ot the some cperating conditions). This improvement
results from the use of thin film EBVD barriers and ternary thermoelectric materials, Cal-
culations indicated, however, that with these two improvements, an efficiency level some-

what cbove 6.5 percent is theoretically obtainable. Accordingly the thermal conductivity
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TABLE will-2
PRELIMINARY MATCHED LOAD END-OF-LIFE 5 KWe
REACTOR MODULE REQUIREMENTS

Per Module System
Averoge Medule Inner Clad Temperature {“F} 1140 -—
MNumber of Modules - 14
Power Output {(watts) 320.6 5130
Load Voltage (volts) 3.86 30.9
Total Power Degradation (pet.) 7.0 7.0

Vill=7



of the temary materials was increased by o foctor of 1,028 to meet the 30 percent improve-
ment goal which can be demonstrated without achieving the full theoretical improvement
potential available in the ternary materials,

5. The reference module will incur o total power output degradation of 7.0
percent during the five years of operation of the system. Degrodation, D, is defined by

the expression

BOL EOL) ,
Rt
BOL

where Paoy and Ppy ore the beginning and end-of life matched load power outputs ot

100 (P - P

o given set of operating temperatures.

Module degradation was accurately accounted for in the mathematical modal
by increasing the resistivity of the n=leg thermoeleciric material by the factor necessary
to cause a 7.0 percent reduction in power output at any given set of operating temperatures.
Although veltage changes had been observed during operation of modules, these changes
are much smaller in mognitude than the resistance changes. In oddition, the experimental
data indicated that the voltage initially increases, goes through o maximum, and then
tends to decrease with time. These changes occur at a rate such that over a five-year
period, the total voltage change should be negligible.

It was determined that, in the absence of voltoge changes, o 7.0 percent reduction

in power relates to 7.9 percent increase in resistance. A 7.9 percent increase in module
resistance, in turn, relates to an 18 percent increcse in n-leg resistivity, On this basis,
a foctor of 1.18 was applied to the resistivity of the n-type temary material for the cal-
culation of E.O.L. performance. By taking the effects of degredation into account, as
described above, it was possible to perform parametric calculations o optimize end-of-life
performance. That is, the n-leg to p=leg axial thickness ratio was maintained at that
value which optimally compensates for the effects of degradation,

Maintaining the constraints ("ground rules") discussed above, there is one and

only one module design which will satisfy the matched lood voltage and power requirements
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shown in Teble VIlI-2. The woltage requirement was met by varying the number of couples
to be incorporated in the fifteen inch thermoelectric circuit. The power requirement waos
maf b:,r varying the averoge cold clad temperature of the module. Parametric calculations
revealed that a 15 inch module incorporating 48 themmoelectric couples when cperated
at TH = 1140':5"1'_{: = 542°F satisfies al| the requirements simultanecusly. This module,
then, was designated as the "reference module” for the 5 KWe Demonstration System.

Table VIll=3 presents o dimensional and performance description of the reference
module. The radial dimensions, as specified, are identical to those of the current TEM-X
series modules, The axiol dimensions of the reference module differ somewhat from those
of the TEM-X 5/MN-3 series modules which were designed for optimum B.O.L. (performance
ond n=leg axial thicknesses) and incorporate 38 couples and .009 inch mica/tungsten foil
insulating barriers. The p-leg and n-leg washers of the TEM-X 5/MN-3 series modules have
o post processing axial thickness of (189 inches,

Matched load performance calculations for the reference module are listed for
T, = 185°F/T. =507°Fand T, = 1140°F/T_ =542°F. Both B.O.L. ond E.O.L.
performance is listed at the |latter conditions. As con be seen, the module will produce
an efficiency of 4.5 percent at TH = ]EEEBF,"TC - Eﬂ?nﬁ or 30 percent better thon the
TEM=-X demonsirated efficiency ot these temperatures. The end-of-life TH = HdﬂuF,-"'Tc =
542°F performances very closely satisfies the system requirements specified in Toble VI1I-2
In addition, the total degradation of the module is 7.0 percent, as specified.

