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INTRODUCTION AND SUMMARY 

The advanced Thermionic Technology Program at Thermo Electron 

Corporation is sponsored by the Department of Energy (DOE) . The pr i ­

mary long-term goal is to improve thermionic performance to the level 

that thermionic topping of fossil-fuel powerplants becomes technically 

possible and economically at tractive. An intermediate goal is to operate 

a thermionic module in a powerplant during the mid-1980's. A short-term 

goal is to demonstrate reliable thermionic operation in a combustion 

environment. 

This report covers progress made during the three-month period 

from July through September 1981. During this period, significant ac­

complishments include: 

• Continuing stable output from the combtistion test of the one-

inch diameter hemispherical silicon carbide diode (Converter 

No. 239) at an emitter temperature of 1730 K for a period of 

over 9800 hours 

• Measurement of a barr ier index of 2.15 eV during the initial 

testing of Converter No. 266 (two-inch diameter torispherical 

silicon carbide diode) 

• Successful thermal cycle test of a CVD silicon carbide coating 

inside a sintered molybdenum tube 

1 



815 t» 

THERMIONIC ENERGY CONVERSION 

1.0 

LEVEL 1 

LEVEL 2 
TEC RESEARCH 

AND TECHNOLOGY 
1.1 

tv» 

m. 

DOE CONTRACT NO. DE-AC02-81ET11292 
WORK BREAKDOWN STRUCTURE 

SYSTEM STUDIES 
CONVERTER PROD. 

ENGINEERING 
2.0 

LEVEL 3 

RESEARCH CONVERTER 
INVESTIGATIONS 

1.1.1 

COMBUSTION-HEATED 
CONVERTER DEV. 

1.1.2 

STUDY TEC TOPPING 
OF GT SYSTEMS 

1.2.1 

IDENTIFY TEC 
APPL. TO IND. 
PROCESSES 

1.2.2 

DEV. CVD PROC. 
FOR PROD. OUANT. 

2.1 

FAB. HS-EM 
STRUCTURES 'A 

NOTE: ROMAN NUMERALS DESIGNATE LEVEL AT WHICH TASKS ARE TO BE REPORTED 



^ Thermo 
vtl Electron 
C O R P O R A T I O N 

I . RESEARCH CONVERTER INVESTIGATIONS 

The objective of this task is to investigate electrode pair performance 

as it varies with emitter and collector composition, microstructure and 

additives, using variable-spaced research converters heated by electron 

bombardment. Converter characteristics will be measured as a ftinction 

of emitter temperature, collector temperatvire, cesium pressure , inter-

electrode spacing and, if applicable, additive gas pressure . 

A. CONVERTER NO. 268: Zr02-Mo CERMET ELECTRODES 

Converter No. 268 contains ZrO^ cermet emitter and collector elec­

t rodes . This is the second converter built with plasma sprayed coatings 

from DFVLR. The technique used to form the coatings is described in 

References 1 and 2. The particulars of the electrodes and preoperational 

Auger analysis are given in Progress Report No. 46. 

Results from the previous ZrO^-Mo cermet diode (Converter No. 261) 

suggested that more moderate out gassing and operating temperatures 

should give improved resu l t s . Prior to cesiation, the emitter and collector 

were outgassed to 1450 and 760 K, respectively. Initial performance mea­

surements were made at an emitter temperature of 1400 K. 

A cesium family at T„ = 1400 K, and d = 0.5 mm is shown in Figure 

1. In contrast to the previous diode, this output was stable and repro­

ducible. Figure 2 shows the optimum performance at T„ = 1400 K, para-
2 metric in interelectrode spacing. At a current density of 5 A/cm , the 

barr ier index was 2.00 eV at this emitter temperature. After 150 hours 

of stable operation, the performance was measured at emitter temperatures 

of 1500 and 1600 K. Figure 3 shows a cesium reservoir temperature family 

at T„ = 1500 K, T„ = 800 K, and d = 0. 5 mm. The barrier index at 

5 A/cm at these conditions was 2.08 eV. Again, the emitter temperature 

was raised 100 degrees. At these conditions, the barrier index was 2.30 eV 
2 

at 5 A /cm . These results are given in Figure 4. As is apparent from 

this figure, the output degraded significantly. This degradation appeared 

3 
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the barrier index was greater than 2.30 eV, compared to the 2.00 eV 

recorded previously. 

At this point, the diode was taken off test and opened for post-

operational diagnostics. These results are discussed in Section I -C.2 

of this report . 

