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FOREWARD 

The work covered by this repor t was accomplished under Air Fo rce 

Contract AF 33(657)-8563^ but this report is being published and distributed 

p r io r to Air Force review. The publication of this repor t , therefore , does 

not constitute approval by the Air Fo rce of the findings or conclusions 

contained here in . It is published for the exchange and stimulation of ideas . 



INTRODUCTION AND SUMMARY 

This repor t covers the quarterly period ending July 31, 1963. The 

p rogram was initiated to evaluate mate r i a l s j fabrication and testing 

problems associated with the operation of high-temperature vapor-fi l led 

thermionic converters employing uranium-zirconium carbide emi t t e r s of 

cylindrical geometry. To date five of these converters have operated a 

total of 5300 h r . The las t converter to be tested m this p rog ram i s Cell K, 

which will soon be operable. 

During the previous reporting period. Cells G and J were operated 

until loss of cesium caused discontinuation of the tes t (Ref. 1). In this 

reporting period, Cell H, which had two cesium vials , was placed in 

operation, while final assembly of Cell K was completed. Cell H output was 

56 watts at an emit ter temperature of 2380 K. The cesium tempera tu re 

optimum for maximum power was 637 K. A collector tempera ture optimum 

was not obtained due to cooling l imitat ions. 

After 530 hr of Cell H operation at an average power of 20 wat ts , and 

at an emit ter temperature of about 2220 K, a 50% power degradation was 

observed. At 608 hr the bombardment filament was replaced and the second 

cesium vial was opened. Subsequent operation yielded a power output of 

48 watts at 2270 K. This performance was basically the same as that 

observed during the injtial operation. It is concluded that the degradation 

of this cell at 608 hr was pr imar i ly due to loss o/ cesium through the leaks 

in the cell envelope. At 700 operating hours the tes t was concluded due to 

the development of an mterelect rode shor t . 

Vacuum emission data obtained with a test collector gave cur ren t 

values a factor of 8 greater than the init ial data at a corresponding emi t te r 
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t empera tu re . The Cell H emit ter appeared to be essential ly xinaltered by 

the tes t except for slight dimensional changes. In the emi t te r center portion, 

the diameter had decreased from 0.674 to 0.654. A deposit was found 

in the opposing a rea of the collector cavity, which reduced its d iameter 

from 0. 698 to 0. 680, Chemical analysis of the emit ter showed that the 

uranium content had decreased from 20% to 15%. A recal ibrat ion of the 

emit ter thermocouples against emit ter surface pyrometer readings 

indicated that they had maintained their calibration. Metallographical 

examination of the emi t te r thermocouples showed a heavy oxide formation 

on the tantalum sheath and a considerable loss of the beryl l ium oxide 

insulating ma te r i a l . 

Pos t - t e s t analybis on the collector deposits of Cells G and J was 

obtained during this repor t per iod. The analysis showed a 1% uraniura and 

90% zirconium content. The deposit in the Cell H collector , however, had 

80% uranium and only 17% zirconium. An intermetal l ic reaction had taken 

place in these collectors between the deposit and the nickel substrate which 

extended deep into the nickel . 

Pre l iminary t e s t s on Cell K are completed and cell operation is 

anticipated in the very near future. Vacuum emission data is in good 

agreement with previous ce l ls . An emi ' t e r t empera ture profile study gave 

100 K variat ions over the emit ter surface . 
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GENERAL 

OPERATION AND POST -TEST ANALYSIS OF CELL H 

Cell H was completely assembled during the previous quarter and 

held pending completion of tes ts of Ceils G and J . To assure that the cell 

had remained leak-tight and that the emi t te r had not become contaminated, 

another vacuum emission check was conducted on Cell H. The data were 

in good agreement with those obtained a few months ea r l i e r (Fig. 1). 

The physical dimension and construction of Cell H is the same as 

Cells F , G, and J in e v e r / respect except that Cell H has two cesium via ls . 

Final power degradation of all previous cells had been traced to the loss of 

cesium, through cracks in the ce!l envelope. It remains to be shown that 

the introduction of an additional amount of cesium will res to re the power 

output of the cel l . 

