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ABSTRACT 

Post operational examinations were conducted on in-pile and 
^ex-pile fueled converters. The tests had been run up to 3,300 
hours in-pile, and up to 10,l+06 hours ex-pile. Post operational 
evaluations were performed by visual examination, metallographic 
analyses. X-ray diffraction, electron beam microanalyses, leak-
tests, dimensional measurements, gamma counting and alpha 
coimting. A fuel-cladding interaction was observed which resulted 
in one shorting failure. Evidence of cesium corrosion of insulator-
seal metallized joints was found. Converter envelope cesium leaks 
through copper-titanium braze joints were found. Correlations 
among fuel preparation, diode envelope construction and the exami
nation results led to an upgrading of the fuel fabrication techniques 
and the converter components. These examinations have proven to be 
a valuable part of the converter development cycle. 

PART I - FISSION HEATED CONVERTERS 

A. INTRODUCTION 

The post operational examinations of two fission heated converters, previously 
reported upon during examination,̂ -'-'' were completed in the General Atomic Hot Cell. 
A summary and operational history of the converters is given in Table 1. The design 
of the converter is shown in Figure 1. A performance summary of the diodes is given 
in Reference 2 aod the design and construction of the diodes is given in References 
3 through 7. 

Evaluation of these diodes used the available techniques: visual examination 
of all components, leak checking, metallographic examination, dimensional measure
ments, radio-chemical analyses and gamma counting. Of principal concern to this 
report are the fueled emitter examinations. 

The purpose of this part of the report is to supplement the information given 
in Reference 1 so that the results of the post operational examinations can be 
summarized in contexture in Part III. 

B. MARK VI IC-Hl (lC-12) - (3,371 HOURS) 

It was previously reported^l/ that visual examination of the emitter revealed 
a hole in the emitter surrounded by a raised portion. The emitter to collector 
short which terminated the cell test was assumed to have been caused by carbide 
vaporizing from the hole to bridge the interelectrode gap. 

*This work sponsored by the U. S. Atomic Energy Commission under Contract No. 
AT(Ol+-3)-l675 Project Agreement No. 1I+, and by the National Aeronautics and Space 
Administration under Contract No. NAS 3-850U. 
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Examination of the sectioned emitter structure revealed that the fuel had 
undergone a 231/0 volume expansion through extrusion into the emitter void area and 
the fuel pellet central cavity. Figure 2 shows this structure. The fuel micro-
structure showed increased porosity from fission gas expansion and small particles 
thought to be tvingsten, in the fuel near the tungsten cladding. A slight inter
action was seen at the fuel-cladding interface. 

Metallographic examination of the cladding, performed with emphasis on deter
mining the reason for the emitter failure, revealed the following information: 

(1) No gross interactions were observed although microscopic evidence of fuel 
cladding interaction was seen. 

(2) Tungsten grain boundaries near the fuel were dissolved and the fuel near the 
dissolved grain boundaries was consumed, Figure 3-

(3) A second phase was observed in the tungsten grain boundaries and, when it 
penetrated to the outer surface of the cladding, evaporated and left an open 
crack behind at the grain boundary. Evaporation of the second phase also 
appeared to leave tungsten behind surrounding the hole, creating a raised 
portion. Figure h. 

(1+) Grain growth had occurred (initiating on the inner surface of the vapor 
deposited tungsten), was more extensive near the bottom of the emitter and 
appeared to make the emitter more susceptible to the attack described above. 

Radio chemical burnup analyses were performed by gamma spectrometry of the 
fission element Zr°5. Results were within 15'̂  of the estimated burnup of 1.55 x 
10 fissions/cc. 

C. MARK VI IC-Il (lC-13) - (2,772 HOURS) 

The emitter was concentric with the collector and appeared structurally sound 
whto first examined. Later, when the emitter was removed from the collector, it 
was found to have cracked because of hydrolysis induced expansion of the fuel. 
Fuel hydrolysis initiated because the thermocouple protection tube brazes leaked. 
The fuel remaining indicated ~ 5 vol-^ expansion during irradiation and indicated 
that the burnup (O.67 x 10 fissions/cc) had exceeded the expansion threshold for 
this fuel configuration. Fuel-cladding metallography provided excellent corrobora
tion of the IC-12 examination results. Micro examination of the cladding revealed 
no gross interaction between the fuel and cladding. Small particles thought to be 
tungsten were seen in a thin fuel layer and grain growth had been initiated on the 
inner surface of the emitter. This growth was more extensive in higher temperature 
regions at the emitter bottom. Some evidence of a second phase was found in the 
grain boundaries of the tungsten in regions where grain growth had occurred. 