B. CONVERTER NO. 269: TUNGSTEN EMITTER, SUBLIMED 
MOLYBDENUM COLLECTOR 

The collector for Converter No. 269 was made by subUming molyb­

denum in the presence of oxygen onto a nickel subs t ra te . This coating 

contained 17,000 ppm of oxygen by weight. The diode was made to fur­

ther investigate the behavior of sublimed molybdenum coatings on nickel. 

Although the performance was not spectacular, the diode progressed 

through the qualitative changes associated with sublimed molybdenum 

collectors. Within a very brief period, the ctirrent density at an output 
2 

potential of 0. 4 V increased from 2.0 to 6.0 A/cm . A cesium reservoir 

temperature family at T^ = 1650 K , T_ = 800 K , and d =1.00 mm is shown 

in Figure 5. The barr ier index was 2.12 eV at 5 A/cm . 

After approximately 20 hours of stable operation, the output power 

degraded. The barr ier index increased to 2. 30 eV and the J-V charac­

teristics became insensitive to collector temperature. This behavior was 

similar to that of Converter No. 262, which was tested during the last 

reporting period (Progress Report No. 47). The output of Converter 

No. 262 remained stable for a period of 900 hours . 

At approximately the 900 hour mark, the output power slowly im­

proved to its best performance of V„ = 2.12 eV. The J-V characteristics 

at this point were virtually indistinguishable from those shown in Figure 

5. After this output remained stable for 100 hours , the diode was taken 

off test and opened for postoperational diagnosis. 

8 
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C. POSTOrCRMfON'Al A V A M S r s 

1. Converter No. 262: Tungsten Emitter, Sublimed Molybdenum 
Collector 

Additioncil postoperational diagnoses were performed on the molyb­

denum-nickel interface region of the collector of Converter 262. In Pro­

gress Report 47, this region was analyzed with high resolution energy-

dispersive spectroscopy for elements above mass number twelve. The 

sample was resubmitted to Photometries for analysis by scanning Auger 

microscopy, which detects aU elements above mass number two. 

The Auger line scans for nickel, molybdenum, cesium, oxygen, and 

carbon after sputtering for five minutes are shown in Figure 6. The line 

scans are superimposed on an absorbed current micrograph of the inter­

face region. The cesium, oxygen, and carbon profiles show peaks and 

valleys, indicating granular texture ra ther than uniform concentrations 

of those elements. A striking feature is the close correspondence be­

tween the oxygen and cesium profiles over the entire airea surveyed. 

Similar line scans after fourteen minutes of sput ter ing are shown in 

Figure 7. Again, the cesium and oxygen profiles coincide, indicating 

strong interaction between cesium and oxygen. Apparently, a cesium 

oxide is formed rather than molybdenum oxide plus cesitim. The carbon 

profile is approximately the negative of the cesixom and oxygen profiles, 

implying that carbon contadning granules are distinct from the cesium 

oxide type granules. 

A possible model emerges for the action of cesium during the opera­

tion of a converter with a sublimed molybdeniom collector. The cesitun 

penetrates into the bulk sublimed layer and reacts with the available 

oxygen to form a cesium oxide. This cesium oxide exists as granules 

ra ther than as a uniform distribution throughout the bulk. This filling 

of the bulk with cesium oxide may correspond with the "activation stage" 

of sublimed molybdenum collector conver ters . The molybdenum oxide is 

10 
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then a reservoir of cesium oxide, and some cesium oxide desorbs to pro­

vide the "oxygen effect" seen at the emitter. This model ties in well 
3 

with previous data which indicates that the "oxygen effect" is caused 

by cesium oxides. 

The sputtered surface of the sublimed molybdenum collector of 

Converter No. 262 was analyzed by Auger Electron Spectroscopy (cf. 

Table 1). Only a very small carbon concentration is evident, in agree­

ment with analyses of the subHmed molybdenum collectors of Converter 
4 

Nos. 249 and 257. Heating to 1150 K for 7 minutes in vacuum removed 

all elements except molybdenxim, oxygen and cesitim. The cesium con­

centration is reduced only a small amount after this heating to 1150 K, 

implying either strong bonding of cesium to the molybdenum oxide sub­

strate or a diffusion limited desorption process. 

After the 1150 K heating, the FERP work function was measured as 

a function of cesium dose time (Figure 8) . The work function passes 

through a minimum at 1.62 eV and then gradually increases. Since this 

cesium dosing technique covers the full range of cesium coverage expected 

in a converter , it may be possible to estimate the minimum operating col­

lector work function by such a graph of FERP work function versus 

cesivim dose. 

