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I. SURFACK STUDIES 

A, SURFACE THEORY 

No work was performed on this t a sk during this repor t ing period, 

B. BASIC SURFACE EXPERIMENTS 

] , Bo r i d e s 

Auger ana lyses were made of the surface chemica l composit ions 

of samples which have been studied in the Surface Activation Chamber . 

The resu l t s , shown in Table I, indicate the p resence of a number of 

impur i t ies on the sur faces . Carbon, oxygen, and ni t rogen a r e a tmo­

spheric contaminants . Sodium can be introduced during handling. The 

presence of sulfur is a t t r ibuted to contaminat ion f rom the nickel support 

ma te r i a l . In the case of the c e r i u m hexaboride sample , which had 

relat ively large ba re a r e a s , sulfur concentra t ions were observed to be 

higher wherever the nickel concentrat ion increased . The b a r i u m is a 

consequence of the support having previously had a (Ba, Ca, Sr) O spray 

coating, A s imi la r explanation could be made for the p resence of 

ca lc ium on the tanta lum and t i tanum diboride samples . However, the 

amount of ca lc ium on the la t te r is substantial ly l a r g e r suggesting 

another source of calc ium. Magnesium and silicon a r e most likely 

inherent impur i t ies of the t i tanium diboride sample . There is a great 

d ispar i ty in boron concentra t ions among the four samples . The 

dominance of overlapping tanta lum Auger peaks made detection of 

boron on the tanta lum diboride sample quest ionable. There appears 

to be an inverse relat ionship between boron and ce s ium concent ra t ions . 

Titanium diboride was found to have thermionic emiss ion c h a r a c t e r ­

is t ics s imi la r to those of tanta lum diboride; i .e. , the work function 
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AUGER ANALYSES OF MATERIALS PREVIOUSLY STUDIED 
IN SURFACE ACTIVATION CHAMBER 

Chemical 
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after activation with ces ium was > 1.6 cV which was reduced with 

ces ium-oxygen a l ternat ion to 1,10 eV, By cont ras t , the lowest work 

function obtained for z irconium diboride after ces ium-oxygen a l t e r ­

nation was only 1,2 5 eV, There is no obvious reason for this d i s ­

c repancy and auger analyses detected no significant difference between 

the th ree dibor idcs . In general , the resu l t s a r e not sufficiently 

promis ing to justify continued work on diborides at this t ime . 

2, Evaporated Oxides 

The re su l t s with BaO and ZnO co l lec tors in exper imenta l diodes 

suggest that the high r e s i s t ance of these m a t e r i a l s may limit the i r 

per formance . It is not known whether the l imiting r e s i s t ance is bulk 

or interface r e s i s t ance . To check the f i rs t possibil i ty, exper iments 

a r e in p r o g r e s s to replace the sprayed m a t e r i a l s with evaporated thin 

f i lms. In th is way it should be possible to reduce the sprayed th ickness 

of the m a t e r i a l of about 2 5 |jLm to an evaporated th ickness of around 2 50 Ĵ  

Accordingly, the bulk r e s i s t ance should be reduced by a factor of 1000. 

In a p re l imina ry exper iment , s tandard (Ba, Sr, Ca) CO m a t e r i a l was 

spray-depos i ted on a plat inum s t r ip and the oxides thus formed were 

evaporated to a second platinum s t r ip . The oxides were then evaporated 

in the Activation Chamber onto the usual nickel subs t ra te . With this 

ma te r i a l a work function of 1.67 eV was obtained, which inc reased 

upon exposure to ces ium. A s imi la r effect had been observed p r e ­

viously with evaporated oxide f i lms. Ces ium-oxygen a l te rna t ion 

produced a work function in the 1.2 eV region. 

3. Zinc Oxide 

Three sprayed ZnO subs t ra te s were act ivated, p r i m a r i l y to check 

out a new source (SAES) of ces ium channels . The re su l t s confirmed 
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ea r l i e r findings, viz, , that a work function of 1,28 eV is obtained at 

500 K with r emarkab le reproducibi l i ty and that ces ium-oxygen 

a l ternat ion produces only a very smal l reduction of the work function 

( less than 0,1 eV) . 

