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ABSTRACT 

A ra the r broad investigation was ca r r i ed on in the ma te r i a l s and 
methods which a r e considered possibly useful in forming ce ramic to 
meta l sea ls and composite s t ruc tu res for use in the environment of 
ces iu in -p lasma thermionic conve r t e r s . 

Initially, studies of five specific means of joining re f rac tory 
meta l s to alumina -were undertaken, as well as studies of metall izing 
methods , of forming graded tungsten-alumina composi tes , and of the 
possible meta l s and c e r a m i c s ^vhich could be utilized best in s t ruc tu res 
operated at 2000°C. The broad cha rac te r of the investigation at the 
s ta r t of this project was n e c e s s a r y to ensure that all joining means 
which showed some possibi l i ty of successful application to this problem 
were evaluated. The five joining methods studied a r e : 

Format ion of a continuous electroplated layer of 
re f rac tory meta l a c r o s s the adjacent surfaces of 
meta l and c e r a m i c . 

Welding of a meta l m e m b e r to the ceramic by 
ul t rasonic welding techniques; i .e . , without heat. 

Use of high t e m p e r a t u r e brazing al loys. 

Format ion of a bond between meta l and ce ramic 
by the diffusion of compatible in termediate 
m a t e r i a l s into both s t ruc tu ra l m e m b e r s . 

Welding of single oxide ce ramics direct ly to 
re f rac to ry meta l s using e lec t ron-beam welding 
equipment. 

The study of metal l izing methods was s ta r ted because the f irs t th ree 
of the joining methods l is ted requ i re the use of a metal l ized surface 
of the alumina. 

About six months from the s t a r t of work, it was determined that 
th ree of the five methods for joining re f rac tory meta l s to alumina 
which were under study were not prac t ica l ly feasible. The methods 
cons idered imprac t ica l a r e : formation of a continuous electroplated 
joint, welding by ul t rasonic energy, and welding with electron beam 
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techniques. The studies on these methods were ended. Significant 
achievements have been made in the other s tudies , A metal l iz ing p r o ­
cess has been developed by which a strongly adherent s in te red tungsten 
film can be applied to commerc ia l ly -ava i lab le , high-puri ty , s i l i ca - f ree 
alumina. No fluxing m a t e r i a l s or active meta ls which a r e susceptible 
to at tack by cesium a r e used in this p r o c e s s . Bonding of alumina to 
molybdenum has been successful by seve ra l methods developed from 
the diffusion seal study. Some of these have been tes ted at 1500°C 
successfully; i .e . , with nei ther s t ruc tu ra l failure nor loss of hermet ic i ty 
resul t ing from the t e s t . Methods of fabricating graded-composi t ion , 
tungsten-a lumina emi t te r and envelope s t ruc tu res have been developed. 

Techniques for making b razed joints between re f rac to ry meta l s 
and high-pur i ty alumina meta l l ized with tungsten, using high t empe ra tu r e 
brazing al loys, a r e considered to be well enough developed for use of 
these s t ruc tu res near 1500°C, Diffusion joing methods for molybdenum 
or niobium and alumina a r e also considered to be p r o c e s s e s which a r e 
immediate ly applicable to joining molybdenum or niobium and commerc ia l ly 
available high-puri ty alumina for use at this t e m p e r a t u r e . 

Tungsten, rhenium, hafnia, thor ia , and y t t r ia have been identified 
as the most promis ing m a t e r i a l s for 2000°C se rv i ce . The techniques 
developed for fabrication of tungsten-a lumina composite bodies a re 
considered to be direct ly applicable to formation of composite s t ruc tu res 
utilizing combinations of the m a t e r i a l s for 2000°C se rv i ce . Diffusion 
bonding of tungsten or rhenium to hafnia, thor ia , or y t t r ia demons t ra tes 
a high potential capability as a means of joining these m a t e r i a l s for use 
at 2000°C. 

PUBLICATION REVIEW 

The publication of this technical documentary repor t does not constitute 
Air F o r c e approval of the r e p o r t ' s findings or conclusions. It is 
published only for the exchange and stinnulation of ideas . 
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1.0 INTRODUCTION 

The act ivi t ies of this development effort have been directed toward 
ra is ing or el iminating the present operating t empera tu re l imits for sea l 
a r e a s of conver te r envelope s t ruc tu res by the development of new 
ce ramic to metal sealing techniques. The present limitation on operating 
t empe ra tu r e s of s t a t e -o f - the -a r t ce ramic to metal seals is a significant 
factor in the design of high t empera tu re .ihermionic conver t e r s , , Because 
of the need to l imit t empera tu re s of the ce ramic to meta l seals to a maxi­
mum somewhat less than lOOO^C, and t empera tu re gradients in the 
ce r amic body to low values , long the rma l paths and s t ruc tu ra l shapes 
which a r e effective heat chokes must be used. Rapid dissipation of heat 
t r ansmi t t ed to the sea l a r ea and the ce ramic body must also be p ro ­
vided to maintain these a r e a s at suitable t e m p e r a t u r e s . These design 
r e q u i r e m e n t s , imposed by the p resen t l imitations on ce ramic to metal 
sea l s , complicate the s t ruc tu ra l design of conver ter envelopes, reduce 
the s t ruc tu ra l integri ty, and contribute to the thermal losses which 
reduce ove r - a l l conver ter efficiency. 

The investigations c a r r i e d on include studies of ref rac tory metals 
and c e r a m i c s for use above 1500®Cs development of techniques for 
forming cerana ic -meta l composi tes , and methods of achieving seals 
between metal l ized alumina and re f rac to ry metal member s , and between 
unmetall ized alumina and re f rac tory metal m e m b e r s . 

The t empe ra tu r e goal for ma te r i a l s and seals being developed 
under this project is ZOOO^C, Because of the nature of the problems 
which had to be investigated before there could be any expectation of 
achieving this goal, the project was divided into four p a r t s : 

P a r t I The developnnent of seals between high 
puri ty alumina and nnolybdenum, with life 
capabil i t ies at t empera tu re s above presen t 
s t a t e -o f - the -a r t but limited, because of base 
ma te r i a l cha rac t e r i s t i c s , to a maximunn 
t empera tu re in the order of ISOO^C The 
following tasks were established under 
P a r t I: 

Manuscr ipt r e leased by the author October 1963 for publication as an 
RTD Technical Docunnentary Report , 
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Task 1 - Metallizing P r o c e s s Studies 

Task 2 - Brazing Bond Studies 

Task 3 - Ultrasonic Welding Studies 

Task 4 - E lec t roformed Seal Studies 

Task 5 - E lec t ron Beam Welding 
Studies 

Task 6 - Diffusion Seal Studies 

P a r t II The development of c e r a m i c - m e t a l composite 
ma te r i a l s from which conver ter envelopes can be 
fabricated with controlled gradation of compo­
sition throughout the envelope body. 

P a r t III The study of re f rac tory ma te r i a l s , the analysis 
of ma te r i a l s sys tems occurr ing in seal a r e a s 
as a resu l t of various alloying, diffusion, or 
react ion bonding mechanisms , and the opt imi­
zation of pa r t i cu la r cha rac t e r i s t i c s of ma te r i a l 
sys t ems uti l ized. 

