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DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



The work covered by this report was accomplished
under Air Force Contract AF33(657)=~-10077. but this
report is being published and distributed prior to
Air Force review. The publication of this report,
therefore. does not consctitute approvai by the Air
Porce of the findings or conciusions contained herein.

It 18 published for the exchange and stimuiation of
ideas.



INTRODUCTION

This program, Nuclear Fuel (Oxide) Clad Thermiocnic
Converters, Contract AF33(657)-10077, encompaszes the
fabrication, perfomance testing, and evaluation of a
double diode thermionic converter containing fuel-bearing
enitters. In a parallel effort, fuel pelleis, with
dimensions comparable to those of the emlitters, are %o
be fabricated, thermally endursnce tested, and evaluated.
Firglly, the results of the preceding efforts will be
utilized to accomplisgh the design of an improved therm-~
ionic converter.

This is the third Quarierly Technical Progress
Report submivied under this program. I¢ describes
the technical progress achieved during the period of
Eay 1 through July 31, 1963.
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SUMMARY
PRESENT WOEK

Fabrication of the components for the FDM-]1
converter and its back-up device was completed.
The FDM~1 converter was assembled and preparations
for testing were completed. Performance testing
was initiated and a total of 330 hours of operation
at temperatures above 1000°K in a cesium enviromment
were logged by the end of the quarterly period.
During this time the peak emitter temperature reached
was approximately 2000°K with a thermionic output of
nearly 2 watts/cm2. Toward the end of the reporting
period, indications of a cesium leak were observed
and the device was shut down for examination.

A 500 hour thermal endurance test of the clad
fuel pellets was performed. A post-test examination
was conducted and no diffusion of U02 into the clad-
ding was observed. A thermal conductivity test
specimen was exposed to & temperature of 1550°C for
500 hours with the result that some intergranular
diffusion was noted. The post-test examination of
the vacuum emission test peilet was also completed.

The design of the advanced double diode thermionie
converter utilizing the results of prior efforts was
initiated.

FUTURE WORK

During the next quarterly period, the FDM~1 con-
verter will be examined to determine if a design
change is neccesssry snd/or appropriate repair
possible, Components for the back-up device (FDN-2)
will be suitably modified and assembled,if required,
and testing resumed. Converter performance data wlil be
evaluated and a detziied =ramination performed at the

conclusion of testing.
The design of the advanced double diode thermiomic
converter will be completed.

A Pinal Techknicsel Report describing all work
accomplished under this program wili be prepared in
draft form.
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TECHNTC AL DISCUSSION

I. Fabrication of the Fueied Clad Double Diode
Thermionic Converter

A, Fabrication of (onverter Components

Fabrication of components for the FDM-1 con-
verter and its back-up device began in January 1963
Prior knowledge and experience gained from the fabri-
cation and assembly of Martin-sponsored devices were
utilized to the fullest exvent and proved invaluable,

Details of some 0f the procedures that were
necessary for the fabri~ation of several complex com-
ponents for the FDM-! ~onverter are as follows:

Inner Anode Assembly

Arc cast columbium bar stock was rough machined
end subsequently vacuum anneaied to remove machining
stresses. The inside diameter was machined to final
dimensiong. Ome end of the tube was counterbored to
accept the columbium bark-emission shield and the
tantaium-10% tungsten center-lead.

Both the bazck-emisgslon shieid end the center~
lead were formed by pressing a male die into suitable,
annealed sheet stock backed up by & lead block. This
technique was found to give excellent formabillty to
the above refruccory metals.

Yollowing marhining of the cutside diameter., tae
back-emission shield (0.020" thi~k) and the center~
lead (0.010" thick) were located in the anode tube
csounterbore (0.025" deep). The anode tube was
positiocned on a holiding chiil, with provisions for
hoiding a pin and weight. and was weld~brazzed in he
remote chesmber,

Twelve equi-~gparsd ~es8ium passage holes were
drilied tbhrough vhe back-ecmigsicn shield and ~enboer-
iead adjscent ©¢ the wail ol che anode iube- The
previous weld~braze resuited 1o a slighv growth on
t?e anode vube cutgide diamever whirh wss wmarblined
off.
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The outside surface of the tube was carefully grit
biasted in preparstion for an Alp03z flame sprey which
was subsequently applied to a thicgness of about 0.015".
The flame spray was ground between centers to provide
sbout 0.0005" clearance for sasembly into the threaded
container assembly. Final machining operations in-
volved cutting to length and reboring the annulus in
the center lead to finished dimensions.

Threaded Container Assembly

Arc-cast columbium bar stock was rough machined
and subsequentliy vacuum annealed to remove machining
stresses. The ends of the container were machined to
accept the tantalum flange washers. At the same time,
the cesium inlet tube hole was bored through the wall
of the container. The columbium cesium inlet tube was
welded to the container as a dry box operation. Next,
the flanges were weld-brazed to the snds of the con-
tainer in the remote chamber. A flame~sprayed layer
of A120x was applied to the appropriately grit blasted
external surface of the conteiner., By performing the
welding, weld-brazing and flame-spraying at this stage
in the manufacture, it was possible to compensate for
the distortion resulting from these operations.

Considerabie effort was expended in the final
maechining of the threaded container assemxbly. The
requirements of close tolerances snd a 2 BMS interior
surfece finish necessitated precise machining. Numer-
ous special Jjigs. fixtures and geges were required.

Other Converter Componants

The balsnce of the converter components was
fabricated by more or less rouvine and estabiished
technigues., A photograph of the completed comrponents
and assemblies is shown in Figurs 1.