• • - PART II - ELECTRICALLY HEATED CONVERTERS 

A. INTRODUCTION •" .' ' 

The post operational examinations of three electrically heated converters 
(LC-3J LC-1+ and LC-5) were essentially completed. Some emitter chemical analyses, 
microstructural analyses and electron microscopy remains to be completed. Macro 
and partial micro examination of the converters were previously reported upon.^ ' 
Table 2 summarizes the operational history and post operational examination results 
that were reported upon in Reference 8. A performance summary is given in Refer
ence 2. Diode design and construction are given in Reference 9 and shown in Figure 

Evaluation of these cells used the available techniques: visual examination 
of all components, leak checking, X-ray diffraction, electron microprobe analyses, 
radiography, metallographic examination, dimensional measurements, chemical and 
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radio chemical analyses, and alpha counting. A complete description of disassembly 
and examination procedures are given in References 10 and 11. 

B. LC-3 CONVERTER (l0,l+06 HOURS) 

Fueled Emitter Examination 

No gross interaction between the W-60 vol-fo UOp cermet and the emitter 
cladding was found. An attack upon the tungsten emitter blank similar to 
that observed for the LC-2 emitter(°»-̂ -'-) was noted but again, this result is 
not considered applicable to fission heated converters, since it did not have 
the characteristics of a classical W-UO2 reaction and may have been related 
to some other factor such as fluoride entrapped during fuel encapsulation. 
Porosity developed in the vapor deposited tungsten cladding over the fueled 
region of the emitter exhibiting the attack upon the tungsten emitter blank. 
Figure 6 shows a fuel slab section of the LC-3 emitter. The development of 
porosity in this region is thought to be related to the attack on the inner 
surface of the tungsten cladding only because the emitter temperature was 
highest in this region. 

Envelope Component Examination 

Chemical analyses of the external and internal surfaces of the niobium 
lead tube (just under the collector to cesium lead tube braze) showed that the 
external surface of the tube was more heavily contaminated than the inside 
portion (true for all cells), indicating that the source of contamination was 
external and could probably be related to the test environment. A metallo
graphic section of the ceramic to metal (alumina-niobiimi) seal revealed a gap 
between the AI2O3 (Lucalox) and the metallizing layer. Cesium analyses of the 
metallized region(i2) suggests that cesium attack caused the separation. 
Cesium corrosion of ceramic to metal seal metallizing was indicated during 
examinations of the LC-1+ and LC-5 converters and is reported in Reference 12. 

C. LC-1+ CONVERTER (7,3^5 HOURS) 

Unfueled Emitter Examination 

No deviations from the as-built structure were observed. 

Envelope Component Examination 

Chemical analyses of the envelope components revealed that the external 
surface of the lead tube had been contaminated by the test environment. A 
film scraped from the collector was molybdenum with a minor amount of TiO. 
Other diffraction lines were observed but could not be resolved. 

D. LC-5 CONVERTER (7,558 HOURS) 

Fueled Emitter Examination 

Emitter microstructural examination of the fueled region revealed that 
no densification or other major change in the 90UC-10ZrC fuel morphology had 
occurred. The structure is shown in Figure 7. The results are in contrast 
to the post structure observed for LC-lvH) where the fuel densified by an 
evaporation-condensation mechanism. Some slight redistribution of the fuel 
can be detected near the emitter bottom in the fuel cavity cap region in 
Figure 7. Recrystallization of the vapor deposited tungsten cladding occurred 
to a slight extent at the top and bottom of the fueled region. 

Examination of the fuel-cladding and fuel-emitter blank interfaces showed 
that no gross interaction had occurred. However, there was evidence of a 
localized interaction between the fuel and cladding. 
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Figure 8 shows both interfaces. At the I.D., where temperatures were 
higiher, tungsten has been removed from the emitter blank preferentially at 
the grain boundaries. The same effects, to a lesser degree, were noted at the 
fuel-cladding interface. Chemical analyses of the fuel gave 1-2 percent tungsten 
by weight. The results are similar to results obtained from timgsten analyses 

of long term emission-diffusion specimens and from the LC-1 examination. 
The carbon to uranium ratio for the 90UC-10ZrC fuel, allocating one carbon atom 
for each zirconium atom and one carbon atom for every two tungsten atoms, was 
C/U = 0.972. This hypostoichiometry in carbon was an important facet of the 
post test vacuum work function measurements.\1^^ 

Envelope Component Examination 

Chemical analyses showed that the external surface of the lead tube had 
been contaminated by the test environment. 

PART III - SUMMARY AND DISCUSSION OF RESULTS 

Two of the three ex-pile cells examined failed by loss of cesium through leaks 
in the cell envelopes. The third cell failed by an interelectrode short unrelated 
to basic cell design. Micro structural examination of cell envelope materials 
revealed no deficiency in the basic materials. 