One of the two cesium vials was broken and the ce''! was placed in 

operation. The effect of cesium tempera ture on cell output was investigated 

at the emit ter t empera tu res of 2000 K and 2200 K (Fig. 2), As in previous 

ce l l s , a peak was observed, although it was shifted in this case from 620 K 

to 637 t 5 K. The peak occurred at essentially the same cesium tempera­

ture for the two emit»-er t empera tu res , 

A la rge coi'' cooled w'th Dow'herm oil was at*ached to the collector 

of Cell H because the pos t - tes t ara^ysis ot Cells G and f indica*^ed that the 

col lectors had been operated at excessively high t empera tu res . F ig , 3 

shows cell power output as a function of emit ter temperature with and 

without collector cooling. At an emi^tei fempera 'a re of 2200 K, there is 

an increase in power output of about 20% wher the collec*or temperature 

is decreased by 120 K. The impToved collector cooling coil, however, was 

sti l l inadequate to obta 'r substanHalif lower collector tfcmpeia*uT e s , since 

the collector temperature could only be investigated over the limited range 

of about 120°K. 
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Pre life-test data 

•O 5-10-63 data pyrometer O 

D 2-4-63 data thermocouple No, 1 

After 5 hr 

Post life-test data 
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F i g . 2--Effect of cesium temperature on output of Cell H 
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The output from Cell H was lower by a factor of 3 as compared to 

Cell G at equivalent conditions. It is noteworthy that the vacuum emission 

current of Cell H was also lower by a factor of 3 than that of Cell G. The 

maximum output recorded on Cell H was 56 wattsj it was obtained at an 

emit ter t empera ture of 2380 K, a collector temperature of 1023 K, and a 

cesium well t empera ture of 638 K (Fig. 3). In F ig . 4 the shor t -c i rcu i t 

current density is plotted as a function of emit ter tempera ture at a cesium 

tempera ture of 638 K. The maximum current density of 16.5 a m p / c m 

was recorded at an emit ter temperature of 2380 K. While these currents 

were about a factor of 8 higher than the vacuum enaission cu r ren t s , the 

slope of the two curves (Figs , 1 and 4) are the sanae. 

After the charac ter i s t ics of the cell had been established, operation 

at a continuous nominal ceil output of 20 watts was begun. The emit ter 

tempera ture varied between 2100 K and 2270 K. The cesium tempera ture 

was maintained between 628 K and 638 K. During the f i rs t 530 hr of 

operation, only a slight power degradation was observed. In the following 

78 hr this degradation became considerable. 

Increasing the cesium well tempera ture at this time to 700 K did not 

change the cell output, as normally observed. This indicated, as it did 

in previous ce l l s , that the liquid phase of cesium had disappeared and total 

depletion of cesium raight be anticipated soon. Condensation of a cesium 

compound was noted on the bell j a r inner surface also indicating a cell leak. 

The I-V sweep pictures taken over the period of the next few days 

showed shapes observed in other cells when power degradation had occur red . 

Also, in this case , the ion current became negligible and the shor t -

circui t current decreased by a factor of ?., The cell output dropped to 

12 watts at a 2230°K emit ter temperature (Fig. 5). After a total of 

608 h r , the filament burned out and was replaced. After replacing the 

filament, the second cesium vial was broken. 
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An initial power output of 48 watts was observed upon r e s t a r t up a t an 

emit ter tempera ture of 2270 K, a collector tempera ture of 988 K, and a 

cesium well tenaperature of 63 8 K. A study of cell output ve r sus emit ter 

temperature showed that the performance had improved slightly over the 

previous data shown in F ig . 5. Thus, it was shown that the degradation 

observed during the last few days of operation just p r io r to filament 

failure was due to the depletion of cesium and not a deteriorat ion of the 

carbide emi t t e r . 

Within 24 hr after breaking the second cesium vial , another sharp 

degradation was observed. The cell voltage was abnormally low. An 

open-circuit voltage study showed that the cell voltage was down by a 

factor of 4 for corresponding emit ter t empera tures (Fig. 6). A par t ia l 

internal short existed between the emit ter and collector . Because this 

short would not open, after severa l days , cell operation was discontinued. 

A total of 700 operating hours were accumulated on this cel l . 

An inspection revealed a large leak in the lower weld between the 

copper base and the Monel ring of the insula tor . The insulator itself did 

not leak. 

The emit ter appeared to be in good condition. The bottom edge of 

the emiitter flared out to a diameter of 0.685 and 0.690 in. In other a r e a s 

the emit ter diameter varied from a low of 0. 654 in. near the center portion 

to 0,670 in. at the top. The original dimension was 0.674 t 0.001 in . 

There was little noticeable deteriorat ion and the emit ter top appeared to be 

in excellent condition. An. alignment check showed the emit ter to be 

canted, resulting in one side being off by 0.012 in. 

