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SUMMARY 

The work accompl ished during the f i rs t qua r t e r of Contract NAS 3-4165 
(September 1, 1963, to November 30, 1963) is summar i zed as follows. 

1. Fabr ica t ion Development 

I sos t a t i c -p re s s ing techniques using r eve r s ib l e gels as the p ress ing 
medium have been studied for improving the uniformity in density and 
s t ruc tu re of UC-ZrC bodies. Control of powder - s ize fraction was studied 
as a means for controlling the pore distr ibution. L o w - p r e s s u r e krypton 
adsorpt ion was used to cha rac t e r i ze the total surface a r e a s of the samples 
p repared . Control of carbon content of UC-ZrC samples by t he rma l t r e a t ­
ment in a mix ture of H2 and hydrocarbon has been studied. P r e p a r a t i o n 
of near s to ichiometr ic 30 UC — 70 Z r C powder by gas—metal react ion has 
been demons t ra ted . 

Assembly of an appara tus for the study of the the rmochemica l vapor-
deposit ion of tungsten is near completion. A r e s e a r c h and development 
subcontract on the same subject is being negotiated with San Fernando 
Labora to r i e s . 

2. Studies of H igh-Tempera tu re P r o p e r t i e s of Thermionic Mater ia l s 

. . . r. • . , , . 133 _ 132 131 „ 140, 
The vaporizat ion and f iss ion-product (Xe , Te , 1 , Ba ) 

r e l e a s e r a t e s of a h o t - p r e s s e d high-densi ty (-^97% theore t ica l density) 
30 UC — 70 ZrC sample , A , have been m e a s u r e d in the t empe ra tu r e range 
1800° to 2000°C. 

A l o w - p r e s s u r e gas adsorpt ion appara tus has been set up for m e a s u r ­
ing the t rue surface a r e a of UC-ZrC samples . 

The cell used for the study of f iss ion-product diffusion through tung­
sten clad has been fabricated, and the counting equipment has been ordered . 

P r e p a r a t i o n of the samples needed for fuel—clad compatibil i ty and 
r e f r a c t o r y - m e t a l interdiffusion studies has been par t ia l ly completed. A high-
t empe ra tu r e furnace has been o rde red for l ong - t e rm compatibil i ty s tudies . 

Diffusion-emission studies have been made on a rhen ium-c lad UC 
(4. 63% carbon) sample (E]^) at 1800 C. The diffusion-emission cell for study­
ing the rhenium- and i r id ium-coa ted tungsten samples has been fabricated. 

The molybdenum pedestal of the loading device of the h igh - t empera tu re 
mechanica l test ing furnace has been modified. The new pedes ta l is being 
fabricated. 

IX 



x 

Thermionic emiss ion microscopy shows that a r e a s of high work-
function can co-exis t with be t te r -emi t t ing UO2 dispers ions on the surface 
of a W-UO ce rme t at 1650 C. 

3. Life-Test ing of Fueled Cesium Conver ters 

Life-test ing cel ls using planar, as well as cyl indrical , fueled emi t t e r s 
have been designed. Fabr ica t ion development has been c a r r i e d out on both 
types of e m i t t e r s . 

The cyl indrical configuration is favored, since a re l iable cyl indr ical -
cell envelope has been developed. Testing stations have been designed, and 
ordering of the equipment is under way. 

4. I r radia t ion Studies 

A manuscr ip t has been assembled and submitted to the Policy Com­
mit tee of the Plum Brook Reactor Faci l i ty for its approval on using the 
Plum Brook Reactor for the i r radia t ion exper iments under this contract . 



INTRODUCTION 

This repor t covers the work accomplished during the first qua r t e r of 
Contract NAS 3-4165. This contract is a continuation of the work c a r r i e d 
out under Contracts NAS 3-2532, (1) NAS 5-1253, (2) and NAS 3-2301. (3) 
The goal of the work under al l the contrac ts is to develop thermionic cath­
ode m a t e r i a l s of useful life and per formance for the d i rec t conversion of 
fission heat to e lec t r i ca l energy for space power applicat ions. L i s t s of 
the previous r epo r t s i ssued under these contracts can be found at the front 
of the final r epor t s on each of these cont rac ts . (•'•)(2)(3) 

Emphas is under the p resen t contract is placed on four major a r e a s . 
These a r e 

1. Fabr ica t ion development of the UC-ZrC fuels and vapor-deposi ted 
tungsten clad so that thermionic cathodes of des i red p roper t i es 
can be obtained reproducibly. 

2. Studies of the h igh- t empera tu re p roper t i e s of thermionic m a t e r i a l s . 
This includes (a) the effect of s t r u c t u r e s of fuels and clad m a t e r i a l s 
on their vaporizat ion, f iss ion-product r e l e a s e , and fission-
product diffusion p rope r t i e s , (b) genera l mapping of the t empe ra tu r e 
range of m a t e r i a l s compatibili ty between var ious fuels and 
re f rac to ry meta l s and al loys, (c) mechanica l p roper t i es of 
U C - Z r C at high t empe ra tu r e s , (d) emiss ion mic roscopy studies 
of tungsten™(uranium-containing carbide) ce rme t sur faces . 

3. Life- test ing of fueled ces ium thermionic cel ls for thei r pe r fo rm­
ance stabil i ty at a power output of be t te r than 5 wa t t s / c m^ , with 
a goal of 10, 000-hr operation. 

4. I r rad ia t ion studies of candidate thermionic cathode m a t e r i a l s to 
fission densi t ies equivalent to 5000-hr thermionic fuel e lement 
life. 

1 



Section I 

FABRICATION DEVELOPMENT 

The invest igations descr ibed in this section re la te to continuing efforts 
to improve the fabrication of fuels and metal claddings by achieving g rea t e r 
understanding of the influence of fabricat ion var iab les on the p r o p e r t i e s of 
the end product and util ization of this understanding to control and improve 
these p rope r t i e s . Studies current ly in p r o g r e s s a r e r e s t r i c t e d to those 
ma te r i a l s used in the emi t te r s t ruc tu re , and include re f rac tory carbide 
fuels as well as the technology of vapor-depos i ted tungsten, 

1. 1. FUEL DEVELOPMENT 

In the last th ree y e a r s , carbide fabrication has developed through 
severa l s tages : 

(1) Lack of a lmost all control, all efforts being devoted to making 
carbide specimens of any kind--no mat te r what the p rope r t i e s . 

(2) The beginnings of composition control, i. e. , re la t ing the final 
composition to the composition of the s tar t ing ma te r i a l and 
sinter ing cycle. 

(3) Control of density by controling the s inter ing cycle. 

At all s tages , p r i m a r y concern was to make the bes t -qual i ty product 
possible with respec t to puri ty, s t ruc tu re , and composition, and, in all 
cases , even where it was not possible to completely control all p rope r t i e s , 
at least to cha rac te r i ze them as fully as poss ible . Lit t le effort was expended 
in relat ing the techniques employed to the economics of l a r g e - s c a l e production. 

At the end of the las t contract per iod (August 31, 1963), t h r ee p rob lem 
a r e a s still r emained which were deemed to be of major impor tance : 

^° P r e s s i n g . The technique employed was the use of a spl i t -die 
a r rangement , with double-acting p lungers . This a r rangement had a number 
of disadvantages: 

a. Non-uniformity of density and s t ruc tu re in a radia l direction, 
because the ve r t i ca l motion of the plungers did not cause any 
p r e s s u r e in the rad ia l direct ion. 

2 
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b. Non-uniformity in a ver t i ca l direction, since the re la t ive motion 
of the powders is g rea tes t at the ends of the compact and smal les t 
in the central region. 

c. Limitat ion of the l eng th- to -d iamete r ra t ios which could be p r e s s e d 
as the l eng th- to -d iamete r rat io i n c r e a s e s , the non-uniformity in 
ver t i ca l direct ion becomes prohibit ively excess ive . 

d. S t ruc tura l faults resul t ing at the junctions of the die segments . 

e. Lit t le flexibility of dies, and high die costs ; each t ime that a new 
dimension was requi red , a new, expensive die was requi red . 

f. Limitat ion to simple shapes; only ext remely simple shapes can be 
made, which r equ i r e s much machining and ma te r i a l waste when it 
is n e c e s s a r y to fabr icate more complex shapes such as cups or 
tubes . 

2. P o r e Distr ibut ion Control. The need for s t ruc tu res having open 
porosi ty to facili tate f i ss ion-gas r e l ea se and prevent swelling has been 
demonst ra ted . The only control over the pore s t ruc ture , however, was 
through control of the density obtained during sintering; and more control 
is requi red . In addition, be t ter means of charac te r iz ing the pore d i s t r i ­
bution in specimens was requ i red than the m e r c u r y po ros ime t ry techniques 
used to date. 

3. Composition Control for Hypers to ich iometr ic Carbides . Control 
of carbon content in hypostoichiometr ic and s to ichiometr ic carbides could 
be obtained by allowing the carbide powder to oxidize, causing the formation 
of CO during s inter ing and the reduction of the carbon content to the point 
where liquid u ran ium is formed. This is followed by coordinating the final 
hea t - t r ea tmen t t e m p e r a t u r e with the phase d iagram so that the excess 
uran ium is boiled off until one en te rs the s ingle-phase region at the carbon 
composition des i red . This was only useful for hypostoichiometr ic or 
s to ichiometr ic ca rb ides , and li t t le control was being maintained in those 
cases where hypers to ich iomet r ic carbon contents were requi red . 

Resea rch p r o g r a m s were formulated to solve these p rob lems and 
each is descr ibed below, 

1. 1. 1. Powder P r e s s i n g 

Isos ta t ic p ress ing , an old ce ramic and powder metal lurgy technique, 
was known to be capable of solving all of the p r e s s ing p rob lems enumera ted 
above if it could be put to use . The p r e s s u r e s employed in commerc i a l 
i sos ta t ic p re s s ing equipment (using fluids in a p r e s s u r i z e d system), how­
ever , were of the o rde r of 20, 000 psi , whereas carbides have r equ i red 
p r e s s u r e s on the o rder of 60, 000 to 100, 000 psi . To obtain equipment 
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producing p r e s s u r e s of that magnitude was prohibitively expensive; therefore , 
other techniques were des i red . 

T. W. Penrice(4) r epor t s on the use of r eve r s ib le gels to provide an 
i sos ta t ic p res s ing medium which could be used in simple dies on a conven­
tional p r e s s . This is shown schematical ly in Fig . 1.1. Although only 
unidirectional p r e s s u r e is applied, the gel, being incompress ib le , ac t s as 
an i sos ta t ic medium and applies p r e s s u r e to the powder equally in all 
d i rect ions . This technique appeared to be quite adaptable to our needs, 
and studies were begun. During this repor t ing period, most of the work 
was devoted to learning the techniques and vagar ies of the method. 

The f i rs t p rob lem encountered was to obtain a gel having the c h a r a c ­
t e r i s t i c s requis i te to this application. General E lec t r i c RTV silicone 
rubber was t r ied , but i ts s t rength was not sufficient to take the loads requi red 
P l a schem "Chemsol , " a polyvinyl chloride, is current ly being used and 
appears quite sat isfactory; however, Mobay Multrathone, a urethane, has 
been ordered for evaluation. All of these ma te r i a l s set at room t e m p e r a t u r e 
or at moderate ly elevated t e m p e r a t u r e s , so that a lmost any ma te r i a l can 
be used as the form for the powder cavity. In the case of cylindrical shapes, 
glass tubing is used both to form the powder cavity and to contain the 
r eve r s ib le gel on the outer d iameter so that it will fit into the steel d ie . 
Only one s teel die is requ i red for making a var ie ty of s izes and shapes . 

Studies made using ZrC powder indicated that t ape red ends were 
requi red on the cavity of the i sos ta t i c -med ium mold in order to consistently 
produce p ress ings which did not contain t r a n s v e r s e c racks . Careful m e a s ­
urements of p re s s ings made in molds with s t ra ight cyl indrical cavit ies 
showed that the ends were a few thousandths of an inch l a rge r in d iameter 
than the center of the specimen. It is thought that during the initial appl i ­
cation of p r e s s u r e the ends a r e p r e s s e d down f i rs t before the mold contacts 
the steel die wall and begins to exert p r e s s u r e in an i sos ta t ic fashion. This 
causes a slight bulging of the ends. When the p r e s s u r e is r e l eased after 
compaction and the mold spr ings back to i ts original length and shape, it 
"hangs up" on the bulged end and pulls the compact apar t . Use of the 
t apered section has el iminated this problem. In addition, t ape red sections 
can be readily removed from the t apered mold through a longitudinal slit 
on one side of the mold. An isosta t ical ly p r e s s e d ZrC compact is shown 
in Fig . 1.2. Specimens made in this manner can be easily c e n t e r l e s s -
ground to any uniform d iameter . 

P r e l im ina ry evaluation of this technique shows that UC-ZrC compacts 
of more uniform and higher density can be made by this technique than by 
ordinary unidirect ional p r e s s u r e application. F igu re s 1.3(a), (b), (c), and 
(d) i l lus t ra te the uniformity of pore distr ibution achieved. These photo­
mic rographs a re fromi different par t s of sample 20T-3 (see Table 1. 3). 
Table 1. 1 l i s t s some of the data obtained to date. 
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utilizing revers ib le gel as the isos ta t ic medium 
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M - 5 3 0 1 - 1 - 1 (400X) 
(a) 

M-5301-2-1 (400X) 
( c ) 

M - 5 3 0 1 - 1 - 2 (400X) 
(b) 

Fig. 1. 3--Uniform pore s t ruc ture 
compacts of 30 UC — 

M-5301-2-2 

obtained in isos ta t ica l ly p r e s s e d 
70 ZrC composit ion 
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Table 1. 1 

UNIFORMITY OF SINTERED DENSITIES OF ISOSTATICALLY 
PRESSED UC-ZrC BODIES 

Specimen 
No. Composition 

Sintered 
Density 
(%T.D.) 

Ratio of 
Length to 
Diameter 

Sintering 
Temp. 