All welding, brazing or weld-brazing employed
in the manufacvure of the FI¥--1 converter components
or assembly were performed in a remots sutomatic
chamber or & dry box. In esch case, the container
was evacuated to 50 microns or less and back-~filled
with 99.9995% welding grade Argon for a total of three
times prior to performing the Jjoining opereation under
a positive pressure of Argon.
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A1l parts were degreased, chemically etched and
not physicaily handled prior to joining. Every effort
was exerted to achieve and maintain maximum cleanli-
ness. Where applicable, joined components were mass
spectrometer leak tested to 10-8 cc/sec or better and/
or gsmmagraphed to insure integrity.

Internal ceramic components with the exception
of the finished inner anode assembly were vacuum out~
gassed at 1500°C for one hour. It was not considered
practical to outgas the inner anode assembly because
of the design limitations of the 0.0005" fit.

All finished components were subjected to a com~
plete quality control inspection and complete written
reporits were maintained. Components not conforming
to specifications were rejected, except in cases in
which it was certain the deviation would not affect
the intended function.

B, Assembly of Converter Components

The initial step in the assembly of the
FDM-1 converter was to determine the axial location
of the top collar relative to the top cathode. It
was necessary to comnstruct a positioning jig to assure
the alignment of the bottom edge of the top cathode
emitter to the edge of ita respective collector. The
various components were assembled over the jig, com-
pressed to remove &ll clearance and the location
determined as seen in PFigure 2.

Foilowing location, the coclumbium braze
filler was positioned between the top cathode and the
top collar and brazed using the TIG technique in the
automatic remote chamber with the aid of varicus
fixtures snd chills as seen in Figure 3.

A ceramic~to-metal seal and weld filler
shim were posgltioned over the top cathodse=top collar
subassembly. Precision copper blocks were attached
to the flanges by means ¢f three clamps with integral
set-screws. These blocks served a twofold purpose:
precise alignment of coumponenis, and adequate chill
technique for welding. It was necessary to split
and pin the lower chill block for location around
the ceramic-~to-metal seal.
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The fixtured assembly wes positioned in the
remote welding chamber as seemn in Figure 4. TIG fusion
welds were made on the mating flanges at non-inter-
fering locations. The chember was opened with the
three clamps being relocated to the welded positions
subsequent to making the final three welds.

The completed inner anode assembly was
positioned inside the threaded container. The prior
subassenbly with its accompanying weid filler shim
and the upper alignment insulator was inserted into
the threaded container so that the end of the cathode
f£it into the hole of the center lead., The end of the
cathode was flared over and asround the center lead by
exerting force on a punch supported by an snvil ex-
tending into the top cathode annulus.

The lower flanges of the top cathode were
welded by a similar procedure as described for the
upper flanges. It was necessary, however, in this case
to use two pinned chill blocksa. The fixtured assembly
before welding is seen in Figure 5. The resulting
assembly was mass spectrometer leak tested to confimm
vacuum integrity.

The botitom cathode with the lower alignment
insulator and the center-lead spacer was positioned
and locked inside the previous assembly by means of
a threaded lock nut. he lock nut was first securely
tightened and then backed off to give 0.020 inch axial
clearance. The assembly seen in Figure 6 was gamma-~
graphed to assure the proper inner arrangement.

The bottom collar was welded to another
ceramic~to~metal seal in the remote chamber. This
subassembly and weld filler shim were located on the
bottom cathode. The bottom csthode upper flanges were
maintained in position by three small spring c¢lips as
seen in Figure 7. The assembly was mounted on a motor
driven turntable with the torch independently held so
as to approximate the conditions of the remote chamber.
The clamp and wire attached to the device were used to
establish & suitable electrical ground.

The bottom ceramic-to-metal seal flange %o
the bottom thresded container flange was welded by
the previously discussed method in the remote chamber.
Figure 8 is a view of the asgembly with the alignment
chill blocks and clsmps in place in the remote chamber
Just prior tc welding.

MND=2G45-3
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After coupierving vhe avove weid, che devirs
ag pictured in Figure 9 was ileak sested to confimm
vacuum tightness aud gammagraphed three times at 120°
intervais Positive prints of these gammagraphs may
he geen in Figores 10, ii, and 12,

Following tne lesak Sesb and ganosgraphs,
the cesium supply assembly. Figure i%, previousiy
fabricated. was clamped 10 the prior assembly as
geen in Flgure 14 and waided in the dry box.

The ~ompletesd FIM~1 converter. shown in
Figure {5. was given a final wass spectrometer leak
teat. The resulis of this test and all prior tests
were affirmative with no detectubie leak at a rate
of 10-8 cc/sec.

Four pistipum-piatinum. i0% rhodium thermo -
coupses Lo monitor iLhe anode temparsiures weres re-
gigtance spot welded to the exteraai surfacse of the
threaded coatelner after firet rarefuily removing
& smala area of the insulating A4:20% layer. These
~puplies were lLo~ated to correspond 2@ the pre~
viously prepared grooves on the incernal diameter of
the spii¢ thermsi sieeve which was then positioned
in its proper location aropund the threaded container
of the device a3 seen in Figure :6

Two optical Temperature viewing sieeves
were positioned in each of the cathode assemblies
wlith the eld of specis. tools as seen in Figure 17
The sssembly was pcositioned inte the snode temperature
control and instrumentation housing as seen in Figure
18. Finzl assembly in preparation for instrumentation
and test involved the installation of the upper and
lower containers, ocutpuv leads and external vacuum
plumbing

MND=2G45 5
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oo Peglormince Tepliopg of wbe FOM-1 Converter
LS Pro-Teagr Preparations

The FOM-1 converter was delivered to vhe
Energy voversion Lavordatories by che end of May
completely sssembied and gummagraphed. The geometry
of the device sarisfied design requirements at the
wime 1 that the emitters were well centered within
thedr ~yiipdrical sollectors,

The device was lngtrumented and installed
in cus vacuulm test chamber for evasuation snd bake-
out., Several micor vacuum ledks in the tesat -hamber
deisyed the initial bake-out period. After 50 bhours
of outgassing time {up to temperasures of i600°K),
1% was noted thac Dicde #:i°would intermittently
short-circuiv invernnily. dspending primarily on
vemperature changes in the emittsr. Also, ix a sold
econdirion, there was an sicessive amount »f piay in
vhe emitter of Diode #1 svidenced by readily caused
open~ and short= eircwii ~ounditions when force was
applied on the emitter isad and seal.