4. Tungsten Oxide 

ESCA (Electron Spectroscopy for Chemical Analysis) studies 

were performed on the tungsten oxide co l lec tors of Conver te r s 114, 

122, 124, and 137. Each conver te r r e p r e s e n t s a different stage of 

activation. After the ces ium was dist i l led out of these diodes they 

were t r anspo r t ed to Phys ica l E lec t ronics Indus t r ies , Inc. (where the 

ESCA analyses were performed) and placed under ni t rogen a tmosphere 

just p r ior to t r ans fe r to the ul trahigh vacuum of the analyt ical chamber . 

Although in terpre ta t ion of the resu l t s has not yet been completed, 

p re l imina ry indications a r e that the "ac t ive - s t a t e " surface is of the 

o rde r of 100 A thick and that the surface oxide layer is a mixture of 

WO and WO . 
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II. PLASMA STUDIES 

A. CONVERTER THEORY 

One of the s imple boundary conditions on the emi t t e r side of the 

p lasma is 

r = r^ - r e ' V ^ T e (^ 
e E re 

where T is e lect ron cu r ren t , F is the Richardson sa tura t ion e lec t ron 
e E 

cur ren t , F is the random elec t ron cu r ren t , V is the emi t t e r sheath 

height, and T is the plasma e lec t ron t e m p e r a t u r e . Equation (1) is 

valid if the sheath height V is re la t ive ly la rge as compared to KT . 
xLi e 

However, when a double sheath fo rms , th is assumpt ion of la rge sheath 

height becomes questionable. If the e lec t ron dis t r ibut ion in the p lasma 

is cons idered to be a per turbed Maxwellian dis t r ibut ion function then 

to the first o rde r approximat ion Equation (1) becomes 

r = r^ - (r -\T) e'^^/KTe (2) 
e E re 2 e 

A more general form of Equation (2) is 

r = r^ - ( r - ^ D e'^^/KT^ 
e E re 

Matching the density at the boundary between the sheath and the p lasma 

allows the var iab le o t o be solved in t e r m s of cu r r en t ra t io , j / j , 
s 

t e m p e r a t u r e rat io, T / T , and the emi t te r sheath height V / K T 
e j i j XJ e 
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{T 
dt (4) 

With Equation (3) as one of the boundary conditions and Equation (4) 

defining the var iab le a, conditions between the sheath and the p lasma 

can be fully matched at the i r boundary. The solution of a sample 

plasma problem with these equations is shown in F igure 1. A com­

parat ive solution using the original s imple boundary conditions is a lso 

shown. 

B. ENHANCED MODE CONVERSION EXPERIMENTS 

Emi t t e r - co l l ec to r spacing m e a s u r e m e n t s for the be l l - j a r , c lose -

spaced diode ("Powder-Puff") s imulat ion t e s t s a r e complicated by the 

fact that, during tes t ing of the emi t te r , e l ec t r i ca l in te r ference prevents 

using a Wheatstone br idge to m e a s u r e the capaci tance and thereby, the 

spacing of the diode. This problem was solved by incorporat ing the 

diode into a self-contained tank c i rcui t whose resonant frequency was 

measu red with a gr id-dip me te r . At an emi t te r t e m p e r a t u r e of 1400 K, 

the spacing between the e lec t rodes was de te rmined to be 0.6 mil , with 

a cor responding r e s i s t ance of 200 ki lohms. 