(°C) 

Uniformity of resul t ing densi t ies in different p r e s s ings 
made under identical conditions 

1074A 

1074B 

1074C 

1074D 

30 UC - 70 ZrC 

30 UC - 70 ZrC 

30 UC - 70 ZrC 

30 UC - 70 ZrC 

90.0 

88. 5 

89. 9 

88. 5 

2:1 

2:1 

2:1 

2-1 

2200 

2200 

2200 

2200 

Uniform density obtained in sections taken from different 
longitudinal posit ions in single p re s s ings of 90-10, 70-30, 
and 30-70 composit ions 

1071-1 

1071-2 

1071-3 

1066-1 

1066-2 

1070-1 

1070-2 

1070-3 

90 UC -

90 UC -

90 UC -

70 UC -

70 UC -

30 UC -

30 UC -

30 UC ~ 

• 10 ZrC 

10 ZrC 

10 ZrC 

30 ZrC 

30 ZrC 

70 ZrC 

70 ZrC 

70 ZrC 

89. 5 

91 

89 .5 

95.8 

96.7 

91. 5 

91 

91 

3.75:1 

3.75:1 

3.75:1 

3:1 

3:1 

3.75:1 

3.75:1 

3.75:1 

1900 

1900 

1900 

2250 

2250 

2250 

2250 

2250 

Systemat ic studies of the p ress ing p a r a m e t e r s a r e sti l l requi red . 
In addition, p re l imina ry a t tempts a r e planned to produce cups, tubes, and 
other difficult shapes by this technique, 

1. 1.2. Control of P o r e Distr ibution 

Specimen P repa ra t i on 

The method singled out to be the most d i rect means of obtaining 
control over the porosi ty was control of the powder fraction used. To date, 
all powders were -325 mesh, i. e. , of l e s s than 45ju size and including all 
smal le r powder s i zes . Table 1.2 l i s t s the specimens p r e p a r e d to date. 
In general , the powder fract ions studied have resu l ted in stable, low-densi ty 
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bodies . F o r a given combination of composition and sinter ing t e m p e r a t u r e , 
these densi t ies a re lower than would be expected using -45|Lt powder. 

Table 1. 2 

SINTERED DENSITIES OBTAINED USING DIFFERENT 
POWDER FRACTIONS 

Conaposition 
(mol-%) 

90 U C - 10 Z r C 

30 U C - 70 Z r C 

70 U C - 30 Z r C 

Powder 
F r a c t i o n 
(microns) 

-150/+100 
-100/+65 
-65/+45 
-65/+20 
-65/+20 

-150/+100 
-100/+65 
-65/+45 
-45 

-65/+20 
-65/+20 

Sintering 
Temp. 
(°C) 

1800 
1800 
1800 
2250 
1900 

1930 
1930 
1930 

~1900 

2250 
1900 

P r e s s i n g 
Method* 

UNI 
UNI 
UNI 
ISO 
ISO 

UNI 
UNI 
UNI 
ISO 

ISO 
ISO 

Density 
(% theoret ica l ) 

74. 6 
75. 6 
73. 3 
81-82 
--80 

75. 0 
76. 6 
77.2 
~81 

81-82 
79 

UNI means cold p r e s s e d by s tandard method using unidirect ional 
p r e s s u r e . 

ISO means i sos ta t ica l ly p r e s s e d in Chemsol mold. 

Efforts a r e being made to produce h igher -dens i ty bodies while st i l l 
re taining the open-pore s t ruc tu re s requi red . The two powder f ract ions 
to be studied next a r e -45/x with -lOfJ, and with -20^ powders removed. Both 
90 mol-% UC - 10 mol-% ZrC and 30 mol~% UC ~ 70 mol-% ZrC composi t ions 
will be invest igated. 

Several spec imens for this par t of the p r o g r a m have been made by 
i sos ta t ic p res s ing , and very uniform, open-pore s t r uc tu r e s were observed. 
The open-pore s t ruc tu re in a 70 UC — 30 ZrC specimen when - 6 5 M / + 2 0 M 

powder fract ion was used is shown in Fig- 1. 4. 

Specimen Charac te r iza t ion 

F o r f i s s ion-gas r e l e a s e the most per t inent cha rac t e r i s t i c i s t r ue 
surface a r ea . A BET l o w - p r e s s u r e , gas -adsorp t ion appara tus (see Sec. 2.1) 
was built for making m e a s u r e m e n t s of this type. A slight modification to 
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M-6020-1-1 (150x) 

Fig. 1 .4--Typical uniform open-type pore 
s t ruc ture obtained in specimens of 70 UC — 
30 ZrC composit ion p repa red from nar row 
powder fractions (-65jLt/+20j!x) (SpecimenNo. 
1066, i sos ta t ica l ly p r e s s e d and sintered) 
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s t a n d a r d p r o c e d u r e s i s e m p l o y e d , in tha t the low s u r f a c e a r e a of the c a r b i d e 
s p e c i m e n s , r e l a t i v e to the fine p o w d e r s n o r m a l l y m e a s u r e d by th i s 
t e c h n i q u e , have n e c e s s i t a t e d the u t i l i z a t i on of k r y p t o n a s the a d s o r b i n g 
g a s r a t h e r than n i t r o g e n . M e a s u r e m e n t s a r e s t i l l m a d e a t l i q u i d - n i t r o g e n 
t e m p e r a t u r e . 

T o t e s t t h e a p p a r a t u s , m e a s u r e m e n t s w e r e m a d e on the s p e c i m e n s 
l i s t e d in T a b l e 1. 3. 

T a b l e 1. 3 

S P E C I M E N S M E A S U R E D WITH B E T GAS-ADSORPTION A P P A R A T U S 

S p e c i m e n 
N o . 

10551 
1004 
1066 
2 0 T - 3 

C o m p o s i t i o n 
(mol -%) 

90 U C - 10 Z r C 
90 U C - 10 Z r C 
70 U C - 30 Z r C 
30 U C - 70 Z r C 

% T. D. 

81 
90 

79 
8 1 . 2 

P o w d e r S ize 
Used in 

P r e p a r a t i o n 
of S p e c i m e n 

( m i c r o n s ) 

- 4 5 
- 4 5 
- 6 5 / + 2 0 
- 4 5 

R o u g h n e s s 
F a c t o r * 

~ 5 8 0 
~ 1 1 0 
~ 7 0 0 
~ 7 0 0 

' "Roughness f a c t o r i s the r a t i o of t r u e s u r f a c e a r e a to 
g e o m e t r i c a r e a . 

T h e p l o t s of k r y p t o n a d s o r p t i o n v e r s u s r e l a t i v e p r e s s u r e , p / p n , 
( w h e r e p i s t he e q u i l i b r i u m p r e s s u r e of k r y p t o n in the v a p o r p h a s e for a 
g iven a m o u n t of a d s o r p t i o n and pQ i s the v a p o r p r e s s u r e of k r y t p o n a t t h e 
bo i l ing poin t of l i qu id n i t r o g e n ) a r e g iven in F i g s , 1.5, 1.6, 1.7 and 1. 8. 
F i g u r e 1.9 is a plot of the p o r e s i ze d i s t r i b u t i o n , ob t a ined by m e r c u r y 
p o r o s i m e t r y , in s p e c i m e n 2 0 T - 3 A ( 8 1 . 2 % t h e o r e t i c a l dens i t y , T. D. ; 
30 UC — 70 Z r C ) , which was a s e c t i o n cut f r o m the s a m e s a m p l e f r o m which 
2 0 T - 3 ( s e e T a b l e 1. 3) w a s ob t a ined . The plot shows the p o r e s i z e to be 
m o s t l y IjjL o r l e s s in s i z e a s s u m i n g t h e wet t ing ang le of the m e r c u r y and 
c a r b i d e to be MO*-*. Al l f a c e t s of t h e s e m e a s u r e m e n t s a p p e a r a c c e p t a b l e , 
and t h e s e t e c h n i q u e s wil l be u s e d to a s s i s t in the c h a r a c t e r i z a t i o n of the 
fuel b o d i e s u s e d for fu tu re p r o p e r t y m e a s u r e m e n t s which a r e dependen t 
upon p o r e d i s t r i b u t i o n , 

1. 1. 3 . C o n t r o l of C a r b o n Content in F i n i s h e d U C - Z r C S p e c i m e n s 

P r e v i o u s w o r k at G e n e r a l A t o m i c h a s shown tha t the c a r b o n con ten t 
of h y p e r s t o i c h i o m e t r i c U C ~ Z r C can be r e d u c e d by h e a t i n g s p e c i m e n s in 
t h e p r e s e n c e of f lowing H-, at ~ 1 8 0 0 C. In o r d e r to i n c r e a s e the c a r b o n 
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Fig. 1. 5 - -Low-pressure krypton adsorption plot for a co ld -p re s sed 
and s intered 90 UC - 10 ZrC sample of 81% theore t ica l density at the 

boiling point of liquid ni trogen 

0.04 

o 
o 0.03 -

0.02 -

fe 

s 
o 
> 

0.01 -• 

0.9 

Fig. 1. 6 - - L o w - p r e s s u r e krypton adsorption plot for a co ld -p re s sed 
90 UC - 10 ZrC sample of 90% theore t ica l density 
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0.20 

Fig. 1. 7 " - L o w - p r e s s u r e krypton adsorption plot for i sos ta t ica l ly 
p r e s s e d 70 UC — 30 ZrC sample of 79% theore t ica l density 

(-65u/ + 20;i powder) 

0.9 

Fig. 1. 8 - - L o w - p r e s s u r e krypton adsorption plot for i sos ta t ica l ly 
p r e s s e d 30 UC — 70 ZrC sample of 81. 2% theore t ica l density 
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Fig. 1. 9 - -Mercu ry po ros ime t ry plot on i sos ta t ica l ly p r e s s e d 30 UC — 70 ZrC sample 
of 81 . 2% theore t ica l density 
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content in carbide spec imens , it was thought that a possible method would 
be to pass a mix ture of H2 and a hydrocarbon vapor over a UC-ZrC spec i ­
men at ~1800°C. This method was t r ied by heating two 80 UC — 20 ZrC 
specimens for 15 hr at 1700 to 1800 C in a gas mix ture formed by pass ing 
H2 at one atm at a ra te of 2 f t^/hr through n-heptane maintained at 25°C. 

Metallographic examination of one specimen showed that a fine sub-
o o 

s t ruc ture was formed at the 1800 C end of the specimen. At the 1700 C 
end of the specimen a new phase was formed at the surface , and during 
cooling some of this " c a s e " spalled off. Identification of this phase has not 
yet been accomplished. Chemical analysis indicated a d e c r e a s e , r a ther 
than an i n c r e a s e , in the carbon content on both ends of the specimen, the 
dec rease being l a r g e r at the 1800°C end. This probably means that the 
hydrogen content of the gas mixture was too high and a lower H2 to hydro­
carbon ratio will have to be t r ied . No oxidation was evident in the specimen, 
showing that the gases used were quite pure . Microprobe analysis per formed 
on the specimen to identify the change in s t ruc ture has yielded inconclusive 
r e su l t s . 
1 .1 ,4 . Gas—Metal Reaction Method for Producing Stoichiometr ic Carbides 

This portion of the work is a continuation of work s tar ted during the 
las t contract per iod and is being prosecuted to de te rmine whether gas—metal 
react ions r a the r than a rc -mel t ing and grinding operat ions can be used to 
produce high-quali ty UC-ZrC powders . 

A batch of 3 0 UC — 70 ZrC which had been p repa red by hydriding and 
react ion with methane previously (but did not resu l t in s toichiometr ic carbon 
content), was ground to -325 mesh and reac ted with methane in the shaker 
furnace at 980 C for another 6 h r . A t rap was used to remove hydrogen 
from the react ion tube. Chemical analysis of the resul t ing powder (which 
did not s inter during reaction) showed that the carbon content was 7. 8 to 
8. 2 wt-% carbon. A specimen p r e s s e d from the m a t e r i a l when examined 
metal lographical ly appeared to be s ingle-phase U C - Z r C , The above demon­
s t r a t e s that the gas—metal react ion method is amenable to producing e s s e n ­
tially s toichiometr ic carbides even for h igh-ZrC-conta in ing UC-ZrC m a t e r i a l s , 

1.2. DEVELOPMENT OF VAPOR-DEPOSITED TUNGSTEN TECHNOLOGY 

During the las t cont rac t per iod the usefulness of vapor-depos i ted 
tungsten for h igh - t empera tu re nuclear applications was amply demonst ra ted . 
It is now n e c e s s a r y not only to utilize this ma te r i a l but also to unders tand 
i ts c h a r a c t e r i s t i c s and l ea rn how to control them. 

In all of our studies to date it has become apparent that on a fine scale 
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the p rocess , as commerc ia l ly available, is not providing a reproducible 
product. Of course , defining reproducibi l i ty itself is a difficult problem, 
whether it be the chemis t ry , m ic ros t ruc tu r e , s t rength (at high or low 
tempera tu re ) , duc t i le - to-br i t t le t rans i t ion t empera tu re , or thermionic 
emiss ion. It is apparent that the definition must itself be re la ted to the 
application. However, in some fashion the reproducibi l i ty must be demon­
s t ra ted and controlled before too much effort is expended on the m e a s u r e ­
ments of p roper t ies of i r reproducib le samples . The question of reproduc i ­
bility is therefore the main problem to which attention is being directed. 
In addition, some effort is also being focused towards the solution of 
immediate problems with respec t to the fabrication of i r rad ia t ion spec imens , 
viz. , the coating of fuels and the inhibition of gra in growth. Work is p ro ­
gress ing by two means : 

F i r s t , the capability of making vapor-depos i ted tungsten under c a r e ­
fully controlled conditions is being obtained at General Atomic. R, A. 
Holzl of San Fernando Labora to r ies has consented to act as a consultant. 

Second, a r e s e a r c h and development subcontract is being negotiated 
with San Fernando Labora tor ies to conduct work at thei r s i te . 

The development of deposition capabil i t ies at General Atomic has two 
init ial phases: 

1. To obtain reproducibi l i ty of deposits through careful control of 
all operat ive va r iab les . 

2. Using one set of deposition conditions as a base line, to conduct 
exper iments with minor per turbat ions in operat ional p a r a m e t e r s . The 
changes will be of the order of magnitude one might expect from a lack of 
p rec i se control of the p rocess ; i. e. , l a rge changes will not be employed 
in o rder to determine proper t ies over a vast range of var iab les , but ra ther , 
smal l changes on the o rde r of those which could occur during a run will be 
studied. The purpose is to determine which a r e the most important var iab les 
to control and to allow the setting of reasonable specifications for future 
hardware work. Variables which will be studied a re 

a. T e m p e r a t u r e 

b. Flow ra te 

c. Gas mixture 

d. Pur i ty of s tar t ing ma te r i a l s , W F , , H , and any 
other gases employed 

e. Substrate surface: both ina te r ia l and surface 
prepara t ion 
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f. Gross-contaminat ion from s t ruc tu ra l components 
of sys tem 

g. Cleanliness of sys tem 

The assembly of the apparatus to be used in this portion of the p r o g r a m 
is nearing completion. A schemat ic d iagram of the apparatus is shown in 
Fig. 1.10. The initial form of deposits will be tubes on the o rder of 1/2 
in. ID by 1-1/2 in. long. All m a t e r i a l s of construct ion have been selected 
to elimina.te or at leas t to minimize the contamination of reac tants through 
chemical in teract ions . As soon as construct ion of the apparatus is com­
pleted (est imated, January 15, 1964) exper imentat ion will be initiated. 