Evidence of cesium corrosion of the insulator metallizing layer was observed 
for each ex-pile converter; however, insulators thought to have improved cesium 
corrosion resistance have been developed and are now being used for converter 
fabrication.^''' 

Copper-titanium brazes were foiuid to be altered by contamination from the^ 
test environment. The test environment has been improved for both in-pile^ -'•' 
and ex-pile converters. Development and application of high temperature insulators 
to converters''^ will stimulate replacement of the copper-titanium braze with one 
of a higher temperature operating capability (> 8OO c) during the next year. 

No gross fuel-cladding interactions applicable to fission heated fuel 
elements were observed for any of the diodes examined. Microscopic examinations 
of 90UC-10ZrC fuels in-pile and ex-pile converter fuel-clad interfaces revealed 
that tungsten was dissolved from the cladding at grain boundaries by the fuel and 
fuel was consumed near where tungsten was dissolved. For in-pile diodes, a second 
phase was observed penetrating the grain boundaries of the tungsten which left open 
grain boundaries in the cladding when the penetrating phase evaporated at the outer 
surface of the cladding. 

The dissolution of tungsten increased the uranium activity in the carbide 
(and thus in the cladding) perhaps to the point of trace liquid uranium formation 
during thermal cycles in case of the IC-12 and IC-13 emitters. Liquid uranium 
would then be available to interact with the tungsten by a mechanism aided and 
complicated by the effects of further thermal cycles and by fissioning. It is 
thought that the second phase observed in the tungsten was a uranium-tungsten alloy. 
The presence of a second phase was not confirmed in the ex-pile LC-5 90UC-10ZrC 
fueled converter; however, the presence of tungsten in the fuel would cause an 
increase in uranium activity in the fuel-cladding system. 

These observations suggested further stabilization of the carbide by (a) pre-
saturation of the carbide with the tungsten it would otherwise dissolve from the 
cladding and (b) by using a higher carbon content to depress the uranium activity 
and provide a carbon supply to satisfy the tungsten requirements. These efforts 
are the subject of another paper at this conference. 
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Tatle 1 

(U) Operational Sunoary on ITuclear Heated Converters 

Cell 

Mark VI-IC-Hl 

Mark VI-IC-Il 

Test 

IC-12 

IC-13 

Fuel 

90 mol-^ UC-
10 mol-i ZrC 

90 mol-it UC-
10 mol-^ ZrC 

Duration of Test 
(hrs) 

3371 

2772 

BBltter^*) 
Temperature 

(°C) 

1620 Avg 

17'*2 Avg 

Estljuated̂ *'' 
Burnup 

(Flsslons/cc) 

1.55 X 1 0 ^ 

0.67 X 10^° 

Reason for 
Test Tennlnatlon 

Interelectrode 
short 

Contractual 
comnitment 

(a) 

(b) 

13ie emitter temperature was measured by the use of thermocouples. 

Based upon average power density. Due to high degree of self-shielding, ftiel on outer perimeter of 
fuel was subjected to considerably higher burnups. 

Table 2 

(u) Operational History and Post Operational Examination Results Sunmary 

on Electrically Heated Converters 

Cell 

Mark VI-LC-E-3 

Mark VI-LO-E-'* 

Mark VI-LC-E-5 

Test 

LC-3 

LC-U 

LC-5 

Fuel 

W-60 vDl-^ 
UOg Cermet 

none 

90 mole-* UC 
10 mole-it ZrC 

Test 
Duration 

(hrs) 

10,1(06 

7,31*5 

7,558 

Elnitter 
Temperature 

(°C) 

1750-1800 

1650-1800 

1750-1800 

Reason for Test Termination 

Ti getter ring contacted 
emitter and caused inter
electrode short. 

Complete structural failure 
of insulator skirt collectoi 
Cu-Ti final closure braze 
(accidental compositional 
deviation resulted in 
cesium loss). 

Loss of cesium through 
collector-to-cesium lead 
tube braze (molybdenmn-to-
niobium with Cu-Ti). 

Bnltter Stability 

Slight (1 to 3.7 mils) 
radial expansion over 
W-60 vol-56 UO2 fuel slabs. 
No texture alteration. 

No changes from the 
as-fabricated appear
ance were observed. 

No texture alteration. 

Slight radial expansion 
of from .9 to 1.7 mils 
observed over U-ZrC 
fuel slabs. 

Envelope Examination 

Slight collector staining - evidence 
of Cu-Ti collector-Cs lead tube & 
collector - insulator skirt braze 
contamination by test environment. 
Materials showed no gross deviations 
from starting materials. 

Collector staining observed. 
Materials showed essentially the as-
fabricated structure. 