The moduie was removed rom the vacuum
test eavelope and gaamaygcaphed. fOareful comparison
of this gammagraph with thoss previously taken
showed that the emitter of Dicde #1 was not located
properly and that itg aligument pipn was not located
in the center alignment ceramic. This permitted the
epitter to move sidewsys due to thermal expansions
and cause the diode to short-out slectricaliy. It
was determined that the condition could only be
remedied by disessembly.

The dissssenmbly was accomplished by cutting
the weld between the eritier lesd and the seai flange
of Diode #i and removing the seal by cutting o7f the
edge weld of the seri fliange nearest the colliector.
All ~omponenss removed (emiiter, center ceramic
spacer, and seal) sppeared to be in excelient condi-~
tion with no evidence of surfarce disecoloration or
altevration.

*The left-band diode shown in Maruin drawing 390-
0790116, reproduced in the previsus Quartscly
Technical Progress Report, is designated as Dicde #1.
The right-hepnd disde ig Jdesigonated asg Diode #0.
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Examination revealed that the retaining ring
which provides for the final location of the emitter
of Diode #1 was backed-out excessively (two turnms,
~ 0,040") and allowed the emitter locating pin to slip
out of the center ceramic spacer. It is uncertain as
to whether this ring worked out these two turms during
the assembly process or was inadvertently located in
reference to & "false bottom™ during the installation
procedure.

Since all components were still in excellent
condition, the device was reassembled. A locating tsb
(fabricated into the closing seal flange welds) was
added to prevent accidental turning of the retaining

<o

Following reassembly, the converter was
again subjected to the evacuation and outgassing pro-
cess. Behavior of the modules looked normal and the
vacuum characteristic curves, obtained with an AC
sweep voltage displayed on an oscilloscope, possessed
the classical shape for vacuum diodes,

After 113 hours of outgassing (including the

50 hours prior to the disassembly discussed above) at
pressures of 6 x 10~7 mm while the emitter tem-

erztures (Tg) were atb °K, the device was cooled
gown for the crimp~off operation, After breaking the
cesium smpule (with the device cold and at a pressure
of 8 x 10~8 mm, read at the ion gauge), the module
was valved off and ¢rimped-shut twice with each crimp
seam~-welded. The final distillation of cesium from
the glass ampule container into the water-cooled
cesium reservoir was carried out and the ampule sec-
tion removed. By early July, the FDM-l was operated
as a8 cesium plasma thermionic converter.

B, Performance Testing

After cesjium distillastion, the FIM~1 con-
verter was operated for 330 hours of which approxi-
mately 150 hours were at conditions _to produce greater
than 1 w/cm? from the nominal 15 cm? area of each
emitter. For approximately 5 _hours of this time, the
device produced nearly 2 w/cm®,

MND-2945-3



During the outgessing period and initiai
operation with cesiun vapor, emitier temperature
ralibratiocn data (shown in Figure 19) were obtained.
Whiie the giass viewing plates were clesr, measure-~
ments of emitter temperature (optical pyrometer -
Leeds and Northrup at 0.06 1) as seen by means of
the sight ring boles were taken and plotted agalnst
Lotal power jinput into each diode. It must be
understood that these are the temperatures of the
sight ring~emitter inner wall at the center of the
emitter and are not the actual emitter surface tem~
peratures over the entire emitting surface. The
actual emitter temperature profile may show a 50
to 100°K drop near each end.

It has been found in the past that such
a curve does give good consistency between runs
and is & good indication of variations in operating
conditions. Actual emitter surface temperatures
are quite difficult to obtain with accuracy in the
c¢ylindrical configuration. For the conditions of
measurement (utilizing a calibrated optical pyro-
neter sighting into a reasonable "black body" sight
hole) the temperature of that area of the emitter
is believed %o have an accuracy of z 50°K.

: There is no obvious reason why the same
power input density should produce higher emitter
temperatures in FDM-1 than in Test I1-2.% Several
speculations do exist, however, that (1) the FDM-1
sollector temperature was purposely made hotter
{(vased on prior experience obtained during the
testing of the Test II~2 device. a higher collector
temperature appeared desirable for improved per-
formence), and 2) smaller thermal conductivity

of the U0» molybdenum cermet might produce

a higher emitter sight~hoie Lemperature for a lower
power input density.

Temperatures and cesium pressure in the
¥DM~3 were raised gradually and device performence
wag normal. Figure 20 shows one of the early output
characteristic curves obtained from FDM-~-1. Maximum
power output is seen to be about i w/em? st Tp =
1640°K (obtained from Figure 19, and optical
pyrometer readings).

¥est 11-2 is a double module converter of the peme
design gnd electrode materials sas the FIM-1, but with
12.5 cnc emitters and no U0, fuel. It is operated
under a Martin-sponsored prograu. For detalied test
results, see Martin report MNI-CRP-3067, Coupact
Reactor Program Querterly Progrsss Reporu, Number X.
Aprii through June. 1963.
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By vhe widdle of Juiy, the FIM-t convertec
was operated av 1ts highest temperature o date and
these resuwits are shown in Figure 2i. Here devire
performan~e 18 neariy 2 w/emc and. if internat power
losges were consgidered. the pouwer ocubtput of the
ind:vidusl diedes wouid be well over 2 w/cme. 'These
rurves compsre favorabiy wiith Test 11«2 data as
shown in Tabie V.