The p r o g r a m at San Fernando Labora tor ies will consis t of the following: 

1. To study in g r e a t e r detail than previously the relat ionship between 
the compatibili ty of r eac to r fuels and plating conditions. 

2. To study the protect ion afforded fuels by thin, vapor-depos i ted 
tungsten seal coats. (These seal coats a r e deposited under conditions 
such that the in teract ions between the fuel and the gaseous react ion products 
of the deposition p rocess a re minimized; see Sec. V of Ref. 1. ) This will 
include i tems such as the thickness requ i red (and its re la t ion to the plating 
conditions used) to provide protect ion against HF at elevated t e m p e r a t u r e s . 
This tes t was selected since HF is the react ion product p r imar i ly respon­
sible for at tack of carbides and oxides during deposition. 

3. To provide coated samples to our labora tory for evaluation of 
their the rmal stability, 

4. To provide specimens to our labora tory which shall be jointly 
designed to allow studies of the effect of high-angle gra in boundaries , 
contamination, and cold-work on the gra in-growth cha rac t e r i s t i c s of 
vapor-deposi ted tungsten, 

5. To study the inhibition of grain growth by interrupt ions during 
plating and to de termine the cha rac t e r i s t i c s requ i red by such in ter rupt ions . 
Evaluation of the specimens p repared will be per formed by General Atomic. 

Negotiations of the contract to per form this p rog ram a re in p r o g r e s s . 
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Sec t ion II 

M E A S U R E M E N T S O F H I G H - T E M P E R A T U R E P R O P E R T I E S 

O F THERMIONIC M A T E R I A L S 

The ob jec t ive of the m e a s u r e m e n t s m a d e u n d e r t h i s s e c t i o n of the 
p r o g r a m a r e twofold: to i m p r o v e our u n d e r s t a n d i n g of the p h y s i c a l and 
m e c h a n i c a l p r o p e r t i e s of the U C - Z r C and the v a p o r - d e p o s i t e d t u n g s t e n -
c l ad fuel s y s t e m s for t h e r m i o n i c a p p l i c a t i o n s , and to s tudy o t h e r r e f r a c t o r y 
m e t a l - f u e l s y s t e m and e m i t t e r c o n c e p t s as p o s s i b l e t h e r m i o n i c ca thode 
c a n d i d a t e s . The s a m p l e coding s y s t e m is shown in T a b l e 2. 1. 

T a b l e 2. 1 

CODING SYSTEM F O R S A M P L E S USED IN T H E M E A S U R E M E N T O F 
H I G H - T E M P E R A T U R E P R O P E R T I E S O F THERMIONIC M A T E R I A L S 

T a s k S a m p l e 

2, 1 R a t e of v a p o r i z a t i o n of U C ~ Z r C a s 
a funct ion of p o r e s t r u c t u r e 

2 . 2 F i s s i o n - p r o d u c t r e l e a s e f r o m U C - Z r C 

2. 3 F i s s i o n - p r o d u c t diffusion t h r o u g h 
t u n g s t e n c l ad 

(Alii, 2 , 3 . - - - ) ' 

A 2 ( l , 2, 3 , - - - ) 

A 3 ( l , 2, 3 , - - - ) 

A ^ d , 2, 3 , - - - ) 

2 . 4 F u e l - e m i t t e r g r o s s di f fus ion. 

D j ( l , 2 . 3 , - - - ) t 

D 2 ( l , 2, 3 , - - - ) 

2. 5 F u e l - e m i t t e r d i f f u s i o n - e m i s s i o n E j , E 2 , E ^ , -• 

F , ( l , 2 , 3 . - - -)t 

2 , 6 R e f r a c t o r y m e t a l i n t e rd i f fus ion . . I F 2 ( l , 2 , 3 , ) 

2. 7 R e f r a c t o r y m e t a l d i f f u s i o n - e m i s s i o n . 

2, 8 M e c h a n i c a l p r o p e r t i e s of U C - Z r C . . 

2. 9 E m i s s i o n m i c r o s c o p y of u r a n i u m -
con ta in ing t u n g s t e n c e r m e t s . . , 

G | , G2, G^, 

H j , H 2 , H 3 , - - -

I p I2 . I 3 . 

N u m b e r in p a r e n t h e s e s r e f e r s to s e c t i o n s cut f r o m the s a m e 
s a m p l e . 

N u m b e r in p a r e n t h e s e s r e f e r s to s a m p l e s inc luded in the s a m e 
diffusion run . 
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2. 1. RATE OF VAPORIZATION OF UC-ZrC AS A FUNCTION OF PORE 
STRUCTURES 

Previously , -̂̂ ^ it has been shown that UC-ZrC samples containing 
la rge numbers of open pores vaporize at a higher ra te than those containing 
fewer open po res . The purpose of the work repor ted in this section is to 
t ry to charac te r i ze the pore s t ruc tu res of UC-ZrC samples by measur ing 
their t rue surface a rea by the B r u n a u e r - E m m e t t - T e l l e r (BET) gas-adsorp t ion 
method'- ' ' and their p o r e - s i z e distr ibution by the m e r c u r y po ros ime te r 
technique. Correla t ion will be sought between the surface roughness 
factor R (defined as the rat io of t rue surface a r ea to geometr ica l surface 
a r ea of the sample), the p o r e - s i z e distr ibution of UC-ZrC samples , and 
their Langmuir r a t e s of vaporizat ion. Slices from the same samples , used 
for the study of the var ia t ion of their f iss ion-product r e l ease p rope r t i e s 
with pore s t ruc tu res , a r e d iscussed in Sec. 2. 2, and those used as the fuel 
sample for the study of f iss ion-product diffusion through tungsten clad a r e 
d iscussed in Sec. 2. 3, 

To determine the t rue surface a r e a of UC-ZrC samples , a BET low-
p r e s s u r e adsorption appara tus has been built, utilizing krypton gas at the 
boiling point of liquid nitrogen. F igure 2, 1 shows the a r rangement of such 
an appara tus . The carbide sample is contained in a glass sample chamber , 
the dead volume of which is reduced to a minimum by using glass s p a c e r s . 
The sample is baked at 450°C in vacuuin (-^10"° to r r ) overnight before 
krypton is introduced into the sys tem at a known p r e s s u r e and the sample 
chamber is i m m e r s e d in liquid nitrogen. After equi l ibr ium is reached, 
the change in the krypton p r e s s u r e in the sys tem due to adsorpt ion is m e a s ­
ured with a McLeod gauge, from which the volume V (reduced to 0° and 
1 atm) of krypton adsorbed is deduced. The experiment is repeated for a 
number of s tar t ing krypton p r e s s u r e s and the values of V obtained a r e 
plotted against the re la t ive p r e s s u r e p/pQj where p is the equi l ibr ium 
p r e s s u r e of krypton in the vapor phase for a given amount of adsorpt ion 
and PQ is the vapor p r e s s u r e of krypton at the boiling point of liquid ni trogen 
( '^1. 78 t o r r ) . The point where the curve changes to a s traight line cor ­
responds to monolayer adsorption, F r o m the volume of krypton (0°C and 
1 atm) for monolayer adsorpt ion on the sample surface and the conversion 
factor 10 Kr a tom/1 cm , the total surface a r e a of the sample can be 
calculated. Typical BET adsorpt ion curves have been shown in Sec. I of 
this repor t . The f i rs t sample studied in this section, A , , is a ho t -p re s sed , 
10%-enriched 30 UC — 70 ZrC sample of high density (^97% theore t ica l 
density). A | was cavitroned to form c i rcu la r p ieces of 3/8~in. d iameter . 
The f irst piece, A j - l (1 /8- in . thick), was used for the study of the vacuum 
vaporizat ion r a t e . The re su l t s obtained a r e shown in Table 2. 2 and a r e 
plotted in F ig . 2 ,2 . The t rue surface a r ea of the sample, however, is too 
small to be measu red even by krypton l o w - p r e s s u r e adsorption. An ethane 
(C2H^) source is being added to the BET appara tus . This source , because 
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AIR-COOLED 
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Fig . 2. 1--BET l o w - p r e s s u r e adsorpt ion appara tus 
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Fig. 2. 2- -Log ra te of vaporizat ion ve r sus r e r i p r o c a l t empera tu re for sample A , - 1 
(ho t -pressed 30 UC — 70 ZrC sample) 
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of its lower vapor p r e s s u r e at liquid ni trogen t empe ra tu r e than that of 
krypton, may be used for determining very small surface a r e a s . M e r c u r y -
po ros ime te r study and m i c r o s t r u c t u r e examination will follow the ethane 
adsorpt ion study. Three other samples , A2) A3, and A4, which a r e cold-
p r e s s e d and s in tered 30 UC — 70 ZrC samples of 77%, 84%, and 91% theo­
re t ica l density, respect ively , have been p repa red for these studies. 

Table 2. 2 

VACUUM VAPORIZATION STUDIES OF SAMPLE A;^-l* 
(30 UC - 70 ZrC, ho t -p ressed) 

Run 
No. 

Original 
Degas 

1 
2 
3 
4 
5 

Temp. 
(°K) 

2150 
2283 
2245 
2080 
2141 
2080 

Exposure 
Time 

(sec X 10^) 

1, 983 
0.288 
1.404 
0, 936 
0. 756 
1. 080 

Rate of 
Weight Loss 

( m g / c m ^ - s e c X 10"^) 

2, 10 
3. 59 
1.91 
0,294 
0. 561 
0.283 

Density 
(g/cm3) 

8. 83 
8. 77 
8. 77 
8. 76 
8. 76 
8. 80 
8. 80 

''"Sample was ho t -p r e s sed at approximately 7000 psi at 1800°C. 
Final composition, porosi ty, and BET surface a r e a to be determined. 

2 . 2 . FISSION-PRODUCT RELEASE FROM U C - Z r C 

The purpose of the study is to co r re la te the r a t e s of r e l ea se of f ission 
products f rom UC-ZrC fuels of var ious composit ions with thei r surface 
roughness factors and p o r e - s i z e distr ibution in the t empera t e range of 

o o 4. w 

1600 C to 2000 C. The re su l t s should help to guide the select ion of fuel 
m a t e r i a l s and their fabricat ion techniques for the i r rad ia t ion studies and 
for in-pi le ces ium cell applicat ions. The method used is the pos t i r rad ia t ion 
annealing type in which the fuel samples a r e i r r ad ia ted at ambient t e m ­
p e r a t u r e s to a known number of f iss ions . After a suitable cooling-off 
period, the sample is quickly brought to the t e m p e r a t u r e planned, and the 
r e l ea se of the fission products Xe l33 , Ba-'-'*^, Te^^^, and l l31 ig de t e r ­
mined as a function of annealing t ime . These pa r t i cu la r nuclides were 
selected for the study because they a r e of adequate yield and of convenient 
half-life for pos t i r rad ia t ion exper iments . Also, they r ep re sen t th ree 
important c l a s ses of fission products : xenon, a noble gas; bar ium, an 
e lectroposi t ive naetallic element; and te l lu r ium and iodine, e lectronegat ive 
nonmetall ic e lements . The r a t e s of r e l ea se of volatile f ission products 
(especial ly krypton and xenon) a r e of pa r t i cu la r in te res t , since they a r e 
closely re la ted to the fuel swelling problem. 
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T h e g e n e r a l p r o c e d u r e s for the d e t e r m i n a t i o n of the f i s s i o n - p r o d u c t 
r e l e a s e by the p o s t i r r a d i a t i o n a n n e a l i n g m e t h o d a r e a s fo l lows : 

The s a m p l e i s i r r a d i a t e d in G e n e r a l A t o m i c ' s TRIGA r e a c t o r to about 
lO-*--̂  to lO-'- f i s s i o n s in an a l u m i n u m p u r g e can which i s l e a k - c h e c k e d p r i o r 
to the i r r a d i a t i o n . T h u s , r e c o i l r e l e a s e can be m e a s u r e d by p u r g i n g the 
X e l 3 3 r e l e a s e d into the can b e f o r e the h i g h - t e m p e r a t u r e a n n e a l i n g t r e a t ­
m e n t . Usua l l y t h e i r r a d i a t e d s a m p l e i s coo led for about 5 days to a l l ow 
t h e Xe-^33 ^Q g r o w in. The a n n e a l i n g of the s a m p l e i s c a r r i e d out in a King 
f u r n a c e , which i s e s s e n t i a l l y a r e s i s t a n c e - h e a t e d g r a p h i t e t ube s u p p o r t e d 
in a h e l i u m a t m o s p h e r e ( s e e F i g . 2. 3). A h e l i u m p u r g e i s u s e d to s w e e p 
the r e l e a s e d Xe-^33 ^Q ĝ  r e m o t e l i q u i d - n i t r o g e n - c o o l e d c h a r c o a l t r a p , w h e r e 
it i s c o l l e c t e d and con t inuous ly m o n i t o r e d with a s c i n t i l l a t i o n d e t e c t o r , 
A cold f inge r e x t e n d s down t h e c e n t e r to wi th in an inch of the s a m p l e and 
c o l l e c t s the r e l e a s e d p--"^ and T e . T h e i n s i d e of the h e a t e r t ube i s l i ned 
with a t a n t a l u m diffusion b a r r i e r which c h a n n e l s the v o l a t i l e f i s s i o n p r o d u c t s 
d o w n s t r e a m and p r e v e n t s diffusion t h r o u g h t h e w a l l s of the h e a t e r t u b e ( s e e 
F i g . 2. 4), T h e U C - Z r C s a m p l e s a r e p l a c e d in a t u n g s t e n s l e e v e to p r e v e n t 
con tac t and t h u s r e a c t i o n with g r a p h i t e . The t u n g s t e n s l e e v e , in t u r n , i s 
p l a c e d in a r e m o v a b l e g r a p h i t e s l e e v e which s e r v e s a s a c o l l e c t o r for Ba . 
T h i s s l e e v e i s changed and the cold f inge r i s s a m p l e d a s f r e q u e n t l y a s 
p o s s i b l e in o r d e r to ob ta in r e l e a s e r a t e da ta for I , T e , and Ba-^ . 
By m e a s u r i n g the 1. 60-Mev p e a k of La-^ in the i r r a d i a t e d s a m p l e , an 
a c c u r a t e e s t i m a t e of t h e n u m b e r of f i s s i o n s i s o b t a i n e d and f r o m f i s s i o n -
y i e ld da ta the quan t i ty of any f i s s i o n p r o d u c t i n i t i a l l y p r e s e n t can be 
c a l c u l a t e d . 