P a r t IV The study of ma te r i a l sys tems to de te rmine 
those with cha rac t e r i s t i c s at t empera tu re s near 
2000"'C which indicate their probable usefulness 
for conver te r s t ruc tu re s operated above 1500''C, 

The tasks of P a r t I were undertaken s imultaneously. This was 
done so that continual compara t ive evaluation could be maintained of 
the development status of the various joint sys tems under study. In 
this way, when p r o g r e s s in the development of any sys tem was found to 
be more rapid than that of the o thers , the situation would be quickly 
apparent . Effort could then be concentrated on the development of that 
sys tem which offered che expectation of the ea r l i e s t successful conclu­
sion. 
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2.0 GENERAL CONSIDERATIONS 

2.1 P r e l i m i n a r y Mate r i a l s Evaluation 

The l i t e ra tu re was searched for data which would enable the 
most promis ing candidates to be identified for the ce ramic and meta l 
m e m b e r s of thermionic conver te r s t ruc tu re s . Some of the p roper t i e s 
that were cons idered in selecting s t ruc tu ra l m a t e r i a l s for use in a 
ces ium thermionic conver ter a r e : 

1. Melting point. 

2. Sublimation r a t e s and vapor p r e s s u r e s , 

3. Res is tance to ces ium vapor and compatibili ty with 
other m a t e r i a l s in the sys tem. 

4. Thermal expansion cha rac t e r i s t i c s . 

5. Thermal shock r e s i s t ance . 

6. Thermal conductivity. 

7. E lec t r i ca l res i s t iv i ty . 

8. Mechanical p rope r t i e s (s t rengths , e last ic modulus). 

The sever i ty of the physical r equ i rement s soon el iminated all candi­
dates except the following: 

Molybdenum Alumina 
Niobium Beryl l ia 
Rhenium Hafnia 
Tungsten Magnesia 
Tantalum Thoria 

X L L JT 1 3 , 

Zirconia 

Some of the per t inent c h a r a c t e r i s t i c s of these a re shown in Table 1. 

Susceptibili ty to at tack by ces ium was an important considerat ion 
in m a t e r i a l select ion. Although no exper imenta l work was planned or 
per formed to evaluate susceptibi l i ty of m a t e r i a l s to attack by ces ium, 
a thorough sea rch was made of the l i t e ra tu re report ing such expe r i ­
menta l work, A bibliography of r epor t ma te r i a l on cesium react ion 
invest igations is included in Appendix A, 
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Tab le 1 - P r o p e r t i e s of P o t e n t i a l M a t e r i a l s for U s e i i Thernr^ionic C o n v e r t e r s 

MATERIAL 

" ' 2 ^ 3 

BeO 

HKD 
i 

MgO 

ThOj 

1 '̂°2 

1 MgO. 

* ' 2 0 3 

1 Nb 

Mo 

To 

* 

MELTING 
POINT 

°C 

2015 

2550 

2777 

2800 

3300 

2677 

2135 

2415 

2610 

2996 

3410 

THERMAL CONDUCTIVITY 

CAL/CM2/CM/SEC/''C 

20°C 

0 07 

0 50 

0 004 

0 08 

0 02 

0 004 

0 04 

0 01 

0 13 

0 35 

0 13 

0 40 

2000 °C 

0 02 

0 0 4 

0 02 

0 005 

0 005 

0 01 

0 007 

0 23 

0 25 

0 19 

0 25 

THERMAL EXPANSION 

C M / C M / ' ' C X l o ' 

20°C 

6 0 

8 0 

5 8 

11 0 

3 0 

7 2 

9 0 

5 5 

7 3 

4 9 

6 5 

4 6 

2000°C 

1 2 0 

11 0 

7 0 

20 0 

110 

9 3 

9 7 

7 4 

8 0 

7 8 

7 3 

ELECTRICAL RESISTIVITY 
OHM.CM 

20°C 

I x i o ' ^ 

I x i o ' " 1x1020 

1x10^2 

l x i o ' 2 - l x i o ' ' 

4 x l 0 " 

1x10^ 

> 3 x l 0 ' 

> l x l 0 M 

14 I x i o ' 

5 7x10 ' ' 

13 5x10"^ 

5 5x10" ' 

2000"'C 

1x10^-1x10'' 

I x l O - ' l x l o ' 

l x I 0 2 

1x10^ I x i o ' 

1x10^1x10^ 

l x l 0 » 

<2xlo5 

1x10^ 

>42xl0-* 

62x10-* 

78 9x10"* 

59x10"* 

THERMAL 
SHOCK 

RESISTANCE 

GOOD 

EXCELLENT 

FAIR 

FAIR 

FAIR TO POOR 

FAIR 

FAIR TO POOR 

GOOD 

GOOD 

GOOD 

GOOD 

GOOD 

SUBLIMATION RATE IN HIGH VACUUM 
(APPROX. CMPERYEAR) 

AT 1500°C 

1 4x10 2 

10 3 

102 

io"t 

10 ' 

10 5 

lo-" 

2 5x10" ' 

2 x 1 0 ^ 

AT 2000°C 

3 0x10^ 

6 4 

io5 

1 

10^ 

10-2 

2 5x10"! 

2x10"" 

7 5xl0"5 

COMPATIBILITY WITH 
CESIUM 

GOOD AT 1475°C 

IMPURE BeO(WITH 10% 

GLASSY BINDERS) REPORT 

ED ATTACKED AT 800°C 

GOOD AT 1580°C 

GOOD AT |200°C 

GOOD AT 1235°C 

GOOD AT 1265''C 

GOOD AT 1000°C 

GOOD AT 1000°C 

P 1363 

NOTE DATA PRESENTED ABOVE ARE REPRESENTATIVE VALUES FROM SEVERAL SOURCES MUCH 

OF THE 2000°C DATA HAD TO BE EXTRAPOLATED DUE TO LACK OF HIGH TEMPERATURE 

INFORMATION 



Molybdenum was selected for the initial exper imental par t of 
the project on the bas i s of melt ing point, sublimation ra t e , fabricabil i ty, 
and availabil i ty. It is readi ly available in high purity sheet form of the 
des i red th icknesses , and a considerable volume of knowledge is on 
hand concerning its usage for e lectrode m a t e r i a l s in cesium-fi l led 
thermionic conve r t e r s . 

There a re severa l c e r amic ma te r i a l s that have at t ract ive 
p roper t i e s for use up to 1500''C. These include alumina, beryl l ia , 
hafnia, thor ia , and the magnes ium aluminate spinel. Only high purity 
forms of these m a t e r i a l s were considered in o rde r to avoid the 
possibi l i ty of introducing m a t e r i a l s which would poison the conver ter 
with unwanted impur i t i e s , and to provide a basic ma te r i a l that could 
be modified if known additives a re found to be des i rab le . Of these 
m a t e r i a l s , alumina was the obvious choice for severa l r easons : 

1. The s t a t e -o f - the -a r t of using alumina for vacuum tight 
applications is highly developed in the electronic tube 
industry, thus impervious m a t e r i a l of high purity is 
readi ly available in many shapes. 

2. Considerable information and experience is available 
on c e r a m i c - t o - m e t a l seals using alumina at lower 
t e m p e r a t u r e s . 

2.2 Test Bodies 

It was not considered n e c e s s a r y to standardize the shape of 
tes t p ieces used for p re l imina ry evaluation of bonding techniques. 
Small ce ramic wafers and me ta l s t r ip pieces were used. These were 
of a r b i t r a r y shape and size, usually determined by availability 
cons idera t ions . The exception to this was the pre l iminary evaluation 
of metal l iz ing m a t e r i a l s and p r o c e s s e s . In this work on metal l iz ing, 
tes t pieces of the form shown in Figure 1 were used in a " c r o s s -
bending" tes t to provide a bas is for comparison. The tes t made with 
this type of tes t sample was a go-no-go type, used to el iminate the 
m o r e obviously unsat is fac tory metal l iz ing composit ions, A m a t e r i a l 
was considered to have failed this tes t if the failure of the tes t piece 
occur red from stripping of the metal l iz ing ra ther than fracture in the 
ce r amic . 