Slight staining on the collector 
opposite fuel slab positions was 
observed and the presence of 
uranium was confirmed by alpha 
counting. The Cu-Tl final closure 
and lead tube brazes were altered 
by contaminants from the test 
environment. Materials showed no 
deviations-from the as-fabricated 
structure. 
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CONTAINMENT 

INSULATOR 

COLLXCTOR 

COLLECTOR 
HEATER 

CESIUM 
AMPOULE 

FISSION PRODUCT 
CHAMBER 

EMITTER 
THERMOCOUPLES 

CLOSURE BRAZE 

COLLECTOR 
THERMOCOUPLES 

EMITTER 

CESIUM RESERVOIR 
AvND CELL 
PINCWOFF 

Fig . 1—(U) Design of MK VI-H Thermionic Cell for In -P i l e Test ing 
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Cd 
O 

BHC-258-7 2. 5X 

Fig. 2—(u) Qnltter Section from IC-12 

NOTE: 0.117 in dia. central void has 
been par t ia l ly f i l led ty fuel 
expansion. (Estimated burnup 
1.55 X 1020 fisslons/cc.) 

AL 

BHC-283-2 50X 

Fig. 3"(U) Section Through IC-12 
Elnitter Wall 

NOTE: I.D. attack and tungsten removal 
at grain boundaries. 

BHC-281-2 

Fig. h—(U) Section Through Emitter 
Hole in IC-12 

NOTE: Surface material on emitter 
O.D. 



Transition Piece (Tantalum) 

Current Lead (Copper) 

Insulator (AlpO,) 

Emitter (Tungsten) 

Thermocouple (W-W-25 Re) 

Electric Heater 

W to TJantalum V Braze 

Weld Joint 

Insulator Skirt (Niobium) 

Braze Joint (Copper-Titanium) 

Collector (Molybdenum) 

Filament 

Fuel 

Coolant (Dry Air) Line 

Collector Heat Calorimeter 
(Molybdenum) 

Thermocouple 
(Chromel-Alumel) 

Cesiimi Reservoir Tube 
(Niobium) 

Braze Joint (Copper-Titanium) 

Kovar Ampoule 

Copper-Niobium Weld 

Cs Reservoir (Copper) 

Cell Pinch-Off 

Fig. 5—(u) Design of Mark VI-H Thermionic Cell for life Testing of Fueled Baiitters 
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E M I T T E R B O T T O M -

M 19731 3 4 a 

Yig 6 — ( C - R D ) ( j p - l ) L o n g i t u d i n a l S e c t i o n Taken T h r o u ^ W-60 v o l - ^ UO^ F u e l S l a b of LC-3 B n l t t e r 

NOTE (a.) Break was c a u s e d d u r i n g mount ing 

( b ) A t t a s k on t ungaen of I D. a i d e ( f i l a m e n t c a v i t y s i d e ) of f u e l c a v i t y 

( c ) P o r o s i t y i n t u n g s t e n i n r e g i o n o f c l a d d i n g o v e r t h e zone of a t t a c k on I D. 

T U N G S T E N C L A D D I N G L A Y E R 

T O P O F 
E M I T T E R 

^ g 7—(c/RD)(Gp-l) Longitudinal bection Taken Through 90UC-10ZrC Fuel Slab of lX-5 Emitter 

IKXHE (a) EreaS was caused during mounting 

(b) Absence of fuel densification 

(c) Cladding recrvstallisation near top and bottom 

lOOX 

F i g Oa—(u) LC-5 F u e l - c l e d I n t e r f a c e Near C e n t e r 

N O T E T h e fue l a t t h e f u e l - c l a d d m g i n t e r f a c e d o e s n o t s h o w 
t h e d e n s i f i c a t i o n s e e n i n L C - 1 ( G A - 7 1 3 1 ) 

A t t a c k of t h e c l a d d i n g by t h e h y p o s t o i c h i o m e t r i c fue l 
{ C / U - 972) c a n be o b s e r v e d 1-2 w t - % t u n g s t e n w a s 
l o u n d i n t h e f u e l 

M - 1 9 7 3 2 - 7 

F i g - 8 b " ( u ) LC-5 F u e l B i l l e t I n t e r f a c a Near Bofetooi 
of a n i t t e r 'W 

N O T E R e m o v a l of t u n g s t e n f r o m t h e g r a i n b o u n d a r i e s of t h e 
t u n g s t e n e m i t t e r b i l l e t 

T h e g r e a t e r a m o u n t of a t t a c k a t t h i s i n t e r f a c e in 
c o m p a r i s o n wi th t h e p r e v i o u s f i g u r e i s p r o b a b l y 
r e l a t e d to i t s h i g h e r o p e r a t i n g t e m p e r a t u r e 
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