2. Converter Nos. 261 and 268: DFVLR Electrodes 

The emitters and collectors of Converter No. 261 (Emitter No. 1, 

Collector No. 1) and Converter No. 268 (Emitter No. 2, Collector No. 2) 

were analyzed by Auger electron spectroscopy. After operation, the 

emitters appeared uniformly gray with no obvious deposits. However, 

the collectors were covered with a black coating. 

The postoperational Auger analysis results for the samples ("as 

admitted" and "sputtered") are given in Table 2. Collector No. 1 as 

admitted was sufficiently resistive that it was impossible to take an Auger 

13 
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TABLE 1 

AUGER ELEMENTAL CONCENTRATIONS FOR THE COLLECTOR OF 
CONVERTER NO. 262 AFTER SPUTTERING AND VACUUM ANNEAL 

Element 

Mo 

O 

C 

Cs 

Cu 

Percent Concentration | 

A f te r Sput ter ing 

37.8 

39.8 

1.4 

18.9 

2.0 

Af ter Cs Dosing plus 
1150 K Anneal | 

42.5 

42.09 

15.6 

14 
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TABLE 2 

POSTOPERATIONAL AUGER ANALYSIS FOR ZrO^/Mo 
CERMET EMITTERS AND COLLECTORS 

j Element 

^°2044 

^''1845 

O5IO 

*^273 

^380 

^^563 

^^291 

^'1620 

^^848 

^^1180 

^ ^ 3 8 0 

1 ^1859 

As Admitted 

Collectors 

No. 1* No. 2 

11.4 

— 

28.0 

3.2 

— 

10.8 

7.6 

11.0 

1.6 

2.0 

4.4 

20.0 

Emitters 

No. 1 

24.0 

14.3 

23.7 

14.6 

0.9 

22.5 

— 

— 

— 

— 

— 

— 

No. 2 

35.7 

18.4 

24.7 

7.1 

0.6 

13.3 

— 

— 

— 

— 

— 

— 

Af ter Sputter ing | 

Collectors 

No. 1 

17.3 

— 

37.9 

2.3 

— 

7.3 

3.2 

— 

1.4 

— 

30.6 

— 

No. 2 

10.0 

— 

31.5 

2.5 

— 

5.7 

5.7 

11.3 

3.6 

1.4 

9.7 

18.6 

Emitters | 

No. 1 

48.5 

14.8 

20.5 

14.2 

2.2 

— 

— 

— 

— 

— 

— 

— 

No. 2 

36.3 

15.2 

23.5 

23.5 

1.5 

— 

— 

— 

— 

— 

1 
— 

*No Auger spectrum possible due to high resistivity of surface. 
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spectrum. Collector No. 2 was heavily oxidized with impxirities of cesium, 

carbon, calcium, silicon, nickel, magnesixim, aluminiom and phosphorvis. 

The as admitted emitters were free from sdl impurities except cesium, 

carbon and nitrogen. 

The sputtered collectors still contained many impurities, including 

cesium. The presence of cesium indicates a bulk interaction between the 

oxide in the collector and cesium, similar to that in the sublimed molyb­

denum collectors. The emitters , by contrast , contained no cesium after 

sputter ing - indicating only surface adsorption of cesixim on the emitters. 

A comparison of the elemental compositions of the sputtered electrodes 

before and after converter operation is given in Table 3. The collectors 

after operation show heavy oxidation cind large impurity concentrations 

which obscure the molybdentim and zirconium signals. The impxirities of 

calcixim, silicon and nickel are apparently desorbed from the emitter onto 

the collector during converter operation. 

The phosphorus , alxominxim and magnesium impurities either diffxjse 

from the bulk collector or are absorbed from the gas phase from an xon-

known source dxiring converter operation. The Ccirbon concentration on 

the collectors is greatly reduced after operation. This is similar to the 

small carbon concentrations foiind on sublimed molybdenxim collectors 

and is apparently caxised by carbon combining with the bulk oxygen and 

desorbing as CO or CO-,. 

The emitter elemental concentrations are nearly equal before and 

after operation, except for the removal of some impxirities. This resxilt 

suggests stability of the emitter cermet material at high temperatures for 

short periods (1700 K, 10 hours for Converter No. 261 and 1600 K, 2 

hours for Converter No. 268). The ZrO^/Mo cermet electrodes thus look 

promising as permanently oxidized emitters providing that impxirities can 

be prevented from depositing onto the collector. 