T h r e e s a m p l e s h a v e b e e n s tud i ed d u r i n g t h i s r e p o r t i n g p e r i o d . T h e s e 
a r e A i - 2 , Ai ~ 3 , a n d A , - 4 , which w e r e cut f r o m the s a m e h o t - p r e s s e d h i g h -
d e n s i t y (96% t h e o r e t i c a l dens i ty ) 30 UC — 70 Z r C p i e c e a s s a m p l e A , -1 wh ich 
h a s b e e n s t u d i e d for i t s v a p o r i z a t i o n r a t e s ( s e e Sec . 2 .1) . Al l t h r e e s a m p l e s a r e 
in the f o r m of t h in d i s k s (0. 3 8 - i n . d i a m , 0. 06 in. th ick) and h a v e b e e n ou t -
g a s s e d in v a c u u m at 1900°C for a p e r i o d of 22 h r . T h e y w e r e s t o r e d in 
h e l i u m p r i o r to i r r a d i a t i o n . S a m p l e Ai -2 w a s i r r a d i a t e d to 6 x 10 f i s s i o n s 
and s tud i ed at 1800°C, whi le s a m p l e A j - S w a s i r r a d i a t e d to 1.2 X 10-^'^ 
f i s s i o n s and s tud i ed at 1900°C. The r e s u l t s o b t a i n e d on s a m p l e A i - 4 
( 1 . 2 X 10-'̂ "* f i s s i o n s , 1800°C) a r e a b n o r m a l l y high, p r o b a b l y due to s u r f a c e 
ox ida t ion of t h e s a m p l e , and t h e r e f o r e a r e not i n c l u d e d h e r e . To avo id 
t h e r m a l shock , a l l s a m p l e s w e r e b r o u g h t to t e m p e r a t u r e o v e r a p e r i o d of 
1/2 h r . 

F i g u r e s 2. 5 and 2. 6 a r e t h e p l o t s of the r e s u l t s of s a m p l e s Ai -2 and 
A , ~3 , shown in T a b l e 2 . 3. T h e f inal f r a c t i o n a l r e l e a s e r a t e s c a l c u l a t e d 
f r o m the s lope at t h e f inal point of the l i n e a r p lo t of f r a c t i o n a l r e l e a s e 
v e r s u s t i m e a r e l i s t e d in T a b l e 2, 4. E a c h of the c u r v e s shown in F i g s , 2. 5 
and 2 . 6 exh ib i t s an i n i t i a l p o r t i o n of r a p i d r e l e a s e , fo l lowed by a n o t h e r 
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Fig. 2 .3 - -King furnace used for the pos t i r rad ia t ion annealing studies 

of f iss ion-product r e l ease from UC-ZrC 
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Fig. 2. 5 - -F i s s ion -p roduc t r e l ease at 1800 C for 97%-dense 
30 UC - 70 ZrC (sample Aj-2) 
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Fig, 2. 6 - -F i s s ion -p roduc t r e l ea se at 1900°C for 97%-dense 
30 UC - 70 ZrC (sample A^-3) 
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Table 2. 3 

FISSION-PRODUCT RELEASE FROM 30 UC - 70 ZrC IN 
ANNEALING RUNS 

S a m p l e 
No. 

A j - 2 

A j - 3 

T e m p , 

Co 
1800 

1900 

T i m e 
(hr) 

0 ( r eco i l ) 

18. 5 

24 

(After 
cool ing) 

40 . 5 

(After 
cool ing) 

46 . 5 

(After 
cool ing) 

0 ( r eco i l ) 

2 

19 

26 

43 

51 

67 

F r a c t i o n R e l e a s e d 

X e 

7. 9 x 1 0 ' ^ 

3 , 2 x l 0 ~ 3 

3, 4 x 1 0 - 3 

3 , 8 x 1 0 - 3 

4, 2 x l 0 " 3 

4. 6 x 1 0 - 3 

4 . 9 x 1 0 - 3 

5. 2 x 1 0 - 3 

9. 8 x 1 0 - 5 

8. 9 x 1 0 - 4 

9. 9x10""^ 

1. 1 x 1 0 - 3 

1. 2 x 1 0 - 3 

1. 3 x l 0 ' 3 

1, 6 x l O " 3 

T e ' ^ ^ 

1. 8 x 1 0 - 2 

2 , 2 x l 0 " 2 

2 , 4 x 1 0 - 3 

2, 5 x 1 0 - 2 

1 . 2 x l 0 " 3 

5 . 6 x 1 0 - 3 

7, OxlO"3 

7, 9 x 1 0 - 3 

8, 5 x 1 0 - 3 

8, 9 x l O " 3 

J . 31 

5. 9 x 1 0 - 4 

1. 4 x 1 0 - 3 

2 , 0 x 1 0 - 3 

2 , 3 x 1 0 - 3 

2 , 3 x 1 0 " ^ 

3 , 9 x 1 0 " ^ 

4, 6 x 1 0 " * 

5 , 2 x 1 0 " ^ 

5 , 6 x 1 0 - 4 

6, 0 x 1 0 - 4 

^ 140 
Ba 

2, 0 x 1 0 - 3 

6. 0 x 1 0 " * 
_4 

7. 1x10 

7, 7 x 1 0 " ^ 

8 , 4 x 1 0 " ^ 

9. 1 x 1 0 - 4 

Table 2 .4 

FINAL RELEASE RATES' 

S a m p l e 
No. 

A j - Z 

A j - 3 

T e m p . 
(°C) 

1800 

1900 

X e 

2, Ox lO"^ 

1. 8 x 1 0 " 

T e ' ^ ^ 

1. 0 x 1 0 - 4 

2, 5 x 1 0 " ^ 

i ' ^ ' 

4 . 4 x 1 0 - 5 

2 . 3 x 1 0 " ^ 

tD 1 4 0 
B a 

2, 9 x 1 0 " ^ 

* 
Frac t ional r e l ease per hour. 
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p o r t i o n of m u c h s l o w e r r e l e a s e r a t e s . A s s e e n f r o m F i g . 2. 5, the Xe 
r e l e a s e f r o m s a m p l e A j - 2 shows a s e n s i t i v i t y to t h e r m a l cyc l ing . S m a l l 
b u r s t s of Xe^-^-^ r e l e a s e o c c u r r e d e a c h t i m e tha t t he f u r n a c e was cooled 
for the c o l l e c t i o n of the c o n d e n s a t e on the cold f inge r ; t he f i r s t b u r s t w a s 
m i s s e d when t r a p p i n g w a s t e m p o r a r i l y i n t e r r u p t e d . It i s p o s s i b l e t ha t 
m i c r o c r a c k s ixxight have o c c u r r e d in the s a m p l e upon cool ing (1800° to 500°C 
in 10 m i n and 500°C to roona t e m p e r a t u r e in 20 min ) , which f a c i l i t a t e d the 
r e l e a s e . R a d i o c h e m i c a l a n a l y s e s p e r f o r m e d on s a m p l e A , - 2 showed tha t 
the r e t e n t i o n of Mo-^^, Ce , and Cs w a s v i r t u a l l y 100%. 

S a m p l e A^-S, which w a s s tud i ed a t 1900 C, gave l o w e r r e l e a s e r a t e s 
( s e e T a b l e 2, 4) than tha t of s a m p l e A j - 2 , wh ich w a s s t u d i e d a t 1800 C. 
Th i s a p p e a r s to be a n o m a l o u s , s i nce r e l e a s e r a t e s , in g e n e r a l , a r e e x p e c t e d 
to i n c r e a s e wi th t e m p e r a t u r e . It i s p o s s i b l e tha t the h i g h e r r e l e a s e r a t e s 
of s a m p l e A 2 - 2 a r e due to the p r e s e n c e of de fec t s in s a m p l e A j - 2 . It is 
i n t e r e s t i n g to note t h a t t h e r e w a s no t h e r m a l - c y c l i n g effect wi th s a m p l e A j - 3 . 
It a p p e a r s tha t a d d i t i o n a l e x p e r i m e n t s a r e n e e d e d to c l a r i f y the a n o m a l o u s 
o b s e r v a t i o n s of l o w e r r e l e a s e r a t e s a t 1900 C than a t 1800 C and to ob ta in 
da t a o v e r a r a n g e of t e m p e r a t u r e s so a s to e s t a b l i s h a c t i v a t i o n e n e r g i e s 
for the f i s s i o n - p r o d u c t r e l e a s e p r o c e s s . 

2. 3. F I S S I O N - P R O D U C T DIFFUSION THROUGH T U N G S T E N CLADDING 

The p u r p o s e of the s tudy i s to d e t e r m i n e the r a t e s of diffusion of 
v a r i o u s f i s s i o n p r o d u c t s f r o m u r a n i u m - c o n t a i n i n g fue ls t h r o u g h t u n g s t e n 
c l add ing in the t e m p e r a t u r e r a n g e 1600°C to 2 0 0 0 ° C a s a funct ion of t h e 
s t r u c t u r e s of the t u n g s t e n c ladd ing . The exper imien t wi l l be p e r f o r m e d in 
an a r r a n g e m e n t s i m i l a r to t h e d i f f u s i o n - e m i s s i o n ce l l , the d e t a i l s of which 
have b e e n d e s c r i b e d in the f inal r e p o r t of C o n t r a c t NAS 3 -2532 . ' ^ ' The 
f i s s i o n g a s e s diffusing t h r o u g h the c l add ing wil l be caught in a l i q u i d -
n i t r o g e n - c o o l e d c h a r c o a l t r a p and m o n i t o r e d in s i tu . The o t h e r f i s s i o n 
p r o d u c t s diffusing t h r o u g h the c l ad wil l be c o n d e n s e d on a w a t e r - c o o l e d 
c o p p e r s u r f a c e c o a t e d with c a r b o n . The c a r b o n coa t ing i s u s e d to f a c i l i t a t e 
t h e c a p t u r e of s t r o n g c a r b i d e - f o r m i n g f i s s i o n p r o d u c t s . D u r i n g the e x p e r i ­
m e n t , t h e v a c u u m e m i s s i o n of t h e t u n g s t e n s u r f a c e wil l be m o n i t o r e d for 
any c h a n g e . The r e s u l t s shou ld i n d i c a t e how c l ean the t u n g s t e n s u r f a c e 
and the c e s i u m p l a s m a can be kept d u r i n g the o p e r a t i o n of a t u n g s t e n - c l a d 
e m i t t e r in a r e a c t o r . T h e c o r r e l a t i o n of the r a t e s of diffusion with s t r u c t u r e s 
of the t u n g s t e n c l a d d i n g shou ld s e r v e a s a guide for the s e l e c t i o n of o p t i m u m 
f a b r i c a t i o n m e t h o d s . 

F i g u r e 2. 7 shows t h e e x p e r i m e n t a r r a n g e m e n t s u s e d and i s self-
e x p l a n a t o r y . F a b r i c a t i o n of one of the c e l l s h a s b e e n c o m p l e t e d , and the 
p u l s e - h e i g h t a n a l y z e r h a s b e e n o r d e r e d . T h e f i r s t s a m p l e to be s t u d i e d 
wil l be a v a p o r - d e p o s i t e d t u n g s t e n - c l a d , l o w - d e n s i t y 30 UC — 70 Z r C cut 
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from the carbide cylinder A2 (see Sec. 2. 1). The use of a low-density 
fuel sample will insure that the r e l ea se of fission products from the fuel 
itself is not the r a t e -de te rmin ing step of the over -a l l p r o c e s s , so that 
some pre l iminary ideas may be gained on the r a t e s of diffusion of var ious 
fission products through the cladding, 

2 .4 , GROSS DIFFUSION STUDIES OF FUEL-CLAD SYSTEMS 

Previous diffusion studies!^z''^) have been made on a number of 
emit ter - fuel combinations, most ly at 1800°C, and utilizing uranium-containing 
fuels (e. g. , UC, UC2» UC-ZrC, and UO2) coupled to specific re f rac tory 
meta l s and alloys ( e . g . , W, Ta, Mo, Nb, Ir, Re, W-25Re, W-15Mo, and 
W~2Mo). These screening exper iments revealed severa l p romis ing fuel-
clad sys tems . Also, var ious types of interact ion between the fuels and 
re f rac tory meta l s were observed and detected, A continuation of this study 
has been planned to broaden the information concerning the l imi ts of t e m ­
pe ra tu re and compositions for which specific clad-fuel combinations can be 
successfully uti l ized. Of par t i cu la r in te res t is the t empera tu re region of 
1400°C to 2000°C for per iods of t ime up to 1000 hr, 

A summary of the compatibility r e su l t s between var ious fuel— 
re f r ac to ry -me ta l - c l ad sys tems is given in Table 2. 5. Also included a r e 
the compatibility p roper t i e s of cer ta in fuel-clad combinations, which a r e 
deduced from the resu l t s of some p r io r exper iments . In view of the l a rge 
number of fuel -metal combinations to be examined over a range of t e m ­
p e r a t u r e s , cr i t ica l exper iments have been planned in o rder to reduce the 
port ion of fuel compos i t ion- tempera ture spec t rum to be studied; this 
sequence of the f i rs t seven exper iments is l i s ted in Table 2. 5. The f irst 
severa l exper iments will begin with UC-ZrC of low uranium content, i. e. , 
30 U C - 70 ZrC, 

During this f i rs t quar te r , h igh-puri ty re f rac tory me ta l s were 
procured , and var ious uranium-fueled compounds needed were p repared . 
Since the s toichiometry of the fuel bodies may be one of the important 
factors affecting the r e su l t s , each fuel sample must be p repa red under 
careful conditions. Fuel sainples will be studied at both s to ichiometr ic 
and slightly hypers to ich iometr ic composit ions. The chemical composit ions 
and metal lography for all of the re f rac tory meta l s have been checked and 
recorded . The chemical analysis and metal lography of each specific fuel 
composition will be recorded just p r i o r to each experinaent. This has been 
accomplished for the 30 UC — 70 ZrC specimens for the f i rs t five exper iments 

Other act ivi t ies have included the modification and rebuilding of the 
p resen t diffusion furnace. This was accomplished and the furnace has been 
tes ted at 2000°C at a res idual gas p r e s s u r e of 10"° t o r r . Also, because of 



T a b l e 2. 5 

C O M P A T I B I L I T Y O F VARIOUS F U E L S AND R E F R A C T O R Y M E T A L S AS D E T E R M I N E D BY GROSS-DIFFUSION E X P E R I M E N T S 
A T VARIOUS E X P E R I M E N T A L T E M P E R A T U R E S FOR 50 HR 

T h e e x p e r i m e n t a l t e m p e r a t u r e s a r e in ° C . Su i t ab l e c o m b i n a t i o n s 
at spec i f i c e x p e r i m e n t a l t e m p e r a t u r e s a r e i n d i c a t e d by YES, 
u n s u i t a b l e c o m b i n a t i o n s by NO, and q u e s t i o n a b l e c o m b i n a t i o n s by ? . 
P a r e n t h e s e s a r o u n d the YES, NO, o r '> i n d i c a t e a j u d g m e n t by 
d e d u c t i o n . The n u m b e r s i n d i c a t e the p l a n n e d s e q u e n c e of f u r t h e r 
e x p e r i m e n t s . 
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the l a rge number of specimens requi red to cover the compos i t ion- tempera tur 
ranges to be studied, an additional diffusion furnace capable of holding more 
than one specimen was ordered . Delivery is expected by January 20, 1964. 