Metallizing m a t e r i a l s which survived the cross-bending tes t 
were subjected to tensi le t e s t s in accordance with ASTM specification 
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Figure 1 - Cross-Bending Test Piece 

F - 1 9 - 6 1 T . The body for this t es t is s tandard as defined in the 
specification and is available from ce ramic manufacture r e s m many 
formulat ions. 

Ceramic and me ta l envelope s t ruc tu res used in the fabrication 
of p resen t vers ions of thermionic conver te r s consist of a ce ramic 
cylinder which is sealed di rect ly to re f rac tory meta l disks or cyl inders . 
As the assembly heats up to the requi red operat ing t empera tu re or 
cools down to an ambient or lower t e m p e r a t u r e , t he rmal s t r e s s e s a re 
induced in the bonded components by the differences in their ra tes of 
t he rma l expansion or contract ion. Thermal s t r e s s e s a re minimized in 
p resen t conver te r s t ruc tu re designs by the need for maintaining the 
ce r amic , and sea l s , at low t e m p e r a t u r e s . However, the the rma l s t r e s s e s 
which will occur when c e r a m i c s and seals can be exposed to high 
t e m p e r a t u r e s become significant design cons idera t ions . These s t r e s s e s 
must be control led within cer ta in l imits m orde r to prevent bond fai lure, 
physical dis tor t ion, and f racture of the ce r amic or meta l . The magnitude 
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of the s t r e s s e s which will develop depend on the choice of ce ramic , 
meta l , and joining p r o c e s s as well as the applied heat t r ea tment . If it 
is a s sumed that these p a r a m e t e r s a re held fixed, the magnitude of the 
t he rma l s t r e s s e s will st i l l vary widely as a function of the s t ruc tura l 
configuration. It i s , the re fore , important that the induced s t r e s s e s be 
known so that it will be possible to obtain the best rat io of s t ruc tura l 
dimension of the selected configuration and to ensure the s t ruc tura l 
integri ty of the components which form the unit. 

Three genera l ized a r r angemen t s of the ce ramic and meta l 
p a r t s of conver te r emi t t e r and envelope s t ruc tu res a re shown in 
F igure 2. P r i o r to establishing a t es t body shape for this p rogram, 
considerat ion was given to the s t r e s s effects which could be expected 
from each of these configurations. There a re no published techniques 
adequate for analysis of these s t ruc tu re s under the t empera tu re 
environments being studied. Those analysis techniques which have 
been identified as possibly useful a re not ca r r i ed far enough to enable 
the i r use in this problem. 

The development of analytic re la t ionships and methods for 
solution of these s t r e s s problems was undertaken as a separa te study, 
contributing to this p r o g r a m but not a d i rec t par t of it supported by 
the p resen t contract . It was intended that this study would provide the 
bas i s on which tes t sample shape and dimensions could be selected. 
However, this study has not yet been completed to the point where it 
can serve as the select ion bas i s . P r e l i m i n a r y relat ionships have been 
der ived under the l imitat ion of a number of assumpt ions . 

(1) THE FLAT JUNCTION (2) THE INTERNAL JUNCTION (3) THE EXTERNAL JUNCTION 

Figure 2 - Three Fundamental Modes of Cyl inder-To-Diode 
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Figure 3 - P a r t s for Seal Evaluation Sample 
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Figure 4 - Revised End-Cup Shape 

The tes t body shape for final seal evaluation was as shown in 
F igure 3, This configuration was chosen to approximate envelope s izes 
of p resen t conver te r s having an emi t t e r a r e a of two square cen t ime te r s . 
While the shape approximates that of p resen t conver te r envelopes, 
many c h a r a c t e r i s t i c s of it were a rb i t r a r i l y chosen, some on the bas i s 
of easing piece p rocurement . Toward the end of the p rog ra m, end-cups 
of the rev ised shape shown in F igure 4 were p rocured in niobium for 
use in the studies of high t empera tu re b r a z e s and of diffusion sea l s . 



2.3 Pred ic ted Tempera tu re Environment 

In o rde r to define the sever i ty of the t empera tu re environment 
to which the s t ruc tu re s being studied would be exposed, the probable 
conditions of a number of mis s ions were compared qualitatively. An 
orbi ta l miss ion with a ninety minute orbi ta l period was selected as the 
one which would probably impose as severe the rmal cycling conditions 
as any. A the rmal analys is was per formed to es tabl ish the t i m e -
t empera tu re re la t ionships for conver te r s of an idealized generator in 
the ninety minute orbi ta l miss ion . A repor t of the analysis is included 
in Appendix B. F igure 5 shows the envelope of the t empera tu re s which 
would occur in the s t ruc tu re of a conver ter operative with the emi t te r 
at 2000^C and the col lector at gOO^C. It was assumed that, in a conver ter 
utilizing c e r a m i c - m e t a l s t ruc tu res which could r e s i s t ISOO'C or higher , 
the radia tor t empera tu re would be very near ly the same as the collector 
t e m p e r a t u r e . The t empera tu re of a c e r a m i c - m e t a l seal in the conver ter 
of the analysis would fall within the shaded region, for example, as 
shown by the broken-l ine curve of Figure 5. 
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Figure 5 - Poss ib le Tempera tu re Conditions of Uncooled 
Ce ramic -Me ta l Seals m Therinionic Conver ters 
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2.4 The rma l Cycling Tes t s 

The ex t r emes of the t i m e - t e m p e r a t u r e re la t ionship shown in 
F igure 5 were intended to define the ex t r emes of the probable use 
environment and to be the bas i s for design of t h e r m a l cycling equip­
ment and p rocedures . The requ i rement for high ra te of change of 
t empe ra tu r e at the th i r ty-minute point of the orbit posed a problem. 
Approximating the cooling curve did a lso . 

Induction heating was selected as a promis ing method of 
providing these t empe ra tu r e excurs ions . A rela t ively simple tes t 
setup was es tabl i shed and is shown in Figure 6. However, tes t runs 
on dummy specimens showed that it was impossible to provide a 
sat isfactory t i m e - t e m p e r a t u r e profile with the existing controls . 

There fore , a r e s i s t ance - heated furnance was built. This furnace is 
shown in F igure 7, and consis ts of: 

1. A water cooled base plate with feedthroughs for power, 
thermocouples , and iner t gas . 

2. Water cooled t e rmina l s for a t tachment of the hea ter . 

3. A c e r a m i c stool for the specimen. 

4. A W-5Re/W-25Re thermocouple to monitor the t e m p e r ­
a ture of the emi t t e r . (This was var iously placed under 
and on top, according to the specimen) . Tempera tu re s 
a r e recorded on an L&N type H c i r cu la r char t r eco rde r 

5. A sp i ra l hea te r of tungsten wi re . This is a standard 
shelf i tem used in vacuum evaporat ions . 

6. A s e r i e s of molybdenum heat shields, 

7. A water cooled outer shell . 

Power control is provided by a manually operated Powers ta t and a 
115V to 20V, 2.5VA stepdown t r a n s f o r m e r . Quite exact duplication 
of the specified heating and cooling curves was possible with this 
equipment, using manual p rogramming . 