These results were trarsmitted to Atomics International for use in the 5 KWe
Demonstration System calculations. Additional work was in progress to develop a series
of accurate closed-form analytical expressions describing the performance (i.e., voltage,
resistance, power, and efficiency) of the reference module as functions of average hot
and cold clad temperatures, lood resistonce, and degradation. These relationships are
necessary to allow a determination of the system performance as o function of time and
to determine the starting operating temperatures that will allow the reactor outlet tempera-
tures to be continually increased with time to offset degradation such that the final (five
year) reactor outlet temperature is 1200°F. This corresponds to an averoge module tempero-
ture of 1140°F.
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TABLE VIlI-3

DIMEMSIONS AND PERFORMANCE OF THE REFERENCE MODULE FOR THE

5 KWe DEMOMNSTRATION SYSTEM

RADIAL DIMENSIONS AFTER PROCESSING

Ta/10W Inner Clad

Inner Boron Mitride Insulating Sleeve
Mo/ W lnner Conductor Rings

Temary Lead Telluride Washers

Mol ybdenum Outer Conductor Rings
Outer Boron Nitride Insulating Sleeve
. Stainless Steel Quter Clad

hh S e CE T

AXIAL DIMEMSIONS

1. M=Type Ternary Thermoelectric Washer

2, P=Type Ternory Thermoelectric Washer

3. Mica Intercouple Insulator with EBVD
4, Total Circuit (48 couples)

MATCHED LOAD PERFORMANCE

1. Lood Voltoge (volis)

pa

Internal Resistance {millichms)
Power Output (watts)
Maodule Heat Input (watts)

L
&

Inner Radius Quter Rodius
{Inches) {Inches)
375 A63
A43 489
ABF 220
520 JB62
SGb2 £82
682 JN7
v 822
Length
(Inches)
161
149
Barrier L0015
15,024
B.O. L. B.O.L. E.O.L.
1085,/507 1140/542 1140/542
3.66 3.86 3.87
43%.1 43.3 46,7
342 345 321
5250 5420 5300
6.50 6.37 6.06

3.  Owerall Efficiency (pct.)
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D. PUMP MODULE PARAMETRIC CALCULATIONS

The 5 KWe reactor/thermoelectric system, like previous systems, was to incorporate
tubular modules designed to operate the system electromagnetic pumps. Design of these
pump power modules was complicated by the fact that the E.M. pump electrical requirements
could not be explicitly defined.

Initial perametric calculations were performed to determine axial dimemsions
and numbers of couples for optimum TEM=14 pump modules having various voltage/current
characteristics. For the first parametric study, the existing TEM-14 pump madule radial
dimensions were held fixed and T, =1 ma"rﬁc = 522°F clod temperatures were selected
on the basis of preliminary system analysis results received from Atomics International.

The object of the study was to indicate the effects of pump module current and load voltage
requirements on overall pump module efficiency and circuit length (hence module weight).

Te complete the analysis, o computer code was developed to calculate the number
of thermoelectric couples and wosher axial thicknesses required to produce a given load
voltage and current. The code was then used to calculate optimum TEM-14 parameters
for voltages ranging from 0.1 volt te 0.3 velt, and load currents ranging from 300 amps
te P00 amps.

Results of the study are presented in Figures VIlI-1 and VIlI-2. Figure Vill-1
shows the effect of operating requirements on overall module efficiency. For o fixed lood
voltage, efficiency varies inversely with current. This is because the module power output
increases only linearly with current, whereas the Joule power losses (| 2F‘.,‘.I in the electrical
access pins (@ significant parameter in pump module operation) increases with the square
of the current. For o fixed current, efficiency varies directly with load voltage since the
Joule power losses in the electrical access pins remain constant while the module power
output is increased.

The relationship between circuit length and operating requirements is shown
in Figure Vlll-2. The characteristic shapes of the parametric curves shown in this figure
result from the fact thaot circuit length vories directly with the electrical power requirement

for a fixed set of operating temperatures.
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Additional sets of similar calculations were completed for various operating
temperatures. These calculations indicated although the efficiency levels and circuit
lengths varied o the temperatures were modified, the relationships between these parometers
and operating characteristics of the module were relatively insensitive to temperatures.