Tantalum diffusion capsules for containment of the fuel-metal couples 
have been prepared , and mating surfaces of the re f rac tory metal and fuel 
specimens a r e now being carefully aligned and polished for the f i rs t th ree 
exper iments . The exper iments will begin in the f i rs t month of the next 
qua r t e r . 

2, 5. FUEL-CLAD DIFFUSION-EMISSION STUDIES 

This is a continuation of the work under Contract NAS 3-2 532' ' for 
the study of t r a c e diffusion of fuel components into the clad by e lec t ron 
emiss ion monitoring. The appara tus used has been descr ibed in the final 
repor t of Contract NAS 5-1253. ^ ' Previously , studies have been made^^) 
on vapor-deposi ted tungsten-c lad UC (both ca rbon- r ich and me ta l - r i ch ) , 
UO2J and 30 UC — 70 ZrC . During this quar te r , exper iments have been 
extended to the case of rhenium-c lad UC, since this fuel-clad combination 
has been found to be a questionable case on the bas i s of g ross diffusion 
studies. ̂ '•I 

The sample, E i , was p repa red by bonding a 20-mi l - th ick rhenium 
sheet to a cast tungsten cup containing a co ld -p ressed and s in tered UC 
wafer (20-mil- thick, 4. 63% carbon). The bonding was c a r r i e d out in a 
vacuum h o t - p r e s s at 1900°C for a per iod of 1-1/2 hr , To prevent the 
graphite plungers from react ing with the rhenium and the tungsten, a 5-mil -
thick tungsten sheet was used as a spacer at the cast tungsten side, and a 
20-mil 'W-26 Re sheet and a 5-mil tungsten sheet were used as space r s at 
the rheniuna side, with the W-26 Re sheet facing the rhenium. After bonding, 
the sample was p r e s s u r i z e d with hel ium and checked for the soundness of 
the bond by immers ion in acetone. The spacer sheets were then machined 
off by e lec t r ica l d ischarge machining (EDM). To insure a clean rhenium 
surface, the top 7 mils of the rhenium layer was also removed by EDM 
so that the final thickness of the rhenium clad was 13 mi l s . 

The sample was heated in the diffusion-emission cell for 64 hr at 
1923°K, 170 hr at 2063°K, 50 hr at 1663 K, and finally another I6 hr at 
2063°K. The Schottky plots obtained after the sample was 1 hr, 24 hr, and 
186 hr at 2063°K a re shown in F ig . 2. 8. It can be seen that after the sample 
was heated at 2063°K for only 1 hr (after 64 hr at 1923°K), the saturat ion 
emiss ion at zero field was 30 m a / c m as compared to a value of 0. 4 m a / c m 
for rhenium at the same t e m p e r a t u r e . After 24 hr at 2063 K, the emiss ion 
could not be sa tura ted because the molybdenum collector and the molybdenum 
guard ring, which were both "floated, " i. e. , not cooled, became excess ively 



35 

heated due to the la rge current emit ted from the surface of the sample. 
Saturation could be achieved, however, when the sample was cooled to 
1663°K (after 170 hr at 2063°K). F igure 2. 9 shows the variat ion of the 
vacuum-sa tura t ion emiss ion with t ime at 1663 K. The emiss ion inc reased 
with t ime, indicating a continuous adjustment of the surface composition 
by diffusion. Although a steady state was not reached after 50 hr at 1663°K, 
it is apparent that the saturat ion emiss ion of the surface at the end of 50 hr 
(14 m a / c m ) is many o r d e r s of magnitude higher than that of pure rhenium 
(5 X 10""* m a / c m I at the same t e m p e r a t u r e . 

In view of the l a rge change of emiss ion observed, the experiment 
was te rminated , and the sample was sectioned and examined both meta l lo ­
graphically and by the e lect ron microprobe technique. F igu re 2. 10 shows 
the photomicrograph taken at the Re-UC interface. It is evident that react ion 
has occur red between the rhenium and the m e t a l - r i c h UC and that it is 
difficult to locate the position of the original interface. Elec t ron microprobe 
studies indicated that rhenium had penet ra ted into the carbide for about 
100 microns {jJ.} (see Fig . 2. 11) but no uran ium (within 0. 1%) was detected 
inside the rhenium. The rhenium-containing phase in the UC was found 
to contain as high as 80% rhenium. Since the UC used was very m e t a l - r i c h 
(4.63% carbon), liquid uran iumcould be presen t in the carbide at the interface 
during the run and in terac ted with the rhenium clad to form the rhenium-
r ich phase observed by e lect ron microprobe analys is . 

Some of the interact ion might have occur red during the bonding of 
the rhenium to the cast tungsten cup containing the UC wafer at 1900°C 
in the hot p r e s s . Unfortunately, no good bond could be formed by hot-
p ress ing at lower t e m p e r a t u r e s (e. g. , 1700°C) within a few hours . To 
avoid this difficulty, another rhenium-c lad UC sample will be made for 
s imi la r studies during the next qua r t e r by sealing the interface between 
the rhenium and the tungsten cup containing the UC wafer by vapor-depos i ted 
tungsten. In addition to the rhenium-c lad UC sample, two other diffusion-
emiss ion samples will be p repa red for studies at 2073 K. These a r e W-25 
Re-c lad UC and vapor-deposi ted tungsten-clad UC. It is intended to use 
s to ichiometr ic or slightly hypers to ich iometr ic UC in all these samples . 

2. 6. REFRACTORY-METALS INTERDIFFUSION 

The purpose of this study is twofold: to gather information for the 
diffusion-bonding of re f rac tory meta l s to tungsten, and to tes t the feasibil i ty 
of duplex emi t t e r s in which a layer of bet ter emitting ma te r i a l s , such as 
rhenium and ir idium, is separa ted f rom the uranium-containing fuel by a 
layer of tungsten. The diffusion between tungsten and tantalum, and 
molybdenum and niobium, will be studied in the tenaperature range of 
1200° to 2000^0, while the diffusion between tungsten and rhenium (vapor-
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deposited) and i r id ium (vapor-deposi ted or electroplated) will be studied in 
the t empe ra tu r e . r ange of 1400° to 2000°C. 

The sequence of the exper imenta l p r o g r a m is tabulated in Table 2. 6. 
Duplicate runs will be made for each r e f r ac to ry -me ta l to tungsten combination 
at a given t e m p e r a t u r e . Initially, runs of 10-hr duration will be made to 
gain some p re l imina ry information on the r a t e s of interdiffusion of these 
sys tems . Runs of longer duration will be made if needed. 

Table 2, 6 

REFRACTORY METAL-TUNGSTEN GROSS-DIFFUSION 
EXPERIMENTAL PROGRAM 

(Numerical sequence of exper iments to be performed) 

Refractory 
Metal 

I r id ium 
Rhenium 
Tantalum 
Niobium 
Molybdenum 

Exper imenta l Tempera tu re (°C) 

1200'" 

(No test) 
(No test) 

5 
5 
5 

1400" 
* 

1600 

2 
2 
2 
2 
2 

1800 

3 
3 
3 
3 
3 

2000" 

4 
4 
4 
4 
4 

Duplicate runs will be made at each t e m p e r a t u r e . 

The re f rac tory meta l s requi red have been procured . These a r e 
e l ec t ron -beam-mel t ed tanta lum and niobium, a r c - c a s t tungsten and 
molybdenums and chemically pure rhenium and i r id ium sheets . Exper i ­
ments will be s ta r ted ear ly in the next quar te r . 

2. 7. REFRACTORY-METALS DIFFUSION-EMISSION STUDIES 

Rhenium and i r id ium laye r s over tungsten a r e to be studied. The 
purpose is to find out the feasibility of the concept of duplex-type emi t t e r s 
in which the tungsten provides a b a r r i e r between the carbide fuel and the 
emiss ion-contr ibut ing ma te r i a l s such as rhenium and i r id ium. 

During this period, one diffusion-emission cell of the design shown 
previouslyi^l has been fabricated and outgassed. The vapor-deposi t ion of 
rhenium over vapor-depos i ted tungsten is being investigated. Chloroir idic 
acid needed for the electrodeposi t ion of i r id ium over vapor-depos i ted 
tungsten has been obtained. It is expected that the p repara t ion of samples 
should be completed during the next quar te r , and the 1000-hr studies at 
ISOQOC initiated. 
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2. 8. MECHANICAL PROPERTIES OF UC-ZrC 

During the las t contract year , '-̂ z measu remen t s of the mechanical 
p rope r t i e s of UZrC fuels were init iated to derive strength and elas t ic i ty 
data for use in predict ing the the rma l - shock re s i s t ance and swelling behavior 
of fuels of var ious UC- to -ZrC ra t ios . During this effort, tes t equipment 
was developed and measu remen t s were made on 10 UC — 90 ZrC, 80 UC— 
20 ZrC, and UC in the t empera tu re region 1600° to 1800°C. This y e a r ' s 
p r o g r a m continues the previous efforts and will be extended to include a 
wider range of composit ions, t empera tu re , and s t ra in ra te , with controlled 
var ia t ions in porosi ty and m i c r o s t r u c t u r e . 

The effort for this f i rs t quar te r has been the modification to the tes t 
equipment. During the las t contract year , the molybdenura support pedestal 
was found to have dis tor ted because of severe side-loading. This occur red 
when the uranium carbide specimens being tes ted crept to a bow-shape 
before fracturing during test ing at a low s t ra in r a t e . The design of the 
sample support pedes ta l is current ly being rev i sed to develop more s ide-
load r e s i s t ance . 

When the mechanical difficulties mentioned a r e correc ted , m e a s u r e ­
ments of modulus of rupture will proceed with UC, 50 UC — 70 ZrC, and 
30 U C - 70 ZrC samples . 

2 . 9 . EMISSION-MICROSCOPY OF TUNGSTEN-URANIUM-CONTAINING 
CARBIDE CERMETS 

It is believed that although uranium-containing carbides a r e excellent 
e lectron emi t t e r s in vacuum, thei r per formance in ces ium vapor is ion-
generat ion- l imi ted. The purpose of this study is to explore the possibi l i ty 
of improving thei r per formance by incorporat ing high-work-function patches 
on the carbide sur faces . Uranium-containing carbide—tungsten c e r m e t s 
offer such a possibi l i ty . In o rde r to achieve such a goal, however, the 
tungsten patches on the ce rmet surface would have to be able to maintain 
their high work-function in the p resence of uraniusxi-containing m a t e r i a l s . 
Study of the e lect ron emiss ion pa t te rns of these ce rme t s at high t e m ­
p e r a t u r e s as a function of t ime would indicate whether this will happen. 
The f i rs t samples se lected for such studies a r e W-UC and W—(30 UC—70 ZrC) 
ce rme t s containing about 60 vol-% of ca rb ides . 

While these ce rmet samples were being prepared , a W-UO^ cermet 
sample containing 60-vol-% UO-, happened to be available. It was loaded 
into the emiss ion microscope and studied at 1650°C for a per iod of 120 hr . 
F igu re 2. 12 is a photomicrograph of this sample, showing the d ispers ion 
of UO2 in a tungsten mat r ix . An emiss ion pa t te rn taken after the sample 
was heated at 1650°C for 5 hr is shown in F ig . 2. 13 (a). It can be seen 
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(lOOx) 

Fig . 2. 12- -Photomicrographof the U-UO2 
ce rmet sample studied in the emiss ion 

microscope (60 vol-% UO-,) 

that the UO„ pa r t i c l e s emit much bet ter than the tungsten matr ix , and a 
few cavit ies from which the UO2 par t i c l e s were lost by vaporizat ion or by 
the polishing of the sample a r e c lear ly outlined by some fine UO2 powder 
left. The surface thus is very heterogeneous in emiss ion. F i g u r e s 2.13(b) 
and F ig . 2. 13(c) a r e emiss ion pa t te rns taken from the same a r ea of the 
sample after it had been at 1650 C for 50 hr and 120 hr, respect ively . 
Although some of the UO2 par t i c l e s were lost by vaporization, the patchy 
nature of the surface remained. The study was t e rmina ted after 120 hr 
because the grid of the emiss ion microscope became heavily coated with 
UO2. Never the less , the r e su l t s seem to indicate that higher-work-funct ion 
a r e a s may co-exis t on a surface with the be t t e r -emi t t ing UO2. The W-UG 
and the W—(30 UC — 70 ZrC) ce rme t s will be studied during the next qua r t e r . 
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Fig . 2. 13- -Emiss ion pa t te rns of a W-UO2 c e r m e t containing 
60 vol-% UO2 after heating at 1650 C for different per iods of 

t ime; all three photographs a re at '^90x 



Section III 

LIFE-TEST OF FUELED CESIUM CONVERTER 

The p r o g r a m objective is to l i fe - tes t fueled ces ium thermionic con­
v e r t e r s up to 10, 000 hr at a power density of 5 w / c m . F r o m the tes t 
r e su l t s with unclad UC-ZrC e m i t t e r s , tungsten-clad UC-ZrC e m i t t e r s , 
and semiclad cernaet e m i t t e r s , the l ong - t e rm effects of evaporat ion and 
emiss ion stabili ty a re to be investigated. 

Toward this goal, the M a t e r i a l s - L i f e - P e r f o r m a n c e (MLP) conve r t e r s 
were built and operated during the previous cont rac t year'•'• Ho meet a 1000-hr 
at 5 a m p / c m ^ operat ional objective. Conver ter fai lures which were due to 
leaks in the tantalum emi t te r lead that forms pa r t of the conver te r envelope 
and external co r ros ion from operat ing MLP conve r t e r s in a i r de t rac ted 
from the rel iabi l i ty of a l ong - t e rm tes t , 

A study was pe r fo rmed during this r epor t period to de te rmine the 
bes t method of fulfilling the exper imenta l object ives . This led initially to 
a modification of a Mark I conver te r design, which is s imi la r in geometry 
to the MLP conver te r . Its pr incipal features were an in tegra l , fueled, 
vapor-depos i ted tungsten emi t t e r , an unguarded co l lec tor , and an ul t rahigh 
vacuum environment for the conver te r envelope. It was concluded from 
this study that fabrication of a Mark I conver te r involved development of 
a new emi t t e r s t r uc tu r e , a new conver te r envelope, and new fabrication 
equipment for renaote conver te r assembly . 