Some quest ion was r a i s ed about midway through the p r o g r a m 
concerning the effects of res idual oxygen in the furnace a tmosphere , 
which consis ted of argon drawn direct ly from the s torage tank, on the 
seal integri ty . The p resence of smal l amounts of oxygen was indicated 
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by discolorat ion of the meta l l i c pa r t s of the specimen and of the heat 
shie lds . Accordingly, a get ter furnace was added to the sys tem to 
purify the argon pr io r to entry to the furnace. The get ter was ti tanium 
sponge held at 750-800°C, and its effectiveness was demonst ra ted by 
lack of discolorat ion in subsequent tes t ing. However, the cleaner 
a tmosphere had no apparent effect on the tes t r e su l t s . 

Samples subjected to t h e r m a l cycling were f i rs t tes ted for 
he rmet ic i ty . They were then slowly heated to the maximum specified 
tes t t e m p e r a t u r e , soaked for a sufficient per iod to stabilize the 
conditions and then subjected to cyclical t empera tu re var iat ion, 
approximately as shown in the curve of Figure 5. If, after the rmal 
cycling was completed, visual examination of the pieces disclosed no 
apparent s t ruc tu ra l fai lure, the samples were tes ted for hermet ic i ty . 
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3.0 CERAMIC-METAL JOINT SYSTEMS UTILIZING ALUMINA 

3.1 Ceramic Conaposition 

The composit ion of ce ramic bodies which could be used in ces ium-
p lasma thermionic conver te r s tu rc tu res is l imited to those which do 
not contain s i l ica . This r e s t r i c t ion is nece s sa ry because si l ica is 
heavily attacked by ces ium, pa r t i cu la r ly at the ex t remely high t empera ­
tu res which these s t ruc tu res mus t r e s i s t . Although there a re some 
s i l ica- f ree aluminas avai lable, they a re not numerous . Also, because 
of the difficulties which have been encountered in metal l izing these 
a luminas , they are not used extensively and are not, in general , readily 
avai lable. 

It was considered important that the aluminas for this investigation 
be commerc ia l ly available formulat ions. Importance was placed on this 
condition so that sealing methods developed would be immediately appli­
cable to existing m a t e r i a l s available to all agencies active in thermionic 
development. 

A survey of commerc ia l ly available s i l ica-f ree alumina ce ramics 
disclosed that at leas t four high aluminas (95 to 99-5%), an alumina-
magnes ia spinel, single c rys ta l sapphire , and polycrystal l ine 99-7% 
alumina could be used in the p r o g r a m . As a basis for comparison of 
s t rength of seal and ease of metal l iz ing, a commerc ia l 96% alumina 
which contained 3% sil ica was chosen as a "control" body. 

Single c rys ta l sapphire was not considered for study because of 
the high cost of n e c e s s a r y s izes and shapes and because of the differences 
in the rmal expansion ra t e s along the different axes . 

3.2 Metallizing P r o c e s s Studies 

The metal l iz ing p rocess studies were undertaken to ensure that 
cha rac t e r i s t i c s of metal l iz ing sys tems would be adequate for the r e ­
qui rements of thermionic conver ter s t ruc tu re s . Activities in the be­
ginning were d i rec ted at determining the bond strength cha rac te r i s t i c s 
of conventional metal l iz ing sys tems applied to a number of commerc ia l ly 
available s i l ica- f ree alumina bodies. A number of body and metal l izing 
s l u r r y combinations were screened to determine those combinations 
which showed the best bond s t rength cha rac t e r i s t i c s . The cross-bending 
t e s t s , descr ibed in Section 2.2, were used for this screening p r o c e s s . 
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Some re su l t s of these cross-bending t es t s a r e shown in Table 2. 
Seals which consis tent ly par ted in the meta l l ized layer were considered 
too weak for considerat ion. Seals which failed by f racture of the ce ramic 
m e m b e r were considered acceptable . F r o m this study two formulations 
were found to have sufficient s trength to war ran t further study. These 
a r e : 

85 Mo » 10 Mn = 5 TiH^ 

97 Mo = 3 Ti 

After the f irs t "weeding-out" phase , the different ce ramic bodies 
were tested for adherent s t rength of the metal l iz ing by subjecting them 
to the s tandard ASTM tensile t es t s fASTM F - 1 9 - 6 l T | . A basis for 
comparison was es tabl ished by metal l iz ing a commerc ia l ly available 
96% alumina, 3% si l ica body with a s tandard moly-manganese mix ture 
and with the two ti tanium additive m i x t u r e s . Table 3 compares the 
s t rengths of the var ious metal l iz ing mixes on four different bodies. 

While the tes ts indicated that rel iable s t rengths are obtainable 
with the t i tanium-addit ive metal l iz ing mixes on s i l ica-f ree high alumina 
c e r a m i c s , some question remained whether manganese and titanium 
would r e s i s t ces ium vapor at tack. 

A sea rch for a metal l iz ing mix that would equal the s t rengths of 
the previously investigated s l u r r i e s , and which would also be compatible 
with cesium vapor, was init iated. A tungs ten-yt t r ia combination was 
developed which, when applied to high puri ty aluminas as a metal l iz ing 
s lu r ry and subjected to cross-bending t e s t s , showed bond strength in 
excess of the c e r a m i c . ASTM tensile tes ts confirmed the cross-bending 
tes ts and, in fact, showed that the new metal l iz ing mixture gave bond 
s t rengths well in excess of those obtained with the best titanium additive 
formulat ions. Tests of a molybdenum-yt t r ia mix which was formulated 
and applied s imi la r ly to the tungsten-yt t r ia mix showed low bond strength 
It is theorized that grain growth in the molybdenum-yt t r ia sys tem at 
sintering t empe ra tu r e s prevents the l a rge r molybdenum par t i c les from 
being t ranspor ted into the ce ramic grain boundaries to fornn. an anchor 
for the metal l iz ing l ayer . 

The mos t promis ing metal l iz ing composition is 98% tungsten -
2% yt t r ia (by weight). This s lu r ry was applied to the 99-5% puri ty 
alumina by brush and the pieces were s in tered in wet hydrogen (dew-
point, +35''C) at l650'°C for forty five minu tes . Brazes for test purposes 
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Table 2 - Results of Cross-Bending Tes ts 

Body 

9 9 5 

995 

995 

995 

995 

50-50 

50-50 

50-50 

98-2 

98-2 

98-2 

96-3 

96-3 

Metal l izing 

M;o-Mn-TiH2 

Mo-Ti 

Mo-Ce 

M o - L i - M n 

Mo-Mn 

Mo-Mn-TiH2 

Mo-Mn 

Mo-Ti 

Mo-Mn-TiH2 

Mo-Mn 

Mo-Ti 

Mo-Mn 

Mo-Mn-TiH2 

No. of Samples 

6 

6 

5 

5 

7 

4 

6 

5 

5 

5 

6 

6 

12 

Resu l t s* 

Good 1 

Good 

No Good 

No Good 

No Good 

Good 

Good 

Good 

Good 

Good 

Good 

4 Good, 
2 No Good 

Good 

"Good" indica tes fa i lure in the c e r a m i c . "No Good" indicates failure 
in the s ea l . 

Table 3 - Average Tensile Strengths of Various 
Metalizing S lu r r i es on High Alumina Ceramics 

Body* 

96-3 

995 

98-2 

50-50 

Metal l izing S l u r r i e s * * 
80-20 

9,680 

(a) 

2,570 

6,630 

85 -10 -5 

14, 500 

4,900 

4,630 

6,970 

97-3 

13,900 

10,000 

6,900 

7,210 1 

No usab le s t r e n g t h s . 