TABLE I

Comparisoa of the Outputs for the FDOM~-1
and Test 112 Converters

Diocde # TCB TE Po Io V0

°K °K wfcmz a/cmz volt

FDM~1 i 570 2000 1.7 2,85 0,60
Teat TL~2 L 570 1920 : 93 3.0 0 65
FDM-1 2 570 1940 & 83 Yy 0 50
Tesgt II-2 4 570 1900 1 54 2 8 0 55

The sbove data «z¢oprding to Test 1T -2
curvea are not at the opti.mum cestum bLemperaturs (TﬂJ
For these values of TE, the Ty, should have beea  °
optimum abv about 575°K.

)

From the very beglnning of operacion of
FDM~3., 1t has been noted that open circuit voitages
have baen qui .¢ bigh (~lome to 2 v} This is the
farsc device {woubse module sype’ waiech has enployed
8 bar~k emission shield end center lead structurs
which was designed ¢o reduce vhe iosses of Dlode #i
This could esc~ount Tor Lhe ierger open ~irrult voltages
for Ticde #i The inereage in Dvode #2 open circult
volvage is protedb.y due w0 ouvfare efferts

) The bLuex euisgsion shic(d has appareni.y
eitminated (0 & Large exiens the poser (088 obsorved
in the first doubee module (che Farcin Tes. 71 devire O

s
-«

Devatlp of theo pporcation and test resulvs of i

Tegt 1T desri~ o ore giver Y0 Ma oio repory BNT TRP-
45357, "Cowpar t Rea'Gor Program mar-exr y Prugtess
Repory " Number VIIT Grilgber  bhiongh He-epoan, 1402

&5 [ Loy
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and no further change in the intermodular region is
indicated at this time. However, the cesium vspor
passege holes still present line-of-sight passage
for electrons from one emitter and gap to the other.
For a further improvement in efficiency, the holes on
the intermodular lead should be offset from those on
the back-emission shield.

In the Fll-1, as discussed previously, some
effort was made to provide higher collector tem=-
peratures in both diodes. This involved removing
about 0.003" from the outer diameter of the inner
copper coolant sleeve. There is a possibility that
this may have had the effect of increasing the open
circuit voltege generated in esch diode.

Figures 22 end 23 are plots of output volt-
ages vs Tg, With output current as & parameter. These
plots were obtained from photographs of the AC sweep
characteristics of each diocde with the AC sweep being
applied to the serles cornection. Figures 22 and 23
hava the appearance of a normally operating diode.

Alsc shown on thesze figures are curves of coxsitant cub-
put power.

During operation, the cheracteristic output
curves were chserved while changes were made in the
collector temperature. The FDM~l employed the heliux
pressure envelope type of collector temperabturo con-
trol. This mecharniasm for control of the contsct re~
sistance betweon the coolent and the collector per-
mitted & maximum chenge on the external collector
surface of about 50°K. This smount of chzngsz in
collector temperature (Pg) did show thei the T¢ with
a8 vacuum in the eavelope (lowest effective cooling
path obtainable) ie atill lower than optimum. However,
since output charges were alight. the departure fronm
optinum should be minimal. The design as it exists
will permi¥ optimizetion of T &z the oubtput power is
increaged to the renge of 5 to 7 w/ca<.

Farther analysis eill be made of the per-
forasnce chorectsristics cobperved during undbalianesd
and off-optimum operating corditions and the vesulis
will be looluded ir the Tinal techknical repors.
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ronduved Lo dse2iurRe s al ereer exdsws I the desigo
The smicver of Tioue 1 Wl Lie removed LO examine fh-
internal strucnars If 1c s 1t 8 ~onditios suitable
for repsise, repair wii. be periorwed and the device wiis
be revevarnated and re~herged %ith cesium. X rioe other
bapd . {f no jwaerent fauits are found iu the present
design and repalr is nol appropriate. the detall com=
pounents for the buck-up sevice 'FIM-2) wiil be assembied
and mads Tesdy for testing Tn thig ~ase, detalled
anaiysis and examination of vhe FIM-1 wili be per-
formed.

The lmporcent ~on~.usions of the FIM-i per-
formance tests to dobte sre:

a, The aseries opecavion of thermionir dicdes 1n
a rommon ~esivm environment is feasib.e., In addition,
the performan~e resurting from 3u~h a node of operation
18 ~ouparable oo the ~umuiative perforasn-e observed
from two singie dicdes operaived indieidus.ly

b. No significane diffsrsnce 1a thermionic
performapce hss bean observed between fueied and un~
fueied double modulie converters

C Pigug for che Next Quevteriy Peried

An exsuinaiion of the FDM~1 ronverver wiiu
Pe performed to determine 1f a design change is
necessary snd/or appropriate repeir gossible Com~
ponents for the hack~up device (FDM-2) wiit be suitably
modified and assembled if required and testing resumed
Converter perfurmance data will be evainated and a de-
tailed examination performed at the conclusion of
testing.



I{TI Evaluation of Ciad Fuel *eliets

A, Thermal Endurance Teat

Prior t¢ thermal endurance testing the pre~
viously fabricated pellets were first individually
sealed in a tungsten capsule containing an argon
atmosphere. Each tungsten rapsule was in turn sealed
in a tantalum capsule that also contained an argon
atmosphere. The double container technique was used
to ensure complete isolation of the vest peliets from
the furnece stmosphere. The furnsce used for the
thermai enduranne test was of a graphite resistance-
type with a dynamic argon atmosphere. It is not
general pro~edure to teke such elaborate precautions
to prevent carbonization of refractory metals in
this furnace for ncrmai development or production
work, but the encapsulation described above was rcon-
gidered highly adviegable in view of the long dwell
time at temperature and the nature of the work.