Test ing is in p r o g r e s s on a ZnO col lector guarded diode operated 

as a t r iode by using the cen t r a l col lec tor as the positively charged 

auxi l iary e lec t rode and the guard ring a s the col lector . At low c u r r e n t s 
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(approximately 200 mA) and 3.2 t o r r of xenon, a posit ive voltage shift 

of 1 V was observed. However, anomal ies noted in the output cu r r en t 

ve r sus applied auxi l iary voltage suggested that unusual d ischarge 

pat terns must exist in the diode which shift with voltage and, in some 

ins tances , with t ime . 
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III, CONVERTER DEVELOPMENT 

A, LOW TEMPERATURE CONVERTER DEVELOPMENT 

1. Zinc Oxide Collector with Plat inum Emi t t e r Conver ter No. 146 

This var iab le spacing conver te r has a s tandard tungsten emi t te r 

s t ruc ture with a 50 mil platinum inser t b razed to it and a sprayed zinc 

oxide col lector . Pla t inum was used for the emi t t e r in o rde r to obtain 

higher cu r ren t densi t ies at the lower ces ium p r e s s u r e s requ i red by 

zinc oxide co l l ec to rs . Retarding col lec tor work function m e a s u r e m e n t s 

gave values of 1.5 eV at a T / T of 1.4. Low cu r r en t dc tes t ing 
R 

using back emiss ion gave col lec tor work functions around 1.3 eV at T / T 
R 

values of 1.5 to 1.7. A cu r r en t density of be t ter than 10 a m p e r e s per 
2 , 

cm at a T _ / T _ value of 2,88 was measu red (T_ = 1300 K, TR = 452 K). 
E R E 

This cu r r en t is a lmos t an o rde r of magnitude bet ter than the cu r r en t poly-

crys ta l l ine tungsten. Power data have shown that at the low c e s i u m p r e s s u r e s 

( 2 x 1 0 t o r r ) needed for the col lector , exceedingly la rge spacings 

ar(> required to at tain the proper for efficient ignition. Fu r the r 

exper iments will be performed to de te rmine if th is low p r e s s u r e c e s i u m 

vapor can be more effectively ionized by pulsing the conver te r , 
2. Strontium; Oxide Conver te r - No. 142 

This s tandard va r iab le - spac ing conver te r had an e lec t ropol ished 

tungsten emi t t e r and a sprayed s t ront ium oxide-on-nickel col lector . 

The nickel col lec tor s t ruc tu re was p repa red by coating it with an a p ­

proximately one-mi l - th ick film of s t ront ium carbonate in an organic binder . 

The col lec tor was then fired to 1000 C to r e l ea se the binder and decompose 

the SrCO to the oxide before final a s sembly into the conver te r . 
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Attempts to m e a s u r e back -emis s ion by dc methods were unsuccess ­

ful due to leakage cu r r en t in the diode and a re la t ively poor ba re co l ­

lector work function. Several a t tempts to reac t iva te the col lector , in 

o rde r to lower the work function, by heating it to 1000 C failed; the 

emi t te r seemed to be slightly oxygenated after each at tempt . The 

ces ia ted work function measu red from re tard ing plots was g rea t e r 

than 2.0 eV. Curren t v e r s u s voltage cu rves indicated a s e r i e s r e s i s t ance 

l imitation. 

Despite the fact that no ce s ium was introduced into the diode during 

each bake, substant ial emiss ion f rom the tvingsten emi t t e r was observed. 

Measurement of the emi t t e r work function gave values of approximate ly 

3.0 eV, about 1.0 eV lower than that expected for a tungsten emi t te r at 

this ce s ium coverage . A possible explanation for this phenomenon is 

that s t ront ium oxide or s t ront ium from the decomposed oxide evaporated 

fronni the col lec tor onto the emi t te r . Although s t ront ium oxide does not 

decompose at these low col lector t e m p e r a t u r e s , changes in chemica l 

stabili ty with ce s ium impingement might cause dissociat ion. Accordingly, 

to form a coating, the col lector was heated to 1270 K while the emi t te r 

was flashed to 1800 K and then cooled to 570 K. 

Upon opening the conver te r , the col lec tor was observed to be 

blackened over most of i ts surface. Photomicrographs of the tungsten 

emi t t e r showed pitting in a r e a s cor responding to those blackened on the 

col lector . These photographs a lso showed m a t e r i a l t r a n s f e r r e d f rom 

the col lector surface indicating that the e lec t rodes had touched each 

other. Auger ana lyses of the emi t t e r will follow. 