Body code: 96-3 - 96 Alumina, 3 Silica 
995 - 99.5 Alumina, 0.25 Chromia , 0.25 

Magnesia 
98-2 - 98 Alumiina, 2 Magnesia 
50-50 - Alumina-Magnes ia Spinel 

** 
Metal l iz ing code: 

80-20 - 80 Molybdenum, 20 Manganese 
8 5-10-5 - 8 5 Molybdenum, 10 Manganese , 5 TiH. 
97-3 - 97 Molybdenum, 3 Ti tanium 
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were made to the unplated metal l iz ing in dry hydrogen (dew-point, 
- 60°C) at 1100''G using copper as the filler m e t a l s . 

Table 4 compares tensi le s t rengths of three metal l iz ing mixes 
on the commerc ia l 96% alumina, 3% si l ica body and on a 99-5% alumina, 
(s i l ica-free) body. The bond s t rength super ior i ty of the tungsten m e ­
tallizing used on ei ther c e r amic body is readi ly apparent . 

3.3 High Tempera tu re Brazing Studies 

The constituent of p r e sen t conventionally formed c e r a m i c - m e t a l 
sea ls which imposes the t empera tu re l imitat ion (disregarding for the 
moment the acce lera t ion of cesium attack with i nc rease in tem.perature) 
is the filler meta l used to effect the b r aze . "High t e m p e r a t u r e " s ta te -
of - the -a r t seals employ high puri ty copper as the braze m a t e r i a l and 

the upper l imit of use for these is considered to be in the range of 900° 
to 950°C. 

A survey of meta l s and alloys with melt ing points above that of 
copper (1083°C) but below safe usage point of the ce ramic (ITSO^C) was 
init iated to de termine if this t empera tu re l imit could be ra i sed . The 
meta l to be used for higher t empera tu re brazed joints would also be r e ­
quired to withstand cesium vapor at tack. 

Test sea ls were at tempted between a 99-5 alumina ce ramic cylinde 
and a molybdenum plate using a molybdenum-t i tanium metal l iz ing at the 

Table 4 - Average Tensi le Strengths of Yt t r ia -Bear ing 
Metallizing S lu r r i es 

Body 

96 -3 

995 

9 7 - 3 

13,900 

10,000 

98W-2 

19,860 

19,950 

98M-2 

8,510 

1,290 

Body Code: 9 6 - 3 - 96 Alumina , 3 S i l ica 

995 - 99.5 Alumina , 0.25 C h r o m i a , 

0.25 Magnes i a 

M e t a l l i z i n g Code: 

9 7 - 3 - 97 Molybdenum, 3 T i t a n i u m 

98W-2 - 98 Tungs ten , 2 Y t t r i a 

98M-2 - 98 Molybdenum, 2 Y t t r i a 
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interface and employing var ious braze m a t e r i a l s . Nickel and nickel-
i ron alloys gave no bond. The nickel alloyed with molybdenum at 1350°C 
and the resul t ing alloy was non-wetting to the ce ramic . Cobalt and i ron 
gave excellent adherences to the c e r a m i c - m e t a l a s sembl ie s but the high 
coefficient of the rmal expansion of these filler meta l s accentuated the 
expansion m i s m a t c h between the naolybdenum metal m e m b e r and the 
ceranaic tube, causing g ros s f rac tures in the ce ramic at the seal a r ea . 

To improve the expansion match between the ce ramic and the 
meta l m e m b e r s , molybdenum was replaced by niobium. Brazes were 
attenapted between a 99-5% alumina ce ramic metal l ized with the tungsten-
yt t r ia composition and a niobium plate , using palladium as the filler 
me ta l . Successful vacuum-t ight seals were made but the control of 
t empera tu re was c r i t i ca l . Any slight overshoot of t empera tu re or of 
time at the brazing tenaperature resu l ted in severe erosion of the niobium 
plate, and, in nnany ca se s , a s e r i e s of small holes formed at the seal 
a rea resul t ing in lack of hermet ic i ty . The cause of this effect was 
invest igated. It can be seen from the phase diagram of the system 
niobium (columbium) and palladium shown in Figure 8 that the melt ing 
point of palladium coincides within a few degrees with the melt ing point 
of a pal ladium-niobium eutect ic . It is apparent from this d iagram that 
in at tempting a braze to niobium with palladium, solution between the 
two meta l s would take p lace . 

The cor ros ive effect of palladiuna on niobium during the brazing 
operat ion can be avoided by substituting a niobium-palladium eutectic 
alloy for the pure pal ladium. 

3.4 Ultrasonic Welding Studies 

Studies of the application of u l t rasonic welding techniques to this 
joining problem were undertaken as a pa r t of this p rog ram because of 
the apparent s implici ty of joining thin gage re f rac tory me ta l s to m e ­
tal l ized ce ramic components . It was the intent of this task to develop 
the specific techniques needed to weld 0.001", 0.005", and 0.025" thick 
molybdenum sheet to a Mo-Mn meta l l ized alumina. 

Ult rasonic welding is basical ly a p rocess for joining meta l s by 
introducing high-frequency v ibra tory energy into overlapping workpieces . 
A brief t r ansmiss ion of this energy into a work-piece consisting of two 
like meta l l i c m e m b e r s under modera te ly low static force will produce 
a sound meta l lu rg ica l bond. 

17 



2600 

LIQUro 

Cb 10 20 30 40 50 60 70 80 
WEIGHT PER CENT PALLADIUM 

90 100 

Figure 8 - Phase Diagram: Niobium-Pal ladium System 

The ul t rasonic p r o c e s s has severa l advantages over other methods 
of joining. These advantages include the following: 

1. Close dimensional to le rances in assembly can be 
obtained because the rmal dis tor t ion does not occur . 

2. A wide var ie ty of d i s s imi l a r ma te r i a l combinations 
can be joined. 

3. Variat ion in size of components does not affect the 
quality of the weld. 

This joint is effected without fluxes or fil ler m e t a l s , without a r c , e l ec ­
t r ica l t r ansmiss ion , or naelting of the weld me ta l . There i s , therefore , 
no cast s t ruc ture and only negligible thickness deformation. This 
deformation affects the surfaces of the welded pa r t s only by 1 or 2 
percent of the total weldment th ickness . 
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The logical approach to the development of techniques for this 
application was f i rs t to make singular spot welds between meta l l ized 
ce r amic and meta l , then to a t tempt overlapping singular welds, and 
finally to develop techniques by which a ring weld could be made usin 
a c i rcu la r sonotrode (welding tip). Schematic i l lus t ra t ions of these 
steps a re shown in F igure 9-

The principal va r i ab les in this p rocess a r e : 

1. Metall ic surface condition. 

2. Power available for welding. 

3. Clamping force r equ i r emen t s . 

4. Time of welding. 

5. Radii of welding t ips . 

DIRECTION OF 
VIBRATORY MOTION 

STEP I 

SONOTRODE 

SINGULAR 
° 'SPOTWELDS 

STEPn 

MOLYBDENUM 
SHEET 

METALLIZED 
SURFACE 

CERAMIC 

SONOTRODE POSITION FOR 
SPOT 1 

SONOTRODE POSITION FOR 
SPOT 2 

OVERLAPPING 
b- SINGULAR 

SPOT WELDS 

VIBRATORY MOTION 
IN CIRCULAR DIRECTION 

S T E P m CIRCULAR 
SONOTRODE 

MOLYBDENUM 
SHEET — ^ ^ 

METALLIZED CERAMIC 

c-RING WELD 

Figure 9 - Development Steps in Ultrasonic Welding Study 
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Some 125 singular spot welds were at tempted under controlled variat ion 
of the cr i t ica l va r i ab l e s . 