The encapsulated pelleis were starked in an
open end grapbite boat with vheir ilong axis horizontat
The peilets were located in such a manner to permiv
utilization of the normai temperature gradient in
the furnace to give thermal eandurance data ai seversa.
different temperatures. Direct temperature readings,
taken thrse times & day with a micro-optical pyromecar.
showed tsmperatures of 1550, 1500, 1450 and 1340°C
for four of the pelilets, whiie the two remalning
pellets were estvimaved to have been between 1450 and
1500°C. The enduren~e test was run for 500.5 hours
at equilibrium. By muvusi agreement the thermal en-
durance test was run for 500 hours instead of tha
originally scheduled 200 hours in order to duplicate
the pianned fueied double diode operating time and
to increase the value of the materials compaiibiliiy
data cbtsined.

B. Pogyu-Therma: Enduranre Test Exumination

1. Therms: Conduciivity

Figure 2% shows ithe thermai condu~clvits
vs, temperaturc ~urves for he (pdermal conduruivity
specimens both before and efver vhe therms: enduran-e
test compared to {be chorma’ condvrvivievy 90 pure

HND-205 5.3
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moiybaenum and sinvered uracium dioxide. The spread
between ilhe two ~urves is not significanc when che
generai precision of therwai conductivity measurementis
is coneidered. However. the slightly higher thermai
~onductivity of the pellets after the thermal en-
durance test could be attributed to sintering and
grain growth in the matrix of the cermet. The signifi-
cant factor in this phase of the work is the fart

that the thermal condu~tivity does not decrease with
exposure to high temperatures for extended periods.

A decrease in thermal ronductivity with increasing
oper&sting time weculd act to further increase the
centerline Uemperature oi the fuel, and increase the
amount of figsion gas release in a reactor environment.

2. Fiectrical Resiscivity

The thermal condu~tivity test specimens
were 8180 used as test sperimens for the determination
of esactrical resisrivity. The electrical resistiviiy
was measured ca ea~h peliet, both vefore and after
the thermal endurance test. F¥arh peilet was ~lamped
between copper bars, and a current was passed through
the peilet. Tungsten probes were used to measure
the potential drop erross a measured length of the
pellet. The resuitts of these measuremeuts are pre-
sented ia Table IT1.

These experimencaliy determined re-
sigtivi values all fall within a fector of ten of
the publisled vaiuve for pure molybdernum (5 7 x 10~9
ohm-cm). It appears that, as in the casc of cnermal
conductivity. the molybdenum in tvhe matrix of the ce:r-
met makes a significent contritution to ele~tirical
conductivity. The fact that tke veriatioan in re~
sistivity with netering ~urrenlt was smaller zfver the
thermal endurance test 18 agein indicacvive of sinter-
ing of the molybdenum in the uat+ix of the ~oimet

3. Hardness Ya.ues o the (ladding

The befeore apd af er thermal enduran”
hardness vaiues do DOV raveal Suy Precisgsg quanLi-
tative data due to the rathers large vacigtions in
readingas on each discrevs peliob. Tu geueral, ivhe
variation in hardness was mu~h greater

[ - “
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ELECTRICAL RESTSTIVITY TR10R TO THERMAL EMDIJRANCE TESTING

I{amps? AVimv) R(ohms P{ohm-cm)
Sample T .83 0.28 3.58 x 1072 6.31 x 1072
2.41 0.058  2.41 x 1077 424 x 1072
1,26 0022 \.75 x 1077 508 v 1077

adus FEZI ey L

[t

Semple 1% 8. 85 0.297 % 25 ¢ 10 ° 6.02 x 1077
1.22 0.027 2 91 x 1077 3.5 x 107
o 86 004 165 x 302 291 x 1072

ELRCTRICAL RESTSTTVIFY AVTER 'HERMAL ¥NDURAWIE TESITNG

I{amps) AV imy) R ) clohmees”

Semple T &.80 0.280  5.18 v 1077 5 76 x 1072
2.38 0.076 % 19 - 0”2 S 78 v 1077

1.00 0.0%5  3.4D x 107 6.16 x 1077

A 3 et T T B O LRI ATINAS Ml B b F o o FOTh e MR D Raw WP R4 TF el e ok ) M s

- " .,‘."'P ‘C

Sample II 8. 9% Q. 200 223 531,77 4.10 v 1677
- B

2. 40 Q. 062 2.%38 ¥ 1L O R

N I

.00 0,026 PRSI G 4 73w a7

o - -
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after the thermal endurance vest and usually was much
greater than the aversge change in hardness. The re~
suitg of the test, shown in Table III, do indicate
that the hardness of the cladding is decreasing as
the amount of recrystallization increases. The data
are not gufficlientcly precise to warrant further de-~
ductions.,

4, Dimensiopal Stability

The thermal endurance test pellets were
indexed with & series of microhardness bench marks
in such a manner that three dismetrical measurements
were made at the center and each end of the pellet.
The bench mark gystem is illustrated in Figure 26.
The messured dimensions of the Test pellets are shown
in Tables IV and V and their visusl appearance is
presenied in Table VI. The data indicate that the
dimensional stebility of the pellets was good.

5. Materials Compatibility

A1l of the thermal endurance test pelie.s
and the thermai conductivity samples were sectioned,
wetallographicaliy mounted and polished for materisls
compatibility evaluation. The combination of the
thermal endurance test specimen. the thermal con-~
ductivity test sperimen, The vacuun emission test
pellet, and the fueled thermionic emitters will pro-
vide materials ~ompatibility daca over the temperature
range 1340°C to 1670°C upon compietion of thc progren

None of the thermal endursuce uvesy
specivens showed any evidense of diffusion oX the
ursnium dioxide through the molybdenum~1/2% titoniva
alloy cladding. The temperature range covered by
these pellesvs ran from 1340 o 1500°C. Pnrotomicro~-
graphs of a typical cladding-fuel interface of each
of these peliets are shown in Figures 27 through 3i.
Definite evidence of diffusicn of uvenivwa dioxide inve
the molybdenun-~1/2% titeniuvm aijoy rladding was
obse*ved in the thermai counductivity spenimens thal
were exposed to a temperature of 1%30°C during she
5000 hour thermal endursence tesv. Figures 32 snd 33
are representative phobtomicrogrzpyhs of areas of the
fuel~cladding interface of thesc pellets snd illusbtraic
that the observed diffueion is very similsr in pature

}»
W
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TABLE Il

Microhardness values of the thermal endurance pellets bhefore and after the thermal
endurance test ~ all hardness values are in Rockwell B scale.