10 
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B. HIGH-EFFICIENCY CONVERSION EXPERIMENTS 

I. Lanthanum Hexaboride Collector Conver ter No. 144 

This conver te r has an e lect ropol ished tungsten emi t t e r and a 

LaB- col lector . A si lver tube is used for oxygen admiss ion through 

the center of the col lector . The conver te r has been fabricated and 

outgassing has begun. 

11 
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IV. COMPONENT HARDWARE PROGRAM 

A. HOT SHELL DEVELOPMENT 

Two more hot shel ls fabricated for furnace tes t ing were found to 

be leak-t ight after a i r firing for over forty-eight hours at 1100 C. 

A s intered hot shell , fabricated by Br i t i sh Nuclear Fue l s , Ltd., was 

a lso found to be leak-t ight after being subjected to the same heat 

t r ea tment . 

A group of si l icon carbide pieces were subjected to etching t r e a t ­

ments in mix tures of hydrofluoric and ni tr ic ac ids . The occasional 

evolution of bubbles during these t r e a t m e n t s indicated the p re sence of 

silicon or si l ica. Such impur i t ies would be responsible for the un-

reproducibi l i ty of b raze joints to silicon carbide , P r e - b r a z e etching 

t r e a t m e n t s for sil icon carbide a r e present ly under study. 

The th i rd sil icon carbide reac to r was const ructed . This sys tem 

es tab l i shes the sample axis at 5 degrees above the hor izontal plane, 

pe rmi t s the sample to be rotated about its axis , and is provided with 

a nozzle for direct ing react ion gases at the graphite mandre l . 

P r e l i m i n a r y reduced p r e s s u r e exper iments in Sys tem B resu l ted 

in substant ial deposits of si l ica due to oxygen being introduced by a leaky 

flowmeter. All t h ree sil icon carbide synthesis sys tems have had the i r 

f lowmeters rebuil t , using Teflon sea l s , to insure leak-t ight operation, 

POCO Graphite, Inc. is providing The rmo Elec t ron with purified 

P I C-1 graphite mandre l s for use as t es t growth subs t r a t e s . POCO 

has taken five of the mandre l s originally supplied by t h e m to Thermo 

Elec t ron and is subjecting them to a p rop r i e t a ry heat t r ea tmen t in 

a special a tmosphere in o rde r to drive off res idua l gases . 

12 
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Table II l i s t s chemical species which play a role in the synthesis 

of si l icon carbide from methy l t r i ch lo ros i l ane . Theoret ica l equi l ibr ium 

concentra t ions of these species were de termined by a computer p r o g r a m 

which uses free energy of formation data as a bas i s to compute the 

minimum free energy composit ion of the multicomponent sys tem as a 

whole. 

Calculat ions were made for a tomic concent ra t ions of hydrogen, 

silicon, carbon, and chlorine consis tent with an initial mixture of 

hydrogen and methyl t r ich loros i lane gases . Oxygen was added as a 

t r a c e impuri ty. F igure 2 shows the yield of beta type sil icon carb ide 

as a function of react ion t e m p e r a t u r e and hydrogen concentrat ion, 
-3 

The mixture a lso contained 10 moles of oxygen. F igure 3 shows 

the resu l t s of calculat ions made on the bas i s of reduced p r e s s u r e -

9,22 X 10 atnn, or 7 t o r r . At the lower p r e s s u r e , react ion yield is 

much less sensi t ive to var ia t ions in hydrogen concentrat ion. Based 

on equi l ibr ium data, these plots, of cou r se , do not provide a complete 

descr ipt ion of the pyrolysis reaction. As can be seen f rom compar i son 

of F igures 2 and 3, however, they do es tabl i sh a valuable guideline for 

selecting react ion gas concentra t ions and ves se l p r e s s u r e . 