The re su l t s of p r e l i m i n a r y singular spot weld at tempts indicated 
that the mos t c r i t ica l p rob lems a re assoc ia ted with the radius of the 
sonotrode and conditions at the interface of the molybdenum sheet and 
the meta l l ized coating. Changes in the radius and naaterial of the sono­
trode had lit t le effect on the inabili ty to produce sat isfactory welds. The 
interface problem was somewhat improved by the use of 0.0005" thick 
tantalum foil between the surfaces of the molybdenum and the coated 
c e r a m i c . Although some spot welds were obtained which showed good 
strength, the repeatabi l i ty of the p roces s was poor. 

The weld shown in F igure 10, in which 0.005-inch molybdenum 
was welded to the meta l l i zed alumina using a tantalum interleaf, resul ted 
in a good bond. The section of the bond shows in teract ion between the 
molybdenum and the tantalum, an ex t reme amount of gathering of tanta­
lum meta l , and a bond line between the tantaluna and the metal l ized 
alumina that does not appear sound. The weld, however, was re la t ively 
strong. 

In an at tempt to produce a weld of the forrn shown in Figure 9 
using a c i r cu la r sonotrode, it was found that even with the maximum 
clamping force a weld could not be made and the force which was applied 
resul ted in f rac ture of the c e r a m i c . 

F igure 11 shows the tantalum interleaf sheet following this at tempt 
at ring welding. The view in this figure is toward the side of the tanta­
lum sheet which was in contact with the meta l l ized surface . The un-
naarked section of the r ing pat tern could readi ly be due to ce ramic 
breakage or to non-para l le l faces . In ring welding the direct ion of tip 
motion is c i rcumferent ia l instead of l inear . The direct ion of tip rnotion 
can be seen in this i l lus t ra t ion by the s t r e s s pa t tern in the tantalum foil. 

Because of the lack of p r o g r e s s towards developnnent of a successful 
technique, this activity was halted. 

3.5 Elec t roformed Seal Studies 

This study was undertaken to invest igate the problems of and the 
techniques requ i red for e lectroplat ing a junction layer of re f rac tory 
meta l over a meta l surface in int imate associat ion with the meta l l ized 
surface of a c e r a m i c . It was believed that a seal formed in this way 
could be operated up to the t empera tu re l imitat ions of the meta l l ized 
ce ramic sys tem. 

20 



Figure 10 - Sections of Ultrasonic F igure 11 - Tantalum Interleaf 
Weld Showing Interaction Conditions Used in Ring "Welding Tr i a l s 

Rhodium was selected for the plating m a t e r i a l after el iminating 
other candidate m a t e r i a l s by a considerat ion of the following c h a r a c t e r ­
i s t i c s : 

1. Melting point near 2000°C. 

2. Low vapor p r e s s u r e . 

3. Chemical compatibili ty with molybdenum. 

4. Low relat ive cost . 

5. Ability to be plated. 

This investigation was divided into the following success ive pa r t s 
to isolate each of severa l problems for individual study: 

1. Develop techniques for "heavy" rhodium plate on 
b r a s s base . 

2. Modify techniques from item 1 as requ i red to 
optimize "heavy" rhodium plating on molybdenum 
base . 
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4. 

Develop techniques to plate over the joint 
a r e a of lapped sheets of molybdenum. 

Plate rhodium on the meta l l ized surface of 
alumina. 

5. Pla te over the joint a r e a of molybdenum 
sheet lapped over a meta l l ized alumina surface . 

These steps a re shown schemat ica l ly in Figure 12. 

The f i r s t two steps m this plan of investigation were successfully 
accomplished. Plating p a r a m e t e r s were optimized such that a total 
thickness of 0.005" of rhodium was successfully achieved on a b r a s s 
subs t r a t e . It should be noted that, until ve ry recent ly , a plating thickness 
of 0.0005" was considered "heavy" rhodiuna plating. Elect ropla t ing of 
rhodium on molybdenum has been found to be more difficult than on 
b r a s s because of cracking due to the development of high s t r e s s e s in 
the plated rhodium. Although the s t r e s s conditions also exist in the 
rhodium plated on a b r a s s subs t ra te , the effect is not as s e r ious . A 
bet ter bond is formed between the b r a s s and the rhodium. 

The use of an in te rmedia te layer of e lect roplated chronaium or 
nickel was considered as a poss ible means of improving the bond when 
plating rhodium on molybdenum. Plating t r i a l s using these in te rmedia te 

STEP 1 

HEAVY Rh ON 
BRASS 

STEP 2 

HEAVY Rh ON 
MOLY SHEET 

STEP 3 

Rh OVER LAPPED 
MOLY SHEETS 

STEP 4 

Rh ON METALLIZED 
A l jOg 

STEP 5 

Rh ON LAPPED 
MOLY SHEET AND 
METALLIZED AI2O3 

i f e s : ^ ^ ^ ^ ^ ^ ^ ' 

Figu re 12 - Development Steps m E l e c t r o - F o r m e d Seal Study 
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m a t e r i a l s were unsuccessful . Nei ther nickel nor chromium gave evi­
dence of improving the bond of rhodium plated on a molybdenum subs t ra te . 

S t r e s s - r e l i ev ing the rma l t r ea tmen t s were also considered as a 
p rocess ing step which might be used to reduce the cracking effects due 
to the highly s t r e s s e d plated coat ings. Plated specimens were annealed 
in vacuum for per iods up to one hour at 540°C and 980°C. Annealing at 
980°C el iminated essent ia l ly all coatings discontinuit ies . A section of 
a plated sample annealed in this naanner is shown in Figure 13a. An 
additional 0 .001" of rhodium was then plated on the sample . After a 
final annealing at 980°C, this specimen was again sectioned. The section 
is shown in Figure 3b. The plated ma te r i a l shows excellent adhesion 
and good coating integri ty . 

Plating of rhodium over a lap-joint between two sheets of molybde­
num was considered the next step toward accomplishinent of an e l ec t ro -
formed c e r a m i c - m e t a l seal . This p resen ted the following additional 
p r o b l e m s : 

1. How to join the m a t e r i a l s together p r io r to plating. 

2. How to el iminate seepage of plating solution into 
resul t ing crevice between shee ts . 

3. How to form joint so that a continuous plated surface 
would resu l t spanning the lap joint. 

For initial s tudies , molybdenum sheets were joined together by 
spot welding using an organic lacquer to fill the space between them. 
The upper sheet was beveled at approximately a 30° angle to minimize 
the step at the junction of the two shee ts . Several specimens of this 
configuration were plated with approximately 0.0015" of rhodium. 
F igure 14 is a photonaicrograph of a c ros s - sec t ion of one of these lap 
jo in ts . It can be seen that plating over this type of joint is poss ible , 
however, many process ing difficulties mus t still be overcome before 
a re l iable he rme t i c c losure is obtainable repeatably. 