Based on this information and system trode studies parformed ot Atomics Internation-
al end-of-life performance requirements for the pump power module to be incorporated
into the 5 KWe reactor/thermosalect ric demonstration system were established. Electro-
magnetic pump of the primary and secondary liquid metal loops would be provided by an
integrated E.M. pump/pump module assembly. The assembly would consist of three modules
connected both in hydroulic and electrical parallel in an arrangement similor to that
shown previously in Figure ll-4, End-of-life pump module performance requirements
for the 5 KWe demonstration system are listed in Table VIII-4,

An additional set of parametric calculations was then performed. In these cal-
culations variations in inner and outer cenductor ring radial thicknesses, lead telluride
radial thickness and numbers of thermoeleciric couples were considered for modules meeting
end-of-life performance requirements specified in Table VIII-4. Module degradation was
accounted for using the same techniques described in the reactor power module porometrics.
In this case, however, a fotal B.75 percent degradation rate was assumed based on experi-
meantal data from TEM-14A series pump power modules.

In the final set of parametric calculations, only one design improvement waos
considered for incorporation into the reference pump module for the system. The demon-
stration system pump module was assumed to incorporate nickel-cled copper elecirical
power pins having a cross section comprised of 15 percent nickel ond 85 percent pure
copper. The effective resistivity of a pin having this configuration would be approximately
17 percent of the presently wsed solid nickel pin. This reduction in pin circuit resistance
results in o substantial improvement in performance (efficiency increases by about 20
percent). The medule resistance and load voltage were taken to be measured from the
outer ends of the pins ot one end of the module to the outer ends of pins at the other end

(i.e., external collector ring resistance and veltage drop were included in the load circuit).
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TABLE Vill-4

PRELIMINARY END=-OF-LIFE 5 KWe REACTOR
PUMP MODULE REQUIREMENTS

Madule System*
Average Medule Inner Clad Temperature l:BF} 1128 -
Average Module Outer Clad Temperature (°F) 550 -
Pin=to=Pin Load Voltage (volts) .201 .20
Current (amps) 564 1692
Total Power (watts) 113 340
Total Power Degradation (pct.) B.75 8.75
*The system consists of three modules connected in hydroulic ond electrical porallel.
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The study showed that performance (i.e., efficiency) increased continuously os
conductor ring radial thicknesses were increased. Thus, inner and outer conductor ring
thickness were selected at 0.225 inch and 0.075 inch, respectively, on the bosis of being
able to insure full compaction during processing of the module, (The TEM=14A series modules
employ 0,225 inch and 0,050 inch inner and outer conductors, respectively. )

Calculations wera made for modules having both three and four thermoelectric
couples. The results of the colculations are presented in Figures VIIl-3 through VIII-5.
Curves are presented for overall efficiency, module weight (including end closures), internal
resistonce, open circuit voltage, and module circuit length os functions of lead telluride
radial thickness. In eoch case, the module component axial dimensions were selected to
maintain the prescribed .201 load voltage and 564 omp system curmrent requirement.

As can be seen in Figure VIII-3, the three-couple design becomes more efficient
than the four-couple design for lead telluride radial thicknesses greater than 0.100 inch.
The lead telluride radial thickness in the current TEM=14A and TEM=14B designs is 0.100
inch, It was onticipated thet dimensions for the TEM-14C module, the reference pump
module for the 5 KWe demonstration system, would be selected from these porometric
resul ts based on the trade-off between increasing module weight ond decreasing rodiator

weight (due to increasing efficiency) as a function of increasing lead telluride thickness.
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Figure VIlI-3. Efficiency ond Weight as Functions of PbTe Thickness for 3 ond 4 Couple
.201 Volt, 564 Amp Pump Modules Operated at T, = TIEE“F;"TE = 550°F
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Sublength Technelogy