During the Mark I design per iod, significant advances were made in 
the development of cyl indr ical geonaetry conve r t e r s (Mark VI ser ies ) that 
employ vapor-depos i ted tungsten e m i t t e r s . Four c o n v e r t e r s , including 
two in-pile ce l l s , were tes ted without a te rminat ion due to conver te r 
pe r formance fa i lure . The fabrication technique for these conve r t e r s is 
an es tabl ished p r o c e s s with high s tandards in quality control . 

These developments led to a pa ra l l e l design study of the modifications 
requi red to adapt the Mark VI conver te r to the objectives of the L i fe -Tes t 
P r o g r a m . If this is poss ib le , an additional benefit is rea l ized , that of 
test ing a conver te r which re l a t e s to a cyl indr ical fuel-element design. 
The r e su l t s of the study show that the cyl indrical Mark VI s e r i e s conver te r 
can fulfill the tes t objectives equally as well as the p lanar des igns , and 
this design has an additional advantage in that the conver te r envelope and 
fabrication equipment a r e completely developed. It has been shown that the 
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development of the emi t te r s t ruc ture involves about the same effort and 
t ime. In addition, the Mark VI tes t vehicle has a proven rel iabi l i ty up to 
1,370 operating hour s . 

For these r ea sons , the design and fabrication development of a 
cylindrical fueled emi t te r has been initiated. It is intended for use in the 
f i rs t conver ter tes t scheduled for operat ion in Feb rua ry , 1964. Descr ip t ions 
of both the plane and cylindrical conver ter des igns , fabrication development, 
and test inst rumentat ion are d iscussed in the following sect ions . 

3 . 1 . CONVERTER DESIGN 

3 . 1 , 1 . Mark I-G Planar -Geometry Conver ter 

The Mark I-G conver te r , shown in Fig. 3. 1, is mainly a redes ign of 
the MLP conver ter to mee t the p r o g r a m objective of operating up to 10 ,000hr , 
The principal changes include: 

a. Use of an in tegral , fueled, vapor-deposi ted tungsten emi t t e r . 

b. Elimination of the col lector guard r ing. 

c. Operation in a high-vacuum environment . 

A descr ipt ion of the complete Mark I-G design is given in the following 
sect ions. 

Emi t t e r Assembly (Mark I-G) 

Two features of the MLP emi t te r assembly design that caused difficulty 
were (1) the thermal distr ibution due to e lec t ron bombardment and (2) failure 
of the cell due to leaks through the tantalum emi t te r support and filament 
housing. It was suspected that the two were re la ted , i, e, , local high t em­
p e r a t u r e s in the tantaluna were caused by nonuniform heat input from the 
filament. Also, the embr i t t lement of the tantalum may have been caused 
by contamination from the oil diffusion vacuum pump used for evacuation 
of the filament housing. 

The emi t te r assembly is shown in Fig, 3 .2 . The clad-fuel emi t te r 
assembly is a planar geometry design s imi la r to that of the MLP cel l . It 
is faJbricated by vapor-deposi t ion coating of tungsten over UC-ZrC fuel 
pe l le t s , which are inser ted in a cup on the end of a preformed tungsten 
cylinder. A the rmal analysis was made of the emi t te r s t ruc ture using the 
RAT (Radial Axial Thermal) computer code. The analysis showed that a 
cylindrical hel ical ly wound filament resul ted in a more uniform t empera tu re 
distr ibution, as compared with a pancake filament which hea ts the end planar 
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a rea only. The more uniform t empera tu re dis tr ibut ion is due to the the rmal 
r e s i s t ance of the gap between the fuel and tungsten on the side facing the 
filament. The tungsten support is thick-walled (0. 100 in.) opposite the 
filament and this thickness is then reduced to 0. 050 in. at a dis tance of 
1/2 in. below the filament where the tungsten is joined by diffusion-bonding 
to a tantalum stem lead. The tantalum stem is then joined by welding to a 
l a r g e r tantalum cyl indr ical block, which is a support for the in te re lec t rode 
insula tor . A gas cooling line is b razed to this block to remove about 200 
watts of heat that is t r ans fe r r ed by conduction and radiat ion from the emi t te r 
s t ruc tu re . 

The emi t te r filament in the redes ign opera tes in a vacuum environment 
pumped by an o i l - f ree Vac-Ion pump. This should help to el iminate the 
embr i t t l ement problem of the tantalum emi t te r support evidenced in the 
MLP cell design. 

The design features that requi re development for this emi t t e r assembly 
are the cladding of tungsten over the fuel and naandrel, and the subsequent 
diffusion-bonding of the tantalum support . Then, sufficient the rmal cycling 
will be needed to prove the integri ty of the bonds for 10, 000-hr operat ion. 

Collector Assembly (Mark I-G) 

The cell was redesigned to operate without a col lector guard ring; 
this redes ign el iminated four additional b raze jo in ts , including a c e r a m i c -
metal i n su l a to r - s ea l , and general ly simplified the fabricat ion. The cell 
was shortened to reduce the total t he rmal expansion and alignment p rob l ems . 

The m a t e r i a l of the col lector is s ta in less s tee l , although nickel could 
be substi tuted for be t ter col lector surface p r o p e r t i e s . It was predic ted that 
the requi red 5 w a t t s / c m output could be obtained with s ta in less steel 
co l l ec to r s . However, the use of nickel is feasible, since the final joint to 
s ta in less steel is a copper b raze and the expansion c h a r a c t e r i s t i c s a re 
s imi l a r . 

The col lector is cooled by conduction heat t ransfe r through a copper 
conductor to ni trogen gas c i rcula ted through a 3 / l 6 - i n . -d iam s ta in less 
steel or Hastel loy hel ical tubing brazed to the conductor surface. The 

O r\ 

col lector t empera tu re var iat ion is between 600 C min imum and 900 C 
maximum. 

The fabrication of the col lector assembly is cons idered s t ra ight forward 
and is simplified by el imination of the guard r ing. This col lector assembly 
design was cons idered to be free of major development p rob l ems . 
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Insulator-Bel lows Subassembly (Mark I-G) 

This subassembly was developed for the MLP cell for operat ion in 
a i r . The s ta in less steel flange and the bellows were joined by arc-welding , 
and a copper b raze joint was made between the s ta in less steel flange and 
the Kovar bushing of the insula tor . There were three main design features 
in this assembly for the Mark I design (see Fig, 3. 1), as follows: 

a. A method is provided for remote operat ion of the shut te rs 
for the emi t te r viewing windows while operat ing in vacuum. 
Two windows 90 apar t allow para l le l alignment of the 
e lec t rodes and optical measu remen t of emi t te r t e m p e r a t u r e . 
The design provides an e lec t romagnet which lifts an i ron 
shutter away from the window, 

b. Cooling of the insulator in vacuum is accomplished by Kovar 
radiation fins b razed onto the Kovar meta l bushing of the 
insu la to r - sea l , 

c. A copper b raze joint between the Kovar insulator bushing 
and the tantalum emi t te r support block inc reases its 
rel iabi l i ty because of the close matching of the rmal expan­
sion coefficients. 

All the above three design changes requi re development and p r o c u r e ­
ment of new m a t e r i a l s . The t ransi t ion joints between Kovar and s ta in less 
s teel , and Kovar and nickel a re new in the redes ign. The development 
might involve joint redes ign to minimize differential the rmal expansion 
s t r e s s e s and to c o r r e c t misalignnaent of pa r t s during fabrication. 

Complete Assembly (Mark I-G) 

The fabrication of the thermionic cell involves the final assembly of 
two subassembl ies : the emi t te r and the col lec tor , and the ces ium r e s e r v o i r . 
Each subassembly has severa l me ta l - t o -me ta l jo ints , and the emi t t e r sub­
assembly has a m e t a l - t o - c e r a m i c joint in the insula tor . During final 
assembly , it is imperat ive that the cel l be maintained in a clean condition 
and that the final assembly brazing not adversely affect joints previously 
naade. One of the major difficulties is that each assembly step r equ i r e s 
close dimensional control that can be obtained only by jigging and fixturing 
each subassembly before braz ing. These operat ions a re often per formed 
on the bench, and assembl ies are then vacuum-outgassed before braz ing. 
For cyl indr ical-geometry ce l l s , methods have been developed to pe r fo rm 
assembly and jigging operat ions after outgassing has been completed without 
breaking the vacuum. In this way, it is possible to reduce the gas content 
of the cell to a point where previously made b r a z e s are not affected by the 
heating of adjacent joints . This technique is thoroughly descr ibed under 
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the fabrication section for the Mark VI-E cyl indrical conver te r , and the 
equipment is shown in schematic in Fig. 3. 9, in Sec, 3. 2. 2. To accomplish 
this r equ i r e s development of remote assembly and heating techniques in a 
high-vacuum brazing station. However, the station that is developed for 
the cylindrical-geonaetry conver ter is not suitable for the Mark I-G p lana r -
geometry conver te r . A conceptual design of a high-vacuum remote assembly 
and brazing station is shown in Fig . 3 . 3 . A descr ipt ion of the f ina l -assembly 
procedure for this concept is given in Sec. 3, 2. 1. 

Basical ly , the assembly brazing station shown in Fig, 3. 3 is a high-
vacuum operat ional tes t station. The conver te r mus t be heated and cooled 
in the c r i t i ca l a r ea s with t e m p e r a t u r e s controlled in a manner s imi la r to 
tes t operat ion. The design is even m o r e complex because of the r e q u i r e ­
ments for remote manipulation and alignment of components and heating 
sources for outgassing and brazing. The additional seals inc rease the 
vacuum pumping sys tem requ i rements to attain the high vacuum des i red for 
outgassing (10"° to 10" ' t o r r at t empera tu re ) . 

3 . 1 . 2 . Mark VI-E Cylindrical Conver ter 

The Mark VI-E conver te r design is shown in Fig, 3 .4 . It features 
an a l l - r e f r a c t o r y - m a t e r i a l conver ter with a tungsten-clad fueled emi t t e r , 
a molybdenum col lec tor , a 0, 010-in, in te re lec t rode spacing, and vacuum 
environment operat ion. Emi t t e r heating is by e lec t ron bombardment of 
its inner cavity. The thermal design p e r m i t s independent var ia t ion of the 
operat ing p a r a m e t e r s through two separa te heating sys tems for the col lector 
and ces ium r e s e r v o i r . 

Emi t t e r Assembly (Mark VI-E) 

The emi t t e r assembly , shown in Fig, 3. 5, cons is t s of (1) a vapor-
deposited tungsten mandre l , (2) six fuel i n s e r t s , (3) a vapor-deposi ted 
tungsten cladding, and (4) a tantalum emi t te r s tem. The emi t te r dimensions 
a re 0, 625 in, OD by 1. 126 in, long, with a resul t ing a r ea of 14 cm^ as 
defined by the col lector project ion. Fuel i n se r t s in the form of rec tangular 
p r i s m s , 0. 15 in. wide, 1. 126 in, long, and 0. 06 in, thick cover 53% of the 
emi t te r a r ea . The mandre l is preformed from a vapor-deposi ted tungsten 
cylinder and is then machined with slots for the fuel i n s e r t s . With the 
in se r t s precoated with tungsten and fitted to the s lo ts , the ent i re mandre l 
is coated with tungsten by vapor-deposi t ion. The emi t te r is finally ground 
to a finish size of 0. 625 in, to give a clad thickness on the fuel of 0. 042 in. 
This clad thickness is derived from the rmion ic - r eac to r design considerat ion. 

The clad-fuel emi t t e r is supported in cant i lever by a hollow tantalum 
s tem, which also conducts the cu r ren t output to the emi t t e r . The length-
t o - a r e a rat io was chosen for optimum operat ion at an efficiency of 10% and 
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an output cu r r en t of 10 a m p / c m , The emi t t e r s tem dimensions a re 
0. 625 in. OD by 0. 565 ID by 1. 89 in, long. 

A ductile re f rac tory meta l was selected for the emi t t e r s tem, which 
maintains the emi t t e r - co l l ec to r in te re lec t rode spacing. Since a cant i lever 
design was chosen, there is a possibi l i ty of nonuniform expansion and 
resul t ing shorting of e lec t rodes if ca re i s not taken in choosing the s tem 
ma te r i a l . Tantalum was chosen ra ther than niobium because its thermal 
expansion coefficient is c loser to that of tungsten. Also, tantalum is easi ly 
diffusion-bonded to tungsten to form a tungsten-tantalum alloy at the in t e r ­
face. The cant i lever support has maintained the emi t t e r - t o - co l l ec to r 
spacing of 0.01 in, during 1300 hr of h igh- t empera tu re operat ion. P o s t - t e s t 
analyses of cell components have indicated that no p rob lems developed in 
the cant i lever support during the tes t per iod. 

Collector (Mark VI-E) 

The des i red range of operat ing t empe ra tu r e s for the col lector is 
600° to 900 C. The re f rac tory meta l s are m o r e suitable for the collector 
because of their h igh- tempera tu re strength and their thermal -expans ion 
coefficients, which a re very close to those of mos t c e r amic e l ec t r i ca l -
insulator m a t e r i a l s , as compared with nonrefrac tory m e t a l s . Molybdenuna 
is the collector ma te r i a l for the Mark VI-E, p r i m a r i l y for the reason of 
super ior thermionic pe r fo rmance . 

The outer d iameter of the collector is tapered and lapped to fit into 
a mating conductor hea t - s ink block as shown in Fig, 3. 4. The waste heat 
from the collector is t r ans fe r r ed ac ros s the conductor block to ni trogen 
gas c i rcula ted in a hel ical s ta in less steel or Kovar coil that is b razed in 
grooves on the outside d iameter of the conductor. Several radial ly spaced 
thermocouples a re included for m e a s u r e m e n t of radia l t empera tu re gradients 
to allow a rough es t imate of the waste heat conducted from the col lec tor . 
Two thermocouples m e a s u r e the col lector t e m p e r a t u r e . 

An auxil iary heat source for collector t empera tu re control is provided 
by a sheathed insulated nichrome wire hea te r b razed on the outside of the 
col lector conductor. An additional t empera tu re control is provided by 
varying the flow rate of the n i t rogen-gas coolant in the cooling coil . This 
hea t - t r ans f e r sys tem is capable of maintaining the col lector t empe ra tu r e 
within a range of 500 to 900 C. 

In tere lec t rode Insulator (Mark VI-E) 

The c e r a m i c - m e t a l insulator used in the Mark VI tes t cell is high-
pur i ty , high-densi ty AI2O3 joined to niobium meta l . The m e t a l - t o - c e r a m i c 
seal is designed to be s t r e s s - f r e e as far as poss ib le . The choice of niobium 
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with alumina insulation was predicated on the fact that both m a t e r i a l s have 
near ly the same thermal expansion coefficients; hence, the thermal s t r e s s 
in the seal is at a minimum. Since the niobium expands slightly l e s s than 
AI2O3, the interface is in compress ion . At 800*^0, the tensile s t r e s s in 
the niobium is ZOOOpsi, which is a factor of about 4 below its yield strength 
of 9000 ps i . 