Study of this method of obtaining h igh- tempera ture c e r a m i c - m e t a l 
sea ls was discontinued because of the g rea t e r inamediate p romise of 
success shown by other p r o c e s s e s also under study. However, the 
e lect ropla ted rhodium concept is still considered to be a feasible approach 
to obtaining a high t empera tu re sea l . The experience gained in plating 
rhodiuna should be applicable in plating rhenium for use as an emi t te r 
surface on a different r e f rac to ry naetal subs t ra te . A descr ipt ion of the 
steps in the plating p roces s for applying rhodium to naolybdenum is 
contained in Appendix C. 
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(a) - 1 P la t ing Cycle (b) - 2 P la t ing Cycles 

Figure 13 - Elec t ropla ted Rhodium on Molybdenum - 980'*C S t ress -Re l i e f Anneal 



Mo (UPPER SECTION 

OF LAP JOINT) 

Mo BACKUP MATERIAL 

Mo (LOWER SECTION 

OF LAP JOINT) 

Figure 14 - Elec t ropla ted Rhodium over a Lapped Joint between Two Sheets of Molybdenum 



3.6 Elec t ron Beam Welding Studies 

3.6.1 Welding to Unmetall ized Alumina 

The objective of this prograna was the developnaent of 
techniques for e lec t ron beam welding of ce r amics to m e t a l s . The major 
amount of work was done on the welding of 96 percent aluminum oxide 
to molybdenuna. Some at tempts were made to obtain welds using sapphire , 
Lucalox, tantalum, tungsten and niobiuna as the m a t e r i a l s to be joined. 

The m a t e r i a l s used for developmental testing were : 

Ceramics Metals 

9 6% Al 0 Niobium 

Sapphire Tantalum 

Lucalox Tungsten 

99+% BeO Molybdenum 

995* Al^O^ 

614'" Al 0 'Supp l ie r s ' designations of comnaercial 

652* A l O , products 
2 3 

A t r i a l welding p r o g r a m was conducted on the var ious m a t e r i a l combi­
nations to es tabl i sh basic welding p a r a m e t e r s and to de te rmine the 
effects of the p a r a m e t e r s on weld-zone c h a r a c t e r i s t i c s . The p a r a m e t e r s 
which were studied included preheat ing t e m p e r a t u r e s , post-weld cooling 
cycles , accelera t ing voltage, beam cur ren t , beam focus location and 
location of the beana with r e spec t to the jaint center l ine , beam oscillation, 
pulsed beam conditions, and welding speeds . 

In o rder to study the react ions between alumina (the ce ramic 
of major in t e re s t in this investigation) and the re f rac to ry naetals , snaall 
c rucib les of tungsten were fabricated into which were packed chips of 
96 percent alunaina i n t e r s p e r s e d with chips of a re f rac to ry me ta l . 
Columbium, tantalum, molybdenum and tungsten were util ized. The 
chip size was approximately 1/16" x 1/8". These filled crucibles were 
then placed in the e lect ron beam, vacuum chamber and the contents of 
each crucible was completely fused by impingement of the e lec t ron beam. 
Each crucible was then embedded and sectioned. Photomicrographs 
showed that no usable interface had resul ted in any of the crucible welds . 
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It was concluded from these studies that, although fusion 
does take place between the meta l and ceramic when fluid, upon cooling 
there exis ts no gradation of phases from the ce ramic to the naetal such 
that the differing expansion coefficients a re matched or blended. Thus, 
cracking r e s u l t s . No react ion products are formed which promote 
bonding. 

3.6.2 Welding to Metal l ized Layer on Alumina Substrate 

Lap or " s e a m - t y p e " joints between alumina metal l ized 
with molybdenum-manganese and molybdenum were attenapted with only 
par t ia l success because of poor fit between the components. This con­
dition was caused by the slightly curved and i r r e g u l a r surface of the 
ce ramic wafers . The poor fit and inadequate control of work-piece 
location frequentl-^ resu l ted ei ther in excessive penetrat ion, or lack of 
heat t r ans fe r to the meta l l ized surface Strong joints were obtained 
in a r e a s of int imate contact between the metal l izing surface and the 
naolybdenum sheet when weld penetrat ion was l imited to the naolybdenum. 
m e m b e r . No fusion occur red in the ce ramic and the joints were c rack-
free . These ve ry na r row, 0.010 inch wide joints exhibited excellent 
s t rength in peel tes ts and failure occur red at the ceramic- to-naeta l l iz ing 
interface r a the r than in the meta l - to -meta l l i z ing bond. 

3.7 Diffusion Seal Studies 

This study was d i rec ted towards the developnaent of a seal between 
alunaina and naolybdenum or niobium for use up to 1500°C Initially the 
basic m a t e r i a l s to be used in this study were naolybdenum and s i l ica-
free alumina, but niobiuna was added late in the p rogram because of its 
des i rab le p rope r t i e s . While the d i rec t output des i red from this study 
was a seal between alumina and molybdenuna (or niobium), it was ex­
pected that knowledge of the mechan i sms by which formation of des i red 
react ion zone products could be controlled would also be useful in 
developing joining mechan i sms for ma te r i a l sys tems with capabil i t ies 
for use above 1500°C. 

Two direct ions were taken simultaneously in this study: the in­
vest igat ion of sea ls formed di rect ly between a meta l m e m b e r and a 
ce r amic m e m b e r by the interdiffusion of react ion zone products ; and 
the investigation of seals formed between a meta l m e m b e r and the 
naetallized surface of a ce ramic by alloying of the two sur faces . 
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3.7.1 Diffusion Seal Studies on Unmetallized Ceramics 

Some of the sys tems which were considered useful in 
producing seals with unmetal l ized c e r a m i c s a re shown with des i red 
t ransi t ion zone react ion products indicated by pa ren thes i s : 

1. Mo (Mo • Cr) Cr • MgO (MgO • Al 0 | Al 0 . 

2. Mo (Mo • Cr) Cr^O (Cr 0 • Al 0 ) Al 0 . 
' 2 3 2 3 2 3 2 3 

3. Mo (Mo • Mg) MgO (MgO • ^^2^^'^ ^^2^V 

4. Mo (Mo • Mg) Mg (MgO • Al 0 ) Al 0 . 

5. Mo (Mo • Ni) Ni (NiO ' MgO) MgO (MgO • Al 0 ) Al 0 . 

6. Mo (Mo " Cr) Cr (Cr^O^) MgO (MgO " Al^O^) Al^O^. 

7. Mo (Mo • Cr) Cr (Cr 0^) Cr^O^ (Cr^^O^ • Al OJ Al 0 . 
^ ' * 2 3 2 3 2 3 2 3 ' 2 3 

8. Mo (Mo • Ni) Ni (NiO • Al 0 J Al 0 . 

9. Mo (Mo • Mn) Mn (MnO • MgO) MgO (MgO • Al 0 ) Al 0 . 

10. Mo (Mo • Mn) Mn (MnO • Al 0 ) Al 0 . 
Various a tmospheres were suggested for promotion of the 

above react ions - - vacuum, hydrogen, or iner t gases . Combinations of 
all three types were used, but vacuum t rea tment proved to be the best . 
The react ive m a t e r i a l s were introduced by var ious naeans, such as 
loose powders , flame spray, and a r c - p l a s m a spray. 

This s e r i e s of m a t e r i a l s yielded minor react ion zones 
between Mo and Cr , MgO and Al 0 , and Cr 0 and Al 0 ; but there 
was no evidence of continuous bonding between the molybdenum and 
alumina. Only marg ina l r e su l t s were obtained with flat samples that 
employed naolybdenuna sheet coated with flanae sprayed (oxy-acetylene) 
nickel , and alunaina coated with a r c - p l a s m a sprayed MgO. Definite 
react ion a r ea s were developed in this test s e r i e s , including a nickel-
molybdenuin alloy on the molybdenuna inter locked with a ce ramic phase 
that was believed to be NiO. 