Hardness Values

Endurance Test  Position on Psllet® Maximun Mean Change in Mean
Specimen Temperature 1 2 3 Varistion Herdness Value Hardness Value
1472 Pre~endurance 79 80.7 81i.5 2.5 80.4

1240°C 89 78 75.5 13.5 80.8 +0.4
1474 Fre-endurance 82,2 81.7 83.2 1.5 82.4

1400°C 75,0 69.0 77.5 8.5 73.8 «8.6
1477 Pre-endurance 87.8 86.7 85,5 23 86.7

1450 - 1500°C 83.5 B3.5 82,5 1.0 83%.2 =3, 5
147-9 Pre~endurance 84.2 86,0 85.5 1.8 85.2

1450 - 1500°C 69.0 77.5 84,0 15.0 76,8 «~8.4
147-10 Prg-endurance 87.8 86.2 80.7 7.1 84.9

1500°¢C 62,0 76.% 77.0 15.0 71.8 «13,1

¢ BSee Figure 26 for position locations.



Pre-and Paost-Taest Dimensions of Thermal IEndurance Test Pellets

Endurance Test Position Diamster Measurements, inches
Specimen Temperature (0'Clock) 1 2 3 Average
1472 Pre~test Velues 12 - 5050 . 5049 . 5049 . 5049
& « 048 ~ 5049 . 5048 . 5048
8 = 504 . 5045 . 5050 ~ 5049
Average ¢ » SN al
L4772 1240°0 12 - 5050 . 5043 . 504% . 5045
i@‘ w 501‘!'7 s %M 3 504’5 T %45
8 _50%0 ~ 5045 - 5045 . 5047
Average « S0US « S04 - 5044
A&Ten Pra-vesy Values 12 - 5050 » 5050 - 5050 5050
& . 5050 . 050 - 5050 - 050
8 . 5050 . 5050 2050 - 5050
Average . 5050 « 5050 5050
AT 1400°C 12 L5050 . 5050 50857  .5062
n 5050 . 5050 5050 - 5050
3 L5050 L5050 : 200 - 00
Average 5080 . 5050 5062
LR Pre~test Values 12 . 5049 - 5050 - 5050 5050
4 « 5049 - 5049 . 5049 5049
8 . 5049 .00 . 050 5050
Aversge . 5045 . 5050 . 5050
NP 1450 ~ 1800°C 12 . 50498 . 5050 - 5048 <5049
& FO4G - 5049 - 5049 . 5049
2 _oag S0 50 . 5050 - 050
brerogs 5040 5050 . 5049

6T
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TABLE IV ~ CONTINUED

Endurance Test Posicion Dismeter Measaremenss inches
Specinen Temperature {C'Ciock} i 2 % hveraze
egTEe Vpeatozs daluner L L5050 - 5049 H A

. 5050 » 050 CEG
St 2 0RO POCA 5 =0
Average » 50 - 5050 500

187<9 1850 = 500°C i 2 - SO5 - 5050 L5
- 5080 5050 5350
g 505 . 5050 mmggg%

[ B SV
%
BESES

PO LN IS 3]
£2 0 L3
gt ey
OO .

RN L TEDRT KOG

)t Froo mme Veloor Iy L5050 5050 SU50 L3050
‘. L5042 505C 5050 A0

& 5050 0 . 5083
Average EBES i Qw"m“mmng

e LRGN G 17 <5067 . 505L 5050 5056
£ . 5064 5050 5050 5055
3 L B0ED 5OLY . 3CE0 COE

ATeregs - 50T Tt “L05%

. Como oo uel vo wvuungsien convainer. Tho igolaved high reading for the dismeter of specimen
* e gy an #reg whers the pelley pluck o (he tungsuen capsulie
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_TABLE V

Pre-and Post-Test Lengths of Thermal Endurance Test Pellets

Pre~liest

Specimen Length. In.
147=2 1.3%94
14774 1.420
1477=7 1.%18
147-9 1.3%62
1477-10 1,354

Endurance Post~Test
Temperature, °C Length, In.

1340 1.394

1400 1.422
1450 - 1500 1.319
1450 -~ 1500 1.3%64

1500 1.35%

TABLE VI

Post~Test Visual Appearance of Thermal Endurance Test Pellets

Endursnce
Specimen Temperature, °C
147-2 1340
147-4 1400
1477 1450 - 1500
147=9 1450 =~ 1900
147-10 1500

B

ND-294

Visual
Appearance

Bright with no visual chsnges.
No large grains evident.

Bright, some dull spots due to
the pellets adhering to the
tungsten capsule. Some grain
boundaries visible.

Bright with no visual defectus,
no grain boundaries visible-

Bright, some grain boundaries
visible.