Power Modules Reactor Power Modules Modules
Medule Module Maodule
TEM 5N Dwg. MNa. TEM 5N P_ﬁ‘ Mo. TEM M Dwg. Mo.
13A | D1 4E345 L4 1 214E573 15 1 eBZDI180
134 2 14E365 X 2 @14E734 15 2 9820180
138 1 P14E365 x 3 P14E734 15A 1 214E5%0
138 2 P14E345 » 3A  P14E734 154 4 14E590
13C 1 214E365 X 3B PI4E734 154 44 F14E590
13C 2 S14E365 x 3C 914E734 15A 4B S14E590
13D 1 914E345 X D 914E734 154 4C 214E590
13D 2 214E3465 b 3E P14E734 15A 4D 14E590
13F 1 F14E489 x 3F P14E734 154 4E 214E590
13F 2 F14E487 X 3G PI4E734 154 4F P14E590
13F 3 F14E487 b4 3H 14E74 154 4G P14E590
13G 1 P14E573 X 3l PI4E734 154 4H P14E890
13G 2 214E573 x 3K F14E734 154 44 214E570
13G 3 P14E573 X aM PI14E734 15A 3 214E5%0
13G 4 P14E573 15A 8 F14E590
13G 5 P14E573 158 4 214E590
13G & 214E573 158 44 214E590
13G 7 914E573 158 4B F14E5%0
13G 8 214E573 158 4C 214E590
13G @ 214E573 158 40D 214E890
13G 10 14E573 15C 4 F14ES90
13G 11 914E573 15C 4.4 214E590
13G 12 P14E573 15C 3] P14E5%0
Pump Power Modul es 15D 4 914E737
14A 1 914E383 13E 4 714E858
14A v, o1 4E383 15F 4 D14EBSE
14A 3 914E383 15H 4 S14E570
148 1 914E847 13P 1 #14E877
14B 2 914E847
148 3 P14EBSET
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APPENDIX B

MNOMEMRCLATURE
':l':ﬁfﬂ! Lattice Parameters

Angstrom Unit

Aluminum/Silicon/Magnesium Insulating Material

Termary MN-Type PbTe-GeTe Composition Thermoelectric Material
Ternary P-Type PbTe-PbSe Materiol

"Beginning-0Of-Life" in Reference to the First Data Set Recorded ot
Design Operating Conditions

Chemical Symbol for Boron Nitride Insulating Material

Degrees Centrigrade
Cubie Centimater

Centerl ine

Chemical Vapor Deposition

Direct Current

Electron Beom (welding process)
Electron Beam Vapor Deposition Process
Electromagnetic

End-0Of-Life

Experimental Capsule

Degrees Fahrenheit

A Stoichiometric M-Type Lead lodide Doped Lead Telluride
Electrical Current

Inner Diameter

Electrical Current Drawn through Load Resistor, RL

Degrees Kelvin
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n-type

ocC

oD

p-type

= =

=i

C
T/E
TEGS-2P

Thermal Conductivity
Kilowatts (electrical power)
Matched Lood Medule Cperating Conditions l.rRL = RG:I

Sodium-Potassium Liguid Metal Eutechtic Composition
Semi=-Conductor Material Daped with an Excess of Negative Charge

Carriers (electrons)

Open Circuit Module Operating Conditions
Outer Diometer

Electrical Power

Semi-Conductor Material Doped with an Excess of Positive Charge
Carriers (holes)

Thermal Power Delivered to Module Thermoelectric Circuit
Thermal Power Loss through Madule End Closures

Total Thermal Power Delivered to Tubulor Maodule

Degrees Rankin

Electrical Resistance

Electrical Resistonce Measured from Module Circuit toe Ground (clad)

Radio Frequency

Internal Resistance of Module Measured from Positive to Megative
External Collector Ring

Lood Resistance intos which Module Cl'pamfe:;

Stainless Steal
Temperature

Averoge Module Temperature Defined 1/2 {TH 4+ TE]
Mean QOuter Clod Surface Temperature of o Module

Thermoelectric

3M Company Designation for Sodium Doped P-Type Lead Telluride
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3M Company Designation for P-Type Lead-Tin-Telluride Containing
Manganese and Sodium

Tubular Thermoelectric Module
Mean Inner Cled Surface Temperature of a Module

Thermal Impedance of & Module (defined: bT,fGrT}

Tungsten Inert Gas (welding procedure)

Peok Temperoture Measured on Inner Clad of Module

Valtage Measured between Positive and Megative External Collector
Rings with Load Resistor P.L Applied to Module

Voltage Measured between Positive and MNegative Terminals of Medule
with no Load Resistor .Applim:l

Westinghouse Astronuclear Laboratory
Figure-0f-Marit

Sesbeck Coefficient

W
oc

Effective Seebeck Coefficient of a Module (defined: AT )
Crystal Lattice Parameter

Mean Inner Clad to Outer Clad Temperature Drop across Madule

Axial Temperature Drop along Outer Clad of Module

Axial Temperature Drop along Inner Clad of Madule
Emissivity
Efficiency

Camot Efficiency

Micro-meter
Micro=volts
Ohms
Milliahms
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