17 
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TABLE 3 

COMPARISON OF ELECTRODES BEFORE AND AFTER CONVERTER OPERATION 
(ALL SURFACES SPUTTERED) 

Element 

^°2044 

^^1845 

O5IO 

^273 

^380 

*^^291 

^'1620 

^ ^ 9 6 

^^848 

F^03 

•=^563 

•^§1180 

^ ^380 

^1859 

Collectors 

No. 1 
Before 

54.1 

4.9 

17.9 

17.9 

2.0 

0.9 

2.0 

— 

— 

— 

— 

— 

— 

— 

No. 1 
Af ter 

17.3 

— 

37.9 

2.3 

— 

3.2 

— 

— 

1.4 

— 

7.3 

— 

30.6 

— 

No. 2 
Before 

38.4 

7.7 

25.3 

17.3 

1.5 

3.2 

5.3 

0.3 

0.5 

0.4 

— 

— 

— 

— 

No. 2 
Af ter 

10.0 

— 

31.5 

2.5 

— 

5.7 

11.3 

— 

3.6 

— 

5.7 

1.4 

9.7 

18.6 

Emitters 

No. 1 
Before 

39.6 

10.1 

20.3 

22.9 

1.5 

1.9 

2.8 

— 

0.7 

— 

— 

— 

— 

— 

No. 1 
Af ter 

48.5 

14.8 

20.5 

14.2 

2.2 

— 

— 

— 

— 

— 

— 

— 

— 

— 

No. 2 
Before 

33.2 

9.2 

23.2 

24.6 

3.1 

1.7 

4.0 

0.5 

0.4 

— 

— 

— 

— 

— 

No. 2 
Af ter 

36.3 

15.2 

23.5 

23.5 

1.5 

— 

— 

— 

— 

— 

— 

— 

— 

— 

No. 1 refers to Converter No. 261; No. 2 refers to Converter No. 268. 
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II. COMBLISTION HEATrO CO.MXTRTrR OFVrjOPMFNT 

The objective of this task is to develop flame-fired thermionic con­

ver ters that are as prototypic of projected terrestr ial applications as pos­

sible. These converters will be constructed with CVD hot shell-emitter 

structxires and designed to minimize expensive materials and construction 

techniques. 

A. CONVERTER NO. 239: ONE-INCH DIAMETER HEMISPHERICAL 
SILICON CARBIDE CONVERTER (CVD TUNGSTEN AS DEPOSITED 
EMITTER, NICKEL COLLECTOR) 

This converter continued on life test during this reporting period. 

The diode has accuraxilated 9800 hours of operating time at an emitter 
2 

temperature of 1730 K. The dc output is 6 to 7 A/cm at 0. 3 V and is 

stable. This test is continxiing. 

B. CONVERTER NO. 266: TWO-INCH DIAMETER TORISPHERICAL 
SILICON CARBIDE CONVERTER (CVD TUNGSTEN AS DEPOSITED 
EMITTER, NICKEL COLLECTOR) 

Converter No. 266 was installed in the mxilti-converter furnace and 

slowly heated to an emitter temperature of 1600 K. The initial performance 

meastired during the heating period was encouraging. The barrier index 

at an emitter temperatxire at 1400 K was 2.15 eV. The slope of the I-V 

cxirve indicated there was no resistance problem in the diode. The emitter 

temperature was xmiform over the entire surface, and the emitter-collector 

spacing was reasonable at the optimxim operating temper at xires. 

However, after 20 hoxirs of operation, the performance deteriorated 

rapidly. The converter output became unstable and appeared to have 

developed a leak. The diode was removed and leak checked. The ceramic 

seal that electrically insulates the electrodes had cracked and the diode 

leaked at this location. The converter was cut open and examined. The 

electrodes had become oxidized after the leak occxirred. Construction of 

a new thermionic diode identical to Converter No. 266 will begin dxiring 

the next reporting period. 

19 
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C. CONVERTER NO. 270: TWO-INCH DIAMETER TORISPHERICAL 
SILICON CARBIDE CONVERTER {CVD TUNGSTEN AS DEPOSITED 
EMITTER, SUBLIMED MOLYBDENUM COLLECTOR) 

A combustion heated converter with a sublimed molybdenum collector 

has been constructed. The hot shell-emitter s t ruc ture is the standard 

two-inch torispherical configuration. The collector consists of an air-

cooled nickel assembly with a 0. 010-inch-thick coating of molybdenum 

sublimed in a low pressure of oxygen. The oxygen content of the coating 

is 13,000 ppm. The diode has been assembled and outgassed. Testing 

will begin during the next reporting period. 

D. CVD SILICON CARBIDE COATING INSIDE SINTERED MOLYBDENUM TUBE 

For another design concept of a flame-heated converter formulated 

by Rasor Associates, the configtiration shown in Figure 9 is of interest . 