Bright. one small dull spot on
end cap and side of pellet from
adhering to tungsten capsule.
Surface showed a fair amount of
grain boundaries-
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reoola stwmaoved v D0 VB LD D ABIOD LeS. Deillel
TEOOTCL TP e eV A0S gnerueryy rapord {be obssrves
diffusivn 1u the coadding o0 ckese peiliets differed
trom thas ohgesrv~d in the vacwsm suisglon test peilel

in uwhmt LU Was svelly disiributec with respect to
{ocacion and, 10 buie rages, nad peunetrsted the fuil

5 mirs of eladding. The uiffusion previousiy wbserved
in the vacuum emigsion tggl pelliev, coaverasly., appearsed
%o oeour prefereantislly with respect o locavion. Thism
difference in oniformity of diffusion appears to be
riated to the temperavure distribution during testing.
For the thermal conductivity specimens, a fairly un-
iform tempsrarure distribation wss maintained whereas,
in the cage of che vacuun emission test peliet., tem-
perature gradieats were present (See Figure 34%).

feveral important ‘actors musi be con-
sidered before arcepuance of the sdoserved diffusion
of ursuivm dioxide througt the molybdenum-1/2% titanium
ailioy ren be arcgpred ag 8 virtusi cervainty. The
first farcor ls the ssoichiomerry of the uranium dioxide
in cthe svarcing fuel form system. No precise guantitea-
Live cualysis wag rud on the svarcing maverias to
devermine the exacy oxygel conteni The stoichiometry
of the uranivm droxide @itk respe { L0 oxygen coantent
may wall be g cpritica: factor associatec wivh the
observed diffusion., The stolchiosetry of the moiy-
bdenum~zoated spherical uranium dioxide used In this
work wil! be determined by wev rhemicai snsuysis in
the near future

Tne serond fector i1s that stainiess
sveel, 1a swell amounis, is known 1o be invroduced ia-
to the wmolybdenum wsed ¢ coat the sphericali urasium
dioxide during o.r "in house® propristary cosiing
process The exact or average smount ol stainiess
suweel pick up le oot known. bufr wili be spectrographl-
cavly dsvernined shoviiy

4 Vacuum Emission Test Periev

Based on wihg resuiis of ohe wirroscopie
examination of vhe sectioned vacwum eaission test
pellet. described 2n the previpusiy quarterly repoitv
adoitional analysis sppeared warrenced ta crder o
further detvermiuve, 1¥ possibie. voe Oxypep convent oi
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the urasimg d:ox142 or aras.uwn ~omplex prescat in ithe
observed inclusiocus Theieiore represencative porvicns
of che mevallogrsphirally sectioned 7acuum em(ssion
peilet concvsining i1nciugions were cut from the initials
sount and sent to Advenred Meiais Research Corporaiion
for analysis by electron beam microsnalysis. In additioxn.
a sample of sintered uranium dioxide of known stoichio-~
mecry was included ia the mount for use ss a standard

The eiemencs present in the graia boundary
inclusions were determined by proper positioning of
the electron beam Uranium, sluminum, and iron were
found to be preseui. Within the inclusions themselves
the presence of aluminum was accompanied by the sbsence
of uranium and, conversely., the presence of uranium
was accompanied by the absence of aluminum. The
selusinum-rich particles or areas of the inciusions
were lidentified as sluminum oxide by virtue of their
visible violet fluorescence, and their presence is

attributed to cthe use of hi%h purity alumina as the
polishing medin in the samp nteparatwon The pre-

sence of slumina ir the inciusions is prooably atso
a result of pull cut of some of the original uranium
dioxide in the inclusicn during the sect¢ioning and
polishing operations.

The rron thac was identified was estimated
to be present quantitatively at a level ranging from
0.3 to 0.6 weight perc~ent and ivs orcurrence and
quantity did not appear to be dependeut on the pre-
sence or absence of eigher alumimum or uranium &
plausible explanavicn for the presence of iron jn tThe
in~iusion is the known iror pickup which o~~urs dvring
the process uscd 1o coat the spherscal uvranctue droxtac
with moiybdenwa. A gpe~trographir deterinnation of
the amount of iron 1a a typiral smaple of molyodenum-
coated spheriral uronium dioxide will be conducted
at Martin in c¢he near fusure

A careful geaxrrh of the inciusions. wasng
vhe UMH, Ulq, and BMY specierad emission lines. showen

the presecnce of uraaiws rich erasas which were guite
sneii cela-ive ta the size of the entirs inclusion
The size of these sreas preciuded the possidiniey of
determining tha precise conrentretion of she uranium
or 1uvs stolen or2LTy- 'The uranium wes quari vavively
identified as belng presenc as araniun dioxide by



virtua of i1ts fai1ns biue vigib:e Tiucrescan~e uader
excitacion by the eitertron beam. Further ansiysis
appears inadvisabie at this time since presentiy

avai fable terhniques are nov capable of providing a
more precise quanvivacive analysis of the composiiion
of the incliusions.

D Pians for the Next Quarteriy Period

Future pilans. with respect to the materials
phase of the progrem. in~iude eramination of the fuelea
enitters from the double module thermionic converver
upon completion of performance testing. No additional
analysis of the grain bouandary inclusions noted in che
thermal conductivity test pellets is plamnned because
of their similarity to the irnclusions noted in the
vacuunl emission peliet, end the lack of a sufficienily
precise quanticative anairyslis technique with which to
conduct the investigavlion. Spertrographic analysis of
vhe molybdenum coating on the spherical uranjum diozide
will be Tun on several tocs of maberial To determine
characteristic iron content leveis. and the svoichi-
ometry of the moiybdenum-coated uranium dioxide wili
be d=iermined by wet cheumicpl analysis.

T30



IV. Advanced Module Design

Work to generate the engineering design of an
advanced double diode converter was initiated dairing
this quarterly period.

A. Advanced Module Design Philosophy

The converter design to be generated will re-
fiect, where appropriate, the incorporation of new
materials, component designs, and general arrangements
which, based on the results of prior and current efforvs
(double diocde converter work including the FDM-1 and
its Martin-sponsored predecessors, Martin-sponsored
single diode converter efforts, fuel form and fuel
pellet development sctivities, and the fuel pellet
vacuum emission experiment) appear desirable to obtain
improved performance asnd simple instsllation and
operation. The advanced converser will be designed for
laboratory-type testing and be similar in configuration
to the FIM-1. However, it will be oriented as much as
possible toward the presently anticipated requiremenis
for a future in-pile test. Consideration wilil be given
to modifications which will ultimately permit eiectri-
cally heated operation and ~heck~out followed by in-
pille testing of the same device. This dual operationa:
approach is highly desirable since it improves the
level of confidence in a parcicular device especially
during the initial phases of a development program.