The collector cavity had an uneven deposit on all sur faces . The hole 

diameter varied between 0.680 and 0.693 in. The original dimension was 

0.698 t 0.001 in. The contact between collector and emit ter probably 

occurred in the area where the emit ter had flared out at the bottom edge, 
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or perhaps at the top due to the emit ter inclination with respect to the 

collector cavity. 

A vacuum emission study was conducted on the emit ter after the life 

test with a test collector. The current values were higher by a factor of 8 

than the initial vacuum emission data taken pr io r to the introduction of 

cesium (Fig. 1). These high values were in good agreen3.ent with the shor t -

circuit current (Fig. 4). The emit ter was allowed to cool and then it was 

heated and maintained at 2100 K for 5 hr to see if operation in the bell j a r 

vacuum of 1 x 10 m m Hg would have an effect on the emiss ion. The data 

showed a slight decrease in emission from the previous values . 

During the vacuum emission measurement s the emit ter tempera ture 

was recorded on both thermocouples and sighted through the two holes in 

the tes t col lector . In most cases the two pyrometer readings agreed within 

10 . Both thermocouples were in agreement with the corrected pyrometer 

t empera tu re s . This test has shown that the emit ter tempera ture readings 

obtained during the life test were re l iab le . 

The tip of the emit ter thermocouple broke off when the emit ter was 

cut off for analys is . It was found that the BeO insulation used in the t he rmo­

couple had disappeared in the upper 3/8 in . This same depletion of the 

BeO insulation had been observed in Cells G and J . Metallographical 

examination showed that the tantalum sheath had severely oxidized and 

failure was imminent. It is theorized that the tantalum reduces the BeO 

at emit ter operating t empera tu res . Therefore , long- term operation of 

tantalum sheath thermocouples with BeO insulation at t empera tures in 

excess of 2100 K may not be successful. 

POST-TEST ANALYSIS OF CELLS G AND J 

Cell G 

Operation and the cause for terminat ion of operation of Cells G and J 

is described in Ref. 1. To conduct a meta l lurgica l and chemical analysis 
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on the emit ter and col lectors of both ce l l s , the collector had to be removed. 

During this procedure , the emit ter of Cell G was removed with the collector 

because dimensional changes of the two had caused them to fuse together. 

A dimensional check of either the emit ter or the collector was not poss ib le . 

The emit ter of Cell G had a number of large a reas which showed no 

apparent sign of operating for 1700 hr in excess of 2000 K, while other 

a reas exhibited deep e ros ions , cavi t ies , and low carbide density (Fig. 7). 

These low-density a r ea s protruded beyond the original dimensions of the 

emi t te r . 

A longitudinal section of the emit ter revealed that the ser ra t ions of 

the tantalum slug had melted away on the top and part ial ly on the left-hand 

side while they had maintained their shape on the right-hand lower edge 

(Fig. 8). Since the outside edge of the emit ter as well a s the filament 

cavity were sharp straight edges, it is reasoned that the ser ra t ion had not 

melted during cell operation but during hot p ress ing , which preceded the 

final machining on the inside and outside sur faces . 

The photomicrograph of one of the ser ra t ions shows the extensive 

metal lurgical interaction which has taken place during the 1700 hr of cell 

operation (Fig. 9). Large voids have opened up between the tantaluna 

substrate and the carbide overlay as well as in the carbide itself. A 

considerable amount of tan*-alum has diffused into the carbide, while the 

latter has diffused throughout the tantalum subs t ra te . 

Cell J 

In this cell the collector and emit ter were not making contact at the 

end of the life tes t ; however, a deposit m the collector prevented the 

complete withdrawal of ' 'e collector without removing the emit ter as well . 

By heating the collector and applying some force, the ennitter could be 

removed from the collector cavity. 
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A dimensional check of the emit ter and collector diameters indicated 

why the emi t te r could not be withdrawn from the collector cavity. The 

original cold dimensions of the emit ter and collector were 0.675 in. 

diameter and 0.700 in. d iameter , respect ively. After the long- term 

operation, the diameter at the middle section of the collector cavity had 

decreased to 0. 674 in. At the same location the emit ter diameter had 

decreased to 0. 647 in. However, the very top of the emit ter had retained 

its original dimension of 0. 675 i n . , which produced an interference fit of 

0.001 in. when these surfaces approached each other during renaoval of 

the col lector . It is apparent that since the highest emit ter tempera ture 

occurred at the middle section of the emi t t e r , a higher ra te of evaporation 

of UC-ZrC occurred the re . The evaporated mate r ia l was deposited at the 

same elevation in the collector, so that the original 10- to 20-mil spacing 

appears to have been maintained throughout the life of the experiment . 