The maximum creep of the niobium will be 0. 0002 in. , or about 
0. 02%, and the allowable c r eep - to - rup tu re is es t imated to be about 1% for 
10,000 hr operation at a tensi le s t r e s s of 2000 psi and 800°C. The 
maximum operat ing t empera tu re of the ceramic-nneta l seal is 850°C, and 
the normal operating t empera tu re will be l ess than 650 C. The seal is 
made by copper brazing between the AI2O3 and niobium. These seals have 
operated continuously for over 1000 hr in a ces ium environment of 10 mm 
Hg vapor p r e s s u r e and t empera tu re of 800 C or g rea t e r . 

The heat sink for the emi t te r is by conduction along the copper bus 
to the environment. The the rma l design a s s u r e s that the insulator t e m p e r ­
ature is between 450° and 750°C, depending on the emit ter t e m p e r a t u r e . 

In tere lect rode Spacing (Mark VI-E) 

An in tere lec t rode spacing of 10 mi ls is used for the Mark VI cell 
design. The p r i m a r y engineering l imitation on the spacing is determined 
by the close tolerance required between the insulator and the col lector . 
This is because the f inal -assembly alignment between the emi t te r and the 
col lector is obtained by self-jigging between the collector and the insulator 
on the emi t te r assembly . It has been demonst ra ted in the fabrication tech­
nique that this alignment method maintains a tolerance on the in tere lec t rode 
spacing to within one mi l , so that the spacing is maintained to within ±10%. 
The in tere lec t rode spacing when the cell is at operat ing t empera tu re is 
es t imated to be 7 to 8 mi l s . 

Ces ium-Rese rvo i r Assembly (Mark VI-E) 

The c e s i u m - r e s e r v o i r tube (shown in Fig. 3. 6) is made of niobium 
and is brazed to the bottom of the molybdenum col lector , A copper tube 
welded to the c e s i u m - r e s e r v o i r tube is used for final bake-out , evacuation, 
and pinch-off sealing of the cel l . Cesium is contained in a Kovar meta l 
capsule within the niobium c e s i u m - r e s e r v o i r tube. The ces ium vial is 
opened after final bake-out and pinch-off. 

Two sheathed, insulated nichrome wire h e a t e r s are provided for 
ces ium tempera tu re control . The lower hea ter is used for maintaining the 
des i red ces ium t empera tu re . It is automatically controlled and provides 
the bulk of the power for control . An auxil iary guard hea ter is wrapped 
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around the length of the ces ium well, A tantalum radiat ion shield is wrapped 
over the guard hea te r . The heat for ces ium tenaperature control is conducted 
to a s ta inless steel cyl indrical block and then to ni t rogen c i rcula ted through 
a s ta in less steel coil brazed onto the cyl indrical block. The ces ium t e m ­
pera tu re is automatically maintained by control of the cu r r en t to the lower 
hea t e r . The auxil iary hea te r cu r ren t is manually adjusted to maintain the 
upper r e s e r v o i r tenaperature at near collector t empera tu re when the lower 
hea te r is controlling the ces ium t empera tu re , 

3 .2 . CONVERTER FABRICATION 

3 . 2 . 1 , Mark I-G Planar -Geometry Conver ter 

Upon completion of the Mark I-G conver ter design, a PERT scheduling 
was performed to show the long-lead i tems in cell development and m a t e r i a l 
p rocurement . The resu l t s forecast a pro to type-ce l l conapletion date on 
March 31 , 1964, 

The a r ea s requir ing fabrication development a r e : (1) the vapor-
deposited tungsten-clad fueled emi t t e r , and (2) the fabrication facil i t ies 
and joining techniques to enable remote outgassing and assembly of the 
Mark I conver te r . 

These development topics a re d iscussed in detail below. 

Fueled Emi t t e r (Mark I-G) 

Of five vapor-deposi ted tungsten blanks (one of which is shown in 
Fig, 3,7) from San Fernando Labora to r i e s , Paco ima , California, two 
were specified for clad emi t te r s t ruc tu res and three for unclad e m i t t e r s . 
All were chemical ly cleaned and outgassed at 1800 C to remove res idual 
hydrogen from the thermochemical plating p r o c e s s . One emi t t e r was 
machined into a base to accept one of six 30 UC — 70 ZrC fuel wafers which 
had been seal -coated with vapor-deposi ted tungsten. After final cleaning 
of the emi t te r and outgassing of the sea l -coated 30 UC ~ 70 ZrC wafer, 
final cladding of the emi t te r base and fuel pel let into the fueled tungsten 
emi t t e r form was per formed by San Fernando Labora to r i e s , The resul t ing 
fueled emi t t e r , shown in Fig. 3, 8, was outgassed to 1800 C, 

P rocess ing of this emi t te r into the final configuration involves 
p r epa ra to ry machining and diffusion-bonding of the fueled tungsten emi t t e r 
form to a tantalum stem by axial loading of the joint at a t empera tu re of 
•^1800°C, This r equ i res a d i rec t loading on the fueled a rea , which is an 
undeveloped technique. 



57 

M-6395-2 

Fig, 3. 7 - -Vapor-depos i ted tungsten emi t te r blank 
for Mark I conver ter 
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Open 
End 

Clad 
End 

M-6395-1 
(a) Side view 

M-6395-3 (~3x) 

(b) View of einitting surface; note pellet 
outline reproduced in the cladding layer 

Fig, 3. 8 - -Mark I emi t te r with 30 UC ~ 70 ZrC fuel wafer 
clad into the emitting surface before final machining 
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Insulator-—Cooling-Fin Jo in ing (Mark I-G) 

The c e l l d e s i g n in F i g , 3 , 1 i n c l u d e s K o v a r r a d i a t i o n coo l ing fins 
a t t a c h e d to the K o v a r i n s u l a t o r s k i r t s . It i s p r o p o s e d to weld t h e s e fins 
to a s u p p o r t r i n g tha t i s b r a z e d to t h e K o v a r s k i r t s . T h e K o v a r m a t e r i a l 
r e q u i r e d to i n i t i a t e the f i n - i n s u l a t o r f a b r i c a t i o n i s a l o n g - l e a d p r o c u r e m e n t 
i t e m , T h e r e f o r e , t h e d e v e l o p m e n t of the t e c h n i q u e for jo in ing the i n s u l a t o r 
to the cool ing f ins could not be s t a r t e d un t i l J a n u a r y , 1964. 

E m i t t e r S u b a s s e m b l y to I n s u l a t o r S u b a s s e m b l y J o i n i n g ( M a r k I-G) 

It i s p r o p o s e d to jo in the K o v a r i n s u l a t o r s k i r t to the t a n t a l u m e m i t t e r 
s u p p o r t wi th a c o p p e r b r a z e , u s ing e l e c t r o n - b o m b a r d m e n t h e a t i n g of the 
e m i t t e r f i l amen t c a v i t y . Th i s type of b r a z i n g h a s b e e n u s e d for jo in ing 
o t h e r m a t e r i a l s with s i m i l a r we t t i ng c h a r a c t e r i s t i c s and t h e r m a l e x p a n s i o n 
( t a n t a l u m to t a n t a l u m , n i o b i u m to t a n t a l u m , t a n t a l u m to m o l y b d e n u m ) . 
P r a c t i c e b r a z i n g i s r e q u i r e d to e s t a b l i s h f a m i l a r i t y -with the jo in t c o n ­
f i g u r a t i o n , b r a z e w e t t i n g , and a s s o c i a t e d t h e r m a l g r a d i e n t s . 

D e v e l o p m e n t of F a b r i c a t i o n F a c i l i t i e s and F i n a l J o i n i n g 
T e c h n i q u e s ( M a r k I-G) 

R e c e n t e x p e r i e n c e in the p r o g r a m for d e v e l o p m e n t of c y l i n d r i c a l -
g e o m e t r y c o n v e r t e r s e s t a b l i s h e d tha t u l t r a c l e a n f a b r i c a t i o n p r o c e d u r e s 
w e r e e s s e n t i a l for a c c e p t a b l e p e r f o r m a n c e . T h i s g u a r a n t e e s t ha t the 
in i t i a l p o w e r l e v e l i s p r e d i c t a b l e , and tha t the evo lu t ion of r e s i d u a l g a s e s 
d o e s not c a u s e c o n v e r t e r d e g r a d a t i o n o v e r l o n g - t e r m t e s t i n g . It b e c a m e 
obv ious tha t f a b r i c a t i o n t e c h n i q u e s for the M a r k I -G c o n v e r t e r m u s t a l s o 
e m p l o y t h e s e s a m e u l t r a c l e a n p r o c e d u r e s in t ha t the d e s i g n of the f a b r i c a t i o n 
e q u i p m e n t and the f a b r i c a t i o n s e q u e n c e m u s t a l low for f inal o u t g a s s i n g and 
a s s e m b l y of the c e l l to be a c c o m p l i s h e d r e m o t e l y in v a c u u m . The d e v e l o p ­
m e n t of t h i s r e m o t e a s s e m b l y e q u i p m e n t and of the n e c e s s a r y t e c h n i q u e s 
i s p r e d i c t e d to be one of the m a j o r d e v e l o p m e n t p h a s e s . 

The c o n c e p t u a l d e s i g n for the r e m o t e a s s e m b l y a p p a r a t u s shown in 
F i g , 3 , 3 p r o v i d e s tha t the c o l l e c t o r s u b a s s e m b l y be a t t a c h e d to the e m i t t e r , 
e m i t t e r - i n s u l a t o r , and b e l l o w s s u b a s s e m b l y in a 2 X 10" t o r r v a c u u m 
e n v i r o n m e n t . Both s u b a s s e m b l i e s a r e to be t h o r o u g h l y o u t g a s s e d in t h i s 
h igh v a c u u m b e f o r e the p a r t s a r e j o ined and the f inal c l o s u r e jo in t (be l lows 
flange to c o l l e c t o r ) is b r a z e d . The a s s e m b l y p r o c e d u r e i s d e t a i l e d by the 
fol lowing s t e p s : 

1, Mount the s u b a s s e m b l i e s into the a s s e m b l y s t and . A V a c - I o n 
p u m p i s a t t a c h e d to the c e l l f inal p inch-of f t u b e , and c r i t i c a l 
j o i n t s a r e i n s t r u m e n t e d wi th t h e r m o c o u p l e s . 
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2. Outgas the col lector to above the maximum operating t empera tu re 
by induction heating in a vacuum of 1 X 10~° to 2 x 10~" t o r r . 

3. Outgas the emi t te r and surrounding insulator components to 
above operating t empera tu re (remaining below an unsafe fuel-
clad tempera ture) by e lec t ron-bombardment heating of the emi t te r 
in a vacuum of 1 X 10"" to 2 X 10"" t o r r . Minimum cooling would 
be used in the emi t te r support block to l imit the t empera tu re s 
of the insulator joint, cooling-fin joint, and closed ces ium 
ampoule to safe values . 

4. Cool the components in vacuum (̂ 2̂ X 10" ' t o r r ) . 

5. Posi t ion the col lector in the bellows flange by moving the assembly 
rod through the vacuum seal, 

6. Induction b raze the collector subassembly to the bellows flange, 
and cool. 

7. Leak-check the c losure b raze with the Vac-Ion leak detector . 

8. With the cell ex te r ior in vacuum, slowly heat the emi t te r to 
operating t empera tu re s while pumping the cell internal ly with 
the Vac-Ion pump at 10"° to 10~" to r r to further reduce the 
res idual gas content of the cell , 

9. Cool and leak-check the cell with the Vac-Ion leak detec tor , 

10, Pinch off and weld the pinch-off. 

The above outline i l lus t ra tes that complex, re l iab le , and prac t icab le 
assembly equipment mus t be designed and developed to effect the remote 
assembly of the Mark I cel l . In addition, exper imental studies would be 
neces sa ry to select a brazing ma te r i a l and heating method requi red to a s su re 
rel iabi l i ty of the final b raze joint, 

3 , 2 , 2 , Mark VI-E Cylindrical Converter 

During the ear ly Mark VI conver te r design-development cycle , the 
f irs t few cel ls were assembled with the emi t te r closely spaced to the 
collector before final bake-out . Operation of these ea r ly r e f r ac to ry -me ta l 
cells revealed the cha rac t e r i s t i c s of gassy or contaminated ce l l s , e. g. , 
the initial power level was low and further continuously degraded due to the 
build-up of contaminants on the col lector surface. Outgassing of the cell 
in ter ior after assembly required evacuation of contaminants through a 
0. 010-in. in te re lec t rode space which has an ex t remely low conductance 
(0. 055 l i t e r / s e c ) . Recognition of this problem resul ted in the development 
of techniques to thoroughly outgas the emi t te r and col lector p r io r to 
assembly , and subsequently to assemble the cell and effect the final b raze 
seal without exposing the components to a i r . The assembly equipnaent and 
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jo in ing t e c h n i q u e s have b e e n c o n t i n u o u s l y i m p r o v e d d u r i n g the p a s t s ix 
m o n t h s . The c u r r e n t s t a t u s of the d e v e l o p e d e q u i p m e n t and p r o c e d u r e s i s 
d e s c r i b e d in the fol lowing s e c t i o n . 

A s s e m b l y E q u i p m e n t and P r o c e d u r e s ( M a r k VI -E) 

A ske t ch of the r e m o t e a s s e m b l y and b r a z i n g s t a t i on d e v e l o p e d for 
the M a r k VI c y l i n d r i c a l c o n v e r t e r d e s i g n i s shown in F i g . 3 . 9. The s t a t i on 
i s e s s e n t i a l l y two v a c u u m s y s t e m s : (1) A v a c u u m s y s t e m bu i l t a s an 
a l i g n m e n t f i x tu re c a p a b l e of p u m p i n g into the 10" ' t o r r r a n g e with a c o l d -
t r a p p e d and baffled diffusion p u m p . T h i s p o r t i o n of the s y s t e m a l igns the 
e m i t t e r wi th the c o l l e c t o r for a s s e m b l y and h a s a q u a r t z - g l a s s a s s e m b l y tube 
to a l low h e a t i n g of the e m i t t e r and c o l l e c t o r s u b a s s e m b l i e s by an e x t e r n a l 
induc t ion f ie ld , (2) An i o n - p u m p e d v a c u u m s y s t e m a t t a c h e d to the c o l l e c t o r 
s u b a s s e m b l y , c a p a b l e of p u m p i n g into the 10" t o r r r a n g e . 