B. Accomplighments

A critical review and evaiuation of the
FDM -1 converter deslign has been performed in the ligh
of test results obtained to date. Some preliminary
nodifications to the FDM-1 device which will be in-
corporated inito the advanced converiter design have veen
established and include:

&- Both collectors wiil be sprayed with an
insulating coating to duplicaie the etectrical sand
thermal characteristics appropriace vo a mulel-dicde
fuel elemenc zs opposed wo thne presend design in which
only one anode is sgprayed zod che ovher fores an
integral part of the casing.

b- The ayrangemenl of the extericr com~
ponenis used for wasie heat removal wili be medified
to permit a wmore compact design couwpatible with the
geometric requirenencs of sn lu~plle best davice.

PND~2045.3
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C. Plans for the Next Quarterly Period

During the next quarterly period, development
of the advanced module design will be completed. Draw~
ings presenting the detailed design of the advanced
double diode converter and associated test fixtures will
be prepared. The drawings will be sufficiently detailed
g:tthe point that fabrication could be initiated in the

ure.

HND-2045-3



FIGURE 1

Components for the FDM-1
Thermionic Converter




FIGURE 2

Location of the top collar
braze in the FDM-1 assembly.




FIGURE 3

Set up for brazing top
P collar to top cathode
l in remote chamber.




FIGURE 4

Set up for welding the
top ceramic-to-metal
seal to the top collar
flange in the remote
chamber.




FIGURE 5

Set up for welding the

top ceramic-to-metal seal
to the threaded container
in the remote chamber.




FIGURE 6

FDM~1 assembly with bottom cathode
located prior to gemmagraph and
subsequent assembly.

§.§




FIGURE 7

Set up for bottom
collar to bottom
cathode braze in
dry box.




FIGURE 8

Set up for welding the
bottom ceramic-~to-metal
seal to the threaded
container in the remote
chamber.




FIGURE 9 .
View of basic FDM-1 converter assembly
with lesk testing and gemmagraphing
complete.




FIGURE 10. Gemmagrasph print of the FDM-l converter assembly.

FIGURE 11. View taken 120° from that of Figure 10.

FIGURE 12. View taken 120° from that of Figure 11.




FIGURE 13

Cesium reservoir assembly for the FDM-1l converter.
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FIGURE 14

Set up for welding the
cesium reservoir to the
device in the dry box.




FIGURE 15

Completed FDM-1
converter assembly.




FIGURE 16

FDM~1 converter with four
anode thermocouples and
thermal sleeve in position.




FIGURE 17

Positioning an optical
temperature viewing sleeve
for insertion into the
FDM~1 assembly.



FIGURE 18

The FDM-1 converter

assembled into the anode
temperature control and
instrumentation housing.




Emitter temperature (Optical pyrometer-sight holes), °K

FIGURE 19
Power Input @ Open Circuit
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FIGURE 20
Electrical Output Characteristics
of the FDM-1l Converter
©
AN Tgy K Teg X T, K
o SV | O Diode #1 1633 554 820
\\ A Diode #2 1643 554 750
N\
A\<i\
A s P
\ \
D b
N N
L
A.\\\
B
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Output voltage, volts



Rl

Output current, smperes or Output power, watts

70

60

50

40

30

20

10

1 1 | | | | |

FIGURE 21
Electrical Output Characteristics
of the FDM-1 Converter
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FIGURE 22
Power Output Characteristics
of the FDM-1 Converter, Diode #1
Tp ~ 1850 °K
Tc > 680 °K
Ap ~ 15 cm?/emitter
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FIGURE 23

of the FDM-1 Converter,

Tp =~ 1960 °K
~ (o]
T, ~ 630 °K

AI:: 15 cm2/emitter

Power Output Characteristics
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Emitter temperature, °K
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FIGURE 24

Lifetime Temperature Profile
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Thermal Conductivity, W/(CM)(°C)
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FIGURE 25

Thermal Conductivity of the UO2-Mo System Before &
After 500 Hour Thermal Endurance Test at 1550°C
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FIGURE 26

Bench Mark System Used To Index The Thermal
Endurance Test Pellets




FIGURE 27

Fuel-cladding inter-
face of specimen
number 147-2, 500
hours exposure at
1340°C,

Magn: 250X
As polished

FIGURE 28

Fuel-cladding inter-
face of specimen
number 147-4, 500
hours exposure at
1400°C¢ 3

Magn: 250X
As polished




FIGURE 29

Fuel-cladding inter-
face of specimen
number 147-7, 500
hours exposure at
1450 to 1500°C,

Magn: 250X
As polished

FIGURE 30

Fuel-cledding inter-
face of specimen
number 147-9, 500
hours exposure at
1450 to 1500°C.

Magn: 250X
As polished



FIGURE 31

Fuel-cladding inter-
face of specimen
number 147-10, 500
hours exposure at
1500°C,

Magn: 250X
As polished

FIGURE 32

Fuel-cladding inter-
face of thermal
conductivity specimen
number 1 showing the
presence of inter-
granular diffusion.
500 hours exposure

at 1550°C.

Magn: 250X
As polished




- FIGURE 33

Fuel-cladding interface of thermal
conductivity specimen number 2 showing
the presence of intergranular diffusion.
500 hours exposure at 1550°C.

Magn: 250X As polished




Exterior Cladding /r— E. B. Heater Cavity

/

y

16350°C

N

i

1610°C |

NN NN N

= Cermet Fuel

L NANANANA AN NN NNRNENRY

/
/ %
¢ /
4 %
4 A
/ j d
1650°C —; ] 1670°C 5
KXY ¥
e %
/ | - mteriar
¥ ; %
~1610°C —/ /J ~1630°C d
T /

S

FIGURE 34
Temperature Profile Existing During Testing of
The Vacuum Emission Pellet.
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