The emit ter of Cell J was very porous over the entire cylindrical 

surface (Fig, 10), while the top (which had been cooler during operation) 

was much smoother and far less porous . Since the emit ter operated at 

2500°K + 50° for 90 hr (and in excess of 2000°K for 1427 h r ) , it i s readily 

s een why the emit ter showed signs of deter iorat ion. 

Chemical Analysis of Collectors of Cells G, J , and H 

The deposit in the collector cavities of Cells G, J , and H was found 

to be very hard , and only very little could be scraped off. Additional 

mater ia l was machined off with a carbide tool. The metal lurgical reaction 

of the deposit with the nickel substrate is attributed to the high collector 

t empera tu re . Operating tempera tures up to 1250 K were recorded. The 

chemical analysis of the mate r ia l removed is tabulated below. Visual 

inspection of the collector cavities of Cells G and J after the removal of 

the deposit revealed that the penetrat ion of the deposit is sti l l deeper . 

This may account for the much lower uranium concentration in these two 

samples . A metallographical examination on a section of Cell G collector 
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operation) 
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showed that the depth of penetration was 0,020 in. after removal of the 

deposit used for the chemical analysis below (Fig. I I ) . 

Total Deposit Removed 

Nickel 

Analysis of Remainder 
of Deposit 

T a 

U 

Z r 

C 

(gm) 

Table I 

Collector 
Cell G 

3 . 1 

93.0% 

3 , 6 

1.4 

90.9 

< 1 . 2 

Collector 
Cell J 

1.7 

93.0% 

i n % 

3 .1 

0 . 9 

91.9 

4 . 0 

Collector 
C e l l H 

16.96 

97. 0% 

< 2 . 5 

80.5 

17.0 

Not 
Checked 

The chemical analysis of the uran ium-z i rconium carbide overlay of 

the ennitter from Cell H is tabulated below. The uraniunn content has 

depleted from 20% to 15%, The zirconium content has increased slightly. 

Table II 

ANALYSIS OF UC-ZrC OF CELL H EMITTER IN % 

Composition Carbon Uranium Zirconium Tungsten Tantalujm 

Original 

After 700 Hr 

*Not Detected 

10.32-10.50 

11.60-12.00 

20.37-20.40 

15 

68.50-68.81 

70 
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CELL K STATUS " 

Two additional emi t te rs with the same 10 UC - 90 ZrC composition 

were fabricated for use in Cell K. Dimensionally, this cell is the same as 

previous cel ls ; however, the e lect ron-beam weld between the coppex base 

and the Monel ring of the insulator which had leaked in all cells was 

eliminated by brazing the entire assembly in a hydrogen furnace. Besidjn 

eliminating the unreliable weld, the resulting assembly was free of contam­

ination. 

Vacuum emission studies were performed and a r e shown in F i g . 12. 

The values a r e comparable with those of Cel l G, which were above average . 

They a r e about a factor of 3 higher than the data obtained from Cell H. 

Since in the past high vacuum enaission and good cell performance were 

closely re la ted, it is expected that Cell K will give high power output. 

A temperature profile study on the emit ter was conducted. The 

resul ts a re listed below (Table III). Points A, B , and C a re three angular 

positions approximately 120 C apar t . In the same radia l plane the 

Table III 

Run 1 Run 2 

Axial Position 

Top 

Upper 

Middle 

1 Lower 

B ottom 

Angular Posi 

A 

1770 

1800 

1811 

1735 

1708 

tion Angular Position ] 

Teinperature in K 

B 

1735 

1800 

1811 

1778 

1708 

C 

1745 j 

1785 

1805 

1751 I 

1710 j 

A 

1 1875 

1915 

1949 

1 1909 

1852 

B 

1891 

1960 

1970 

1908 

1868 

C 

1882 

1930 

1972 

1899 ] 

1842 1 
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maximum deviation was 35 K, while in the axial plane differences up to 

130 K were observed. 

F ina l bakeout of Cell K is now in p r o g r e s s . With the cell body a t 

670 to 770°K and the emit ter at 2140°K, the p r e s s u r e was 3 x 1 0 t o r r . 

Cell operation is anticipated in the next few days . 

• 
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