The p r o c e d u r e to be u s e d for a s s e m b l y of the M a r k VI -E l i f e - t e s t 
c e l l i s d e s c r i b e d b e l o w : 

1. The c h e m i c a l l y c l e a n e d , l e a k - t i g h t , e m i t t e r - i n s u l a t o r and 
c o l l e c t o r s u b a s s e m b l i e s a r e i n s e r t e d into the a s s e m b l y s t and a s 
shown in F i g . 3 . 9 . 

2. The e m i t t e r and c o l l e c t o r a r e o u t g a s s e d to above the e x p e c t e d 
o p e r a t i n g t e m p e r a t u r e in a v a c u u m of 1 x 10"° to 2 x 10 t o r r by 
induc t ion h e a t i n g in s e p a r a t e s t e p s , 

3 . The e m i t t e r and c o l l e c t o r a r e coo led o v e r n i g h t in a v a c u u m of 
1 X 1 0 " ' to 2 X 10"'^ t o r r and a s s e m b l e d (via the r e m o t e a s s e m b l y 
rod) in v a c u u m . The i n s u l a t o r (which h a s b e e n w e l d e d to the 
e m i t t e r s t e m ) j i g s and a l i gns the e m i t t e r to the c o l l e c t o r , 

4 . The f inal b r a z e i s i nade by induc t ion h e a t i n g , 

5. The a s s e m b l y i s coo led whi le con t inu ing to p u m p the c e l l i n t e r i o r , 
and the f inal b r a z e i s l e a k - c h e c k e d with the V a c - I o n l e a k d e t e c t o r , 

6. The e m i t t e r i s s lowly h e a t e d by e l e c t r o n b o m b a r d m e n t to 1500 C 
whi le the c e l l i n t e r i o r i s be ing e v a c u a t e d by the ion p u m p at a 
v a c u u m of 3 X 10"° t o r r to f u r t h e r r e d u c e the r e s i d u a l gas con t en t 
of the c e l l . F i g . 3 . 10 i l l u s t r a t e s th i s p r o c e s s wi th AEC c e l l O C - 5 . 

7. Af ter coo l i ng , the c e l l p r e s s u r e d r o p s to 2 x 1 0 " " t o r r , and the 
ce l l i s a g a i n l e a k - c h e c k e d wi th the V a c - I o n l e a k d e t e c t o r . 

8. The c e l l i s p i n c h e d off and the p inch-of f i s w e l d e d , 

9. The K o v a r c e s i u m a m p o u l e i s opened by m e c h a n i c a l d e f o r m a t i o n 
of the n i o b i u m c e s i u m t u b e . 
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TE-21993 

Fig. 3. 10--Apparatus for final assembly and bakeout 
of Mark VI conver t e r s 
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10, Gamma graphs a re taken to es tabl ish the accuracy of the i n t e r -
electrode spacing. 

Quality Control (Mark Vl-E) 

To augment the adopted methods of remote assembly for Mark VI 
ce l l s , an exacting sys tem of quality control and assurance has been 
instituted to control and inspect by metal lography and chemical analysis 
incoming m a t e r i a l s from vendors , and to apply rigid p rocedures for 
chemical cleaning, ul t rasonic cleaning, and clean handling p r a c t i c e s . In 
addition, welding and brazing p rac t i ce s have been upgraded by p rocedura l 
control , joint design, and m a t e r i a l s development to a point of 100% 
rel iabi l i ty . 

Emi t t e r Development (Mark VI-E) 

P r o g r e s s has been made toward development of a fueled prototype 
of the Mark VI emi t te r for a cyl indr ical -geometry l i fe- tes t conver te r . 
Fabr icat ing of the vapor-deposi ted emi t te r blank was init iated on Novenaber 1 
1963, at San Fernando Labora to r i e s , The emi t te r blank was outgassed 

o 
slowly to 1800 C and then machined, as shown in Fig . 3. 11, to accept the 
30 mol-% UC ~ 70 mol-% ZrC fuel fo rms . Subsequently, the emi t t e r was 
outgassed to 1800°C with the fuel in place and was sea l -coa ted , at 
San Fernando Labora to r i e s . After outgassing the seal coat to 1800 C, 
the emi t te r was replated to above 0. 585 in. , was ground smooth to 
0, 585-in, OD to remove suspected s t ruc tura l imperfect ions (developed at 
fuel-fuel slot interfaces as a resu l t of the plating p r o c e s s ) , and was final-
plated to 0. 654 OD. The appearance of the emi t t e r as this stage is shown 
in Fig, 3 .12. 

The emi t te r was then slowly outgassed to 1800 C to remove hydrogen 
from the tungsten deposition p r o c e s s and machined for diffusion-bonding to 
a tantalum s tem. The diffusion-bonding was accomplished in a vacuum 
chamber at 2 x 10" t o r r . The bonding p r e s s u r e was 2200 ps i at a joint 
t empera tu re of 1800 to 1850 G. The fueled region of the emi t t e r was 
held below 1850 C during diffusion-bonding to satisfy the tungsten-^(90 UC— 
10 ZrC) compatibil i ty r equ i r emen t s . 

Diffusion-bonding was successful in creat ing a leak- t ight joint between 
the emi t te r and tantalum s tem. The emi t t e r s tem assembly was machined 
to final form in p repara t ion for the rmal cycling to 1800 C to evaluate joint 
soundness. 

The emi t te r development cycle will conclude with t he rma l cycling to 
1800 C to de te rmine if the diffusion bond can withstand the differential 
the rmal s t r e s s e s c rea ted and remain leak-t ight . Before, during, and 
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Fig. 3. 11--Vapor-deposi ted tungsten emi t te r blank for Mark VI 
cy l indr ica l -geomet ry cel l , showing slots to receive 

30 U G - 7 0 ZrG fuel slabs 
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M-6063 (~2x) 

Fig. 3. 12--Vapor-deposi ted tungsten-(30 UC — 70 ZrG) emi t te r 
before grinding and diffusion-bonding to tantalum stem; note the 

two thermocouple wells 
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after t he rma l cycling, scinti l lation spec t romet ry will be used to es tabl i sh 
that no fuel components a re diffusing to the emitt ing surface . When the 
emi t te r development cycle is concluded, cell assembly will proceed, with 
completion of the f i rs t cell scheduled in Feb rua ry , 1964. 

3. 3. DESIGN SELECTION 

A compara t ive study was conducted to de te rmine the re la t ive m e r i t s 
of the Mark I and Mark VI conver te r concepts as shown in F igs . 3. 1 and 
3, 4, respect ively . The study consisted of three phase s : (a) compar ison 
of the advantages of the Mark I and Mark VI des igns , (b) compar ison of 
the general design changes and development requi red for each concept, 
and (c) a detailed study of the planar and cyl indrical emi t t e r development. 
The resu l t s of the study are as follows; 

1. Fabr ica t ion of the Mark I conver te r involves development of the 
co l lec tor - insu la tor envelope, whereas the envelope of the Mark VI 
is a l ready developed and has rel iably operated for m o r e than 
1300 h r . 

2. The equipment for remote fabr ica t ion-assembly of the Mark I 
mus t be developed and fabricated. The p rocedures and equipment 
for remote fabr ica t ion-assembly of the Mark VI are available now. 

3. The emi t te r development is es t imated to be about equal for the 
two des igns . 

4. The Mark VI emi t te r design gives a fuel- to- tungsten a r ea rat io 
of 53% as compared with 40% in the Mark I design, 

5. The Mark VI conver te r produces power at 11 w / c m at an emi t te r 
t empera tu re of 1800 C and at a cold in te re lec t rode spacing of 
0, 010 in. In addition, the energy c h a r a c t e r i s t i c s and t empera tu re 
profi les a re well known for the Mark VI conver te r . 

Modification of the Mark VI cy l indr ica l -geomet ry thermionic conver te r 
design for the conver te r l i fe - tes t p r o g r a m has definite fabrication advantages 
over use of the newly designed Mark I-G cel l . The es t imated completion 
date of the Mark VI life-test conver te r is January 31 , 1964, v e r s u s March 31 , 
1964, for the Mark I cel l . This d ispar i ty in completion dates a r i s e s from 
the difference in developmental input requi red for each cel l . Fabr ica t ion 
of the Mark VI cell has been developed under an AEG contract to the point 
of rel iable operat ion. 

These considera t ions indicate that emphas is should be placed on the 
development of cyl indrical ce l l s . The exper imenta l p r o g r a m has been 
planned accordingly. 
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3 ,4 . CONVERTER TESTING 

3 . 4 . 1 , Test Equipment 

An e igh t - tes t - s ta t ion complex was designed for NASA conver ter l i fe-
test ing. F igure 3„ 13 shows the vacuum stand mounted in a cabinet together 
with the hea te r supply, the pump power supply, and the conver te r load 
c i rcui t . The second cabinet contains conver ter t empera tu re con t ro l l e r s . 
To obtain filament life of 2000 to 3000 hr and to prevent oxidation of the 
cel l envelope for 10, 000 h r , u l t rahigh-vacuum ion pumps capable of 
achieving 10"" t o r r are employed. These pumps have the additional 
advantage of being fa i l -safe , i. e. , an e lec t r ica l power failure would not 
endanger the l i fe- tes t . The vacuum sys tem includes a 100 l i t e r / s e c ion 
pump with a 12-in, glass be l l - ja r and a Viton gasket. Nine por t s with a l l -
metal seals are provided for the admission of eight sheathed Chrome l -
Alumel thermocouples , four 1/4-in. s ta inless s teel cooling l ines , four 
hea ter c i r cu i t s , two h igh-cur ren t conductors , and four compensated leads 
for the emi t te r thermocouples . The sys tem is roughed with Vac-Sorb 
pumps to el iminate any possibi l i ty of contamination by forepump oi ls . Only 
one roughing sys tem is provided, and it is mounted on a c a r t for mobili ty. 

The emi t t e r is heated by a helical ly wound tungsten filament and a 
regulated e lec t ron-bombardment supply. The regulation of the bombard­
ment cur ren t provides a constant emi t t e r t empera tu re during unattended 
operat ion. The emi t te r t empera tu re is naonitored with two (replaceable) 
sheathed tungsten/tungsten—26% rhenium thermocouples . The sheath is 
l / l 6 - i n , -d iam tungsten—26% rhenium. One of the thermocouples is used 
for emi t te r t empera tu re recording, the other in conjunction with a l imiting 
device that will disconnect the bombardment voltage when a p r e s e t maximuna 
t empera tu re has been exceeded. It also actuates a warning light when a 
p r e s e t minimum emi t te r t empera tu re is sensed, indicating a malfunction 
of the control c i rcui t . 

The collector and ces ium r e s e r v o i r t e m p e r a t u r e s a re each m e a s u r e d 
by two Chromel-Alumel thermocouples , one for recording and the other for 
controll ing. Collector t empera tu re regulation is accomplished through a 
duration-type control ler that actuates a cool ing-air solenoid valve. The 
c e s i u m - r e s e r v o i r t empera tu re is maintained by a t ime-propor t ioned 
tenaperature control ler with a 1/2% accuracy. Both con t ro l l e r s a r e 
equipped with panel m e t e r s so that the ces ium-wel l t empera tu re may be 
visually monitored continuously. 

A200-channel e lectronic data logger m e a s u r e s conver te r t e m p e r a ­
tures as well as input and output power. These data are then p roces sed 
through a r eade r and a computer with the resul t ing output pr inted in a 
tabulated forna or plotted. The logger can be slowly stepped through each 
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channel enabling the opera tor to observe and manually r ecord any des i red 
data. In addition, provision is made to observe the input and output power 
on conventional voltage and cu r ren t m e t e r s . 

3 ' 4 , 2 , Operating Plan 

The operat ing procedure includes a p re l iminary testing phase p r io r 
to the long- t e rm uninterrupted s teady-s ta te tes t . In the p re l imina ry 
operat ion, a l imited amount of detailed per formance analysis will be done 
to de termine the optimum operating conditions, to es tabl ish re ference points 
for l a te r per formance checks , and for compar ison with the operat ing 
cha rac t e r i s t i c s of previous conve r t e r s . This type of data is essent ia l in 
determining the degree of per formance reproducibi l i ty among conver te r s 
with identical geometr ies and m a t e r i a l s , and in determining the long- t e rm 
effects on thermionic per formance . 



Section IV 

IRRADIATION STUDIES 

Under the p resen t contract , t h ree capsules a r e to be i r r ad ia t ed in 
the NASA Plum Brook Reactor . The purpose of these irradicition exper i ­
ments is to extend our understanding of i r rad ia t ion behaviors (such as 
dimensional stability and f i s s ion-p roduc t - re l ease proper t ies ) of candidate 
therjTiionic cathode m a t e r i a l s to a per iod equivalent to 5000-hr operat ion 
of thermionic fuel e lements . The m a t e r i a l s to be studied will be selected 
on the bas i s of the r e su l t s obtained under Contract NAS 3-2532. (^i These 
capsules a r e 

1. Capsule containing unclad U C - Z r C specimens at 1800°C. 

2. Capsule containing meta l -c lad u ran ium-bear ing fuels 
at 1800°C. 

3. Capsule containing me ta l - c l ad uranium-bear ing fuels 
at 1500°G. 

In view of the long l ead- t ime needed for gathering the nuclear infor­
mation and the p re l imina ry designs of the capsule and i ts assoc ia ted 
mechanical components so that a request to use the P lum Brook Reactor 
can be made to i ts Policy Committee, the following t a sks were init iated 
on August 15, 1963, and continued to October 13, 1963, under an extension 
of Contract NAS 3-2532: 

1. Calculation of the neutron flux distr ibution as a function of control-
rod posit ion in the V~tube of the P lum Brook Reactor , where it is 
planned to pe r fo rm the i r rad ia t ion exper iments . 

2. Calculations of the sample t empe ra tu r e based on the information 
obtained in 1, above, and the hea t - t r ans fe r cha rac t e r i s t i c s for 
the clad capsule design used under Contract NAS 3-2532. 

3. P r e l i m i n a r y design of the capsule positioning and flux control 
mechanism. 

4. P r e l i m i n a r y design of the cooling sys tem. 

The r e su l t s obtained have been repor ted in the final r epor t under 
Contract NAS 3-2532.'•'•) A manuscr ip t incorporat ing such information 
was assembled in November, 1963, and submitted to the Policy Committee 
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of the P lum Brook Reactor as "Request F o r I r rad ia t ion for P lum Brook 
Reactor Faci l i ty Exper iment 62-13R1, " It is expected that a presenta t ion 
will be made before the Pol icy Committee some t ime ear ly in December , 
1963, on the contents of this manuscr ip t for the approval of the Committee 
on the use of the P lum Brook Reactor for the i r rad ia t ion experiment . 
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