In this case, approximately 0.010 inch of silicon carbide was deposited 

on the inside of the molybdenum tube and 0. 002 inch on the outside of 

the sintered molybdenum tube. No cracks or peeling were observed on 

the inside coating. The silicon carbide coated molybdenum tube was tem­

perature cycled to 1500 K five times in vacuum with R . F . induction heating. 

No deterioration of the coating was observed on the silicon carbide coating 

after the temperature cycling. 

20 
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I I I . SYSTEM STUDIES 

The objective of this task is to identify and evaluate systems uti­

lizing thermionic energy conversion to improve efficiency and reduce 

cost. Both powerplant and high-temperature cogeneration processes will 

be considered. 

An attractive application for the thermionic combustor is cogeneration 

with high-temperature processes. In order to illustrate the application 

of thermionic cogeneration, a case s tudy of a steel slab reheat furnace 

is in p rogress . In such a furnace, steel slabs are heated to around 

1475 K prior to being rolled in a mill. A walking beam reheat furnace 

manufactured by the Holcroft Division of Thermo Electron is shown in 

Figure 10. The reheat furnace and the associated rolling mill require a 

large amount of fuel and electricity. 

Banks of burners are mounted on the sides of the furnace so that 

they fire above and below the slab. The flue gases from the furnace 

are ducted to the recuperator where the incoming combustion air for the 

burners is preheated. A drawing of the type of Bloom biorners used on 

this furnace is shown in Figure 11. 

The design concept of a thermionic combustor using a Bloom burner 

is illustrated in Figure 12. The thermionic converters are similar to those 

described in Chapter II of this repor t . The air for cooling the collectors 

of the converters is split into two streams. One stream provides combus­

tion air cind the other stream is used to dilute the combustion gases to 

the temperature desired for the process . A flow diagram for the therm­

ionic combustor is given in Figure 13. 

Based on this flow diagram, a computer program has been written to 

calculate the characteristics and performance of the thermionic combustor. 

A flow chart of this program is shown in Figure 14. 
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Figure 10. Water-Cooled Rail System in Walking Beam Furnace: (a) Longitudinal Section, 
(b) Cross Section 
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Figure 11. Bloom Burner Used on Holcroft Reheat Furnace 
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Figure 12. Design Concept of Thermionic Combustor Using a Bloom Burner 
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Figure 13. Flow Diagram for Thermionic Combustor 
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Figure 14. Flow Chart of Thermionic Combustor Program 
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IV . CONVERTER PRODUCTION ENGINEERING 

The objective of this task is to develop techniques suitable for high-

volume production rates which will require automation of assembly and 

processing steps as well as a modified CVD fabrication method. 

Two methods of fabricating low cost hot shell-emitter s t ructures 

are being investigated which eliminate the nonreusable graphite mandrel. 

In both methods, a thin carbon coating is substi tuted in place of the 

graphite shell. The primary difference between the methods is the order 

of deposition of silicon carbide and tungsten . The two procedures are 

illustrated in Figure 15. During this reporting period, most of the work 

concerned Method A, 

Previously, two leaktight hot shell-emitter s t ructures were produced 

by Method A. Their configuration duplicated that of the two-inch tori-

spherical hot shell-emitter s t ruc ture that has been successfully made by 

start ing with a graphite mandrel. After copper brazing the first shell 

to a molybdenum flcinge, the silicon carbide cracked at the base of the 

shell. The second shell remained leaktight after the braze cycle and was 

set up to be R.F . heated in air. A nickel flange and tube were electron 

beam welded to the molybdenum flange and attached to a small diffusion 

pvimp to monitor the pressure during the test ing. During the first heating 

cycle, the silicon carbide cracked at the base of the shell. The location 

of the crack and the area of a silicon carbide flake from the shell are 

shown in Figure 16. The tungsten coating remained leaktight during this 

first temperature cycle to 1400 K. 

No further shells were made by Method A because of the low yield of 

leaktight tungsten shells produced in the first s tep. During deposition 

of tungsten or during cool-down, the shell would usually crack. This 

event was observed via a sight port located at the input flange of the 

Lindberg furnace. A photograph of the two cracked, free-standing tungsten 

shells is shown in Figure 17. Since there was a low success rate using 

Method A, the effort during the next reporting period will be concentrated 

on Method B. 
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Figure 15. Fabrication Techniques for Production 
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Figure 16. Hot Shell-Emitter Structure Fabricated by Method A 
Af ter Flange Braze. Note Crack and Flaked Area. 
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Figure 17. Cracked Tungsten Shells Made Using Method A. 
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