Test ing of one General E lec t r ic sil icon carbide and two Kanthal 

A-1 hot shel ls was continued at The rmo Elect ron. The Genera l 

Elect r ic sil icon carb ide hot shell has accumulated 7740 hours of t es t 

t ime; the Kanthal A-1 shells have accumulated 6152 and 6019 hours , 

respect ively. (The Kanthal hours repor ted previously were low due 

to an e a r l i e r cycle reading e r r o r . ) Additional samples of commerc i a l l y 

available Inconel 601 and 6 l7 were placed in the tes t furnace. During 

13 
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TABLP: II 

SPECIES USED IN EQUILIBRIUM CALCULATION 

Elements Enter ing Reactor 

H 

O 

Si 

CI 

1 Produc ts 

1 Gaseous 

C 

CHCl^ 

^ ^ 2 
CH^Cl^ 

CH3 

CH^Cl 

CH^Cl^Si 

CH^ 

CO 

C03 

^ 2 

^ 2 ^ 2 

^ 2 ^ 4 

• ^ 2 ^ 6 
H 

Species 

HCl 

SiClH 

SiCl 

^ ^ 2 
SiH^Cl^ 

SiCl 2 

SiHCl^ 

S i C l , 4 

" 2 

"2° 
SiH. 4 
SiO 

^ 2 

°2^ 

Condensed Species 

C 

SiC-/3 

S^°2 
Si 
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these t e s t s a vacuum of l e s s than 10 t o r r was maintained in the 

in te r ior of the tes t hot shel ls . Their ex te r io r was exposed to the 

products of combust ion of benzene heated to 2400 F (1589 K) . The 

combust ion products contain 6,7 percent oxygen and 13.7 percent 

carbon dioxide. 
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1.0 INTRODUCTION 

T'his r epor t desc r ibes the p r o g r a m under contract 26784-4203-411 Mod. #2, 

during the period 1 July through 31 July 1976. It is submitted as a cont rac t 

del iverable summar iz ing the monthly effort. 

2. 0 PROGRAM OBJECTIVES AND TASKS 

The objective of this p r o g r a m is to develop, se lect and evaluate 

candidate alloys or a l loy/coat ing combinations as protect ive cover m a t e r i a l s 

for thermionic devices operating as energy conver te r s (topping cycles) in 

the fossil fuel combustion product environment of s t eam power p lan ts . 

The p r o g r a m has the following t a s k s : 

o Selection, p repara t ion and evaluation of candidate m a t e r i a l s 

in sulfidizing/oxidizing environments (simulated combustion 

products) at 2200-2400°F t e m p e r a t u r e s . 

o Per formance of long- te rm and t he rma l cyclic t e s t s for 

chemica l -me ta l lu rg ica l stabili ty of promis ing m a t e r i a l s . 

o Fabr ica t ion of tube shape specimens as de l iverables to 

Thermo Elec t ron using fabricat ion methods which a r e 

considered technically and economically feas ib le . 

3.0 TECHNICAL PROGRESS 

During this report ing period tes t specimens f rom Run #5 (2200°F, 3% 

deficient a i r , 100 hours) were analyzed, and the f i rs t t h e r m a l cycle t es t 

was s t a r t ed . Also, a few specimens exposed to the coal combustion environment 

of TRW's Burner Test Faci l i ty were examined. 

19 



Microscopic examination of Run #5 specimens under a s t e reo m i c r o ­

scope up to 30X p r io r to sectioning and meta l lographic examination of 

polished c r o s s - s e c t i o n s at magnifications up to 400X resul ted in the fol­

lowing observa t ions : 

a) Inconel 671 (Ni-48 Cr plus 0. 05 C and 0. 35 Ti) and 

Inconel 690 (60 Ni-30 C r - 9 . 5 Fe plus 0 .03 C) showed 

excellent co r ros ion r e s i s t ance in this environment 

(H2S-rich). Yttr ium addition at the 1 wt. % level 

has no apparent effect on the co r ros ion r e s i s t a n c e 

of Inconel 690. 

b) Hastelloy C (nickel-based alloy with 14.5 wt. % Cr, 

plus F e , Co, Mo, C, Mn, S, Si, P , V, and W) and the 

TRW nicke l -based alloys VIA (Mod R), VIA (Mod S) 

a lso showed good cor ros ion r e s i s t ance in this 

environment (HoS-rich). 

c) Haynes 188 (Co-Ni-Cr-W alloy with F e , C, Mn, Si, 

and La) was severe ly corroded by this environment . 

E lec t ron beam mic roprobe analyses of the thin adherent scale on 

Inconel 690 showed a thick c h r o m i u m - r i c h layer which is mos t likely the 

oxides of Chromium. This well-known mechan i sm of chromium enr ichment 

on the surface of Cr - containing alloys in oxidation tes t s just if ies the need 

of evaluating chromizing surface t r ea tmen t . 

Inconel 671, Inconel 690, and Hastelloy C were examined with the 

s t e reo mic roscope and meta l lograph after 5 minutes exposure to the coal 

combustion environments of TRW's Burner Tes t Fac i l i ty . Tes t t e m p e r a t u r e s 

reached as high as 2600° F for a shor t t ime . The Inconel 690 alloy was 
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again the best with a thin adherent sca le . The Inconel 671 was also quite 

cor ros ion r e s i s t an t but showed evidence of a gra in boundary precipi ta t ion. 

Hastelloy C appeared to be par t ia l ly melted and also showed a gra in 

boundary precipi ta t ion. 

A the rma l cycle tes t of seve ra l alloys (Inconel 690, Inconel 671, 

TRW C o - 2 5 C r - l - 5 Y , Haynes 188, Hastelloy C, Hastelloy C-276, and 

Supertemp) was init iated. Four t he rma l cycles in 3% excess a i r (heat 

up to 200° F in 2 hour s , hold for 100 hours at 2200° F and furnace cool 

to RT in 24 hours) will be completed by 4 August 1976. 

4 .0 FUTURE ACTIVITIES 

During the next repor t ing period, the the rma l cycle tes t spec imens 

will be examined and Run #6 ini t iated. Run % will consis t of se lected 

Stellite composit ions (Stellite 21 and Stellite 31) as well as the chromized 

and aluminized alloys for exposure at 2200° F (3% excess a i r environment) 

for 100 hou r s . 
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^ Thermo 
f/tl Electron 
C t l R P O H AT POM 

FY 1976 THERMIONIC MILESTONES 

ITEM 
TARGET ACTUAL 
DATE DATE 

1. Construct guarded, var iable 
spaced tes t conver te r 

2. P a r a m e t r i c analys is of 
surface ionization tr iode 

3. Incorporate bar ium oxide 
collector into thermionic 
diode 

4. Screen r a r e ea r th oxides for 
low work function collector 

5. Compare effects of e lementary 
and detailed boundary value 
assumptions on conver ter 
analysis 

6. Test thermionic diode with 
ces ium oxide r e s e r v o i r 

7. Summary r epo r t on hot shell 
alloy development 

8. Report on Thermionic topping 
of organic Rankine cycle 

9. Evaluate components of existing 
vapor deposition appara tus 

10. Improve t empera tu re and gas 
flow control 

Sept. 1975 

Nov. 1975 

Dec. 1975 

Feb . 1976 

Apri l 1976 

Sept. 1975 

Dec. 1975 

Nov. 1975 

March 1976 

Feb . 1976 

July 1976 

Sept. 1976 

Oct. 1976 

March 1976 March 1976 

Apri l 1976 Apri l 1976 

I I . Equipment update May 1976 May 1976 
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m» Thermo 
I K Electron 
C < J Fi (=• a H A T I O IM 

12. Deposition P a r a m e t e r Study August 1976 

13. Fabr ica te Hot Shells Sept. 1976 

14. Application Test Sept. 1976 

15. Evaluation of enr iched Sept. 1976 
commerc ia l c e r a m i c s 

Task Identification 

ERDA Tasks - lA, IIA, IIIA, IV & V 

NASA Tasks - IB, IIB & IIIB 
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