These naagnesium oxide-nickel in t e r l aye r s were only 
modera te ly successful in making an alumina-molybdenuna seal after 
developnaent of a spinel phase . Difficulties were encountered in p lasma 
spraying a uniform magnesium oxide layer , and only marg ina l adhesion 
conditions resu l ted . Ex t remely high spraying t empera tu re s were neede 
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for the magnes ium oxide, and severa l water cooled nozzles were mel ted 
because of th is . Small additions of other naetals offered lit t le help; the 
magnes ium oxide did not adhere and only a small amount would remain 
in the m a t r i x of lower melt ing naater ia ls . Alumina dipped in a s lu r ry 
of finely divided magnes ium oxide again offered only naoderate adhesion 
to the molybdenum. 

Because of these conditions, considerat ion was given to 
other possible in te r l ayer m a t e r i a l s . Niobium and niobium combinations 
were selected as among the mos t promis ing in the p re l imina ry t e s t s . 
It was n e c e s s a r y to evaluate a la rge nunaber of coating combinations 
because of the large effect of small var ia t ions in ma te r i a l composi t ions. 
A conaplete l is t of the m a t e r i a l s used in this phase of the study on the 
flat p la tes of alumina and naolybdenum is shown in Table 5. Those 
m a t e r i a l combinations which, in the flat plate study, showed mos t p romise 
were applied to ce ramic cyl inders and meta l cups as shown in F igures 
3 and 4 for the fornaation of seals in this form. Table 6 is a l is t of the 
m a t e r i a l s used on the molybdenum cups and alumina cyl inders . 

Bet ter adhesion of the meta l l ic in t e r l aye r s was expected 
from a roughening of the surface of both the alumina and the molybdenum. 
Several methods were tes ted before the final choice was naade; different 
gr i t -b las t ing a i r p r e s s u r e s were used on the alumina and the molybde­
num, and p lasma blasting was also employed with a smal l anaount of 
alunaina powder. The la t te r method provided a roughened surface but 
the pa r t i c l e s deposited were only loosely attached and would not enhance 
naechanical adhesion. A ve ry light gr i t blast - - about 10 ps i with -60 
mesh gri t - - provided the best surface on the alumina p ieces . Similar 
treatnaent was requ i red to roughen the molybdenum surface sufficiently. 
Great ca re had to be taken to avoid warping the thin molybdenum sheets . 
This same technique was used on the alumina cyl inders and molybdenum 
cups. The i r r e g u l a r shapes of the cups caused some concern that ade­
quate uniformity of application might not be achieved, but subsequent 
optical examination showed little var ia t ion. 

All of the coatings used in this phase of the study were 
applied with a Thermal Dynamics plasnaa flame F-40 torch unless 
otherwise specified. Argon was found to be the best plasnaa gas for 
spraying, but severa l naater ia ls were sprayed in ni trogen with re la t ive 
ea se . The use of argon as the p lasma gas reduced the possibi l i ty of 
contamination and byproduct fornaation. 
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Table 5 - In ter layer Mate r ia l s Used on Alumina and 
Molybdenum Fla t Sheets 

SAMPLE 
NUMBER 

SP-1 
SP-Z 
.SP- 5 
S P - 4 
S P - 5 

SP~6 
SP-7 
S P - 8 
SP-9 
.SP- 10 

SP-11 
SP-12 
S P - 1 3 
S P - 1 4 
S P - 1 5 

S P - 1 6 
S P - 1 7 

S P - 1 8 
SP-19 

SP-20 

SP-21 

SP-22 
S P - 2 3 
S P - 2 4 
SP-25 

S P - 2 6 
S P - 2 7 
S P - 2 8 

•SP-29 
SP-30 

S P - 3 1 
S P - 3 2 
S P - 3 3 
S P - 3 4 
S P - 3 5 

S P - 3 6 
S P - 3 7 
S P - 3 8 
SP-39 
SP-40 

ALUMINA COATING 

N i 

N b 

Ni 

50% Ni + 50% A L , 0 , 
50% T i 0 2 + 50% MgO 

50% Ni *- 50% Al O * 
M g O 

50% MgO + 50% AI2O 
MgO 

50% MgO -t 50% A 1 , 0 ^ 

M g O 

50% MgO + 50% AI2O3 
N i * 

N i 

N i O 

50% Ni + 50% A l ^ O 
Ni 

--
N i * 

--

N i * 

M g O 

50% MgO + 50% AI2O3 
N i * 

N i * 

N b 

N b 

80% MgO + 20% Ni 
50% Nb + 25% Mo_+ 25% Ni 
75% Nb + 15% Mo"+ 10% Ni 

75% Nb + 15% Mo + 10% Ti 
50% Nb + 25% Mo + 25% Ni 
75% Nb + 15% Mo + 10% Ni 
75% Nb + 15% Mo + 10% Ti 

Dipped MgO Slurry-

Dipped MgO S l u r r y 
N b 

N b 

N b 

MgO (dipped) 

MOLYBDENUM COATING 

N i O 

N b 

Ni 

50% Ni + 50% Mo 
Ni 

N i 

Ni 

Ni 

N i O 

N i O 

50% Ni + 50% Mo 
50% Ni + 50% Mo 

N i 

50% Ni + 50% Mo 
50% Ni + 50% Mo 

50% Ni + 50% Mo 
N i 

Pol i shed Sur faces 

Ni 
Po l i shed Sur faces 

50% Ni + 50% Mo 
Po l i shed Sur faces 

N i O 

N i O 

M g O 

M g O 

N b 

N b 

80% MgO + 20% Ni 
Same a s a lumina 
S a m e a s a lumina 

Same as a lumina 
Sanrie as a l u m i n a 
Same as a lumina 
Same as a lumina 

Ni 

50% Nb + 25% Ni + 25% Mo 
N b 

Nb with Ni i n t e r l a y e r 
Ni (f lame sp rayed ) 
Ni (flanne sp rayed ) 

*Nickel coating was oxidized after being sprayed on alumina plate. 
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Table 6 - Coatings Applied to Alumina Cylinders and Molybdenum Cups 
Showing the Resulting Vacuum Capabili t ies 

SAMPLE 
NUMBER 

1 CY-1 
CY'-2 
C Y - 3 

C Y - 4 

C Y - 5 

C Y - 6 
C Y - 7 
C Y - 8 

C Y - 9 
C Y - 1 0 

C Y - 1 1 
C Y - 1 2 
C Y - 1 3 
C Y - 1 4 
C Y - 1 5 

C Y - 1 6 
C Y - 1 7 
C Y - 1 8 

C Y - 1 9 
C Y - 2 0 

A L U M I N A C O A T I N G 

Ni 
Ni 
N b 

N b 

Ni (ox id . ) 

N b 
9 5 % N b + 5 % N i 
9 5 % N b + 5% Ti 
90% N b + 10% Ni 
98% N b + 2% Ti 

50% N b + 2 5 % Mo + 25% Ni 
7 5 % Nb + 1 5 % Mo + 10% Ni 
75% N b + 15% Mo + 10% Ti 

N b 
9 5 % N b + 5% Ni 

9 5 % N b + 5% Ti 
7 5 % Nb + 15% Mo + 10% Ni 
7 5 % Nb + 15% Mo + 10% Ti 

N b 
N b 

M O L Y B D E N U M C O A T I N G 

50% Ni + 50% Mo 
Ni 
Nb 

L a p p e d S u r f a c e s 
50% N b + 50% Mo 
L a p p e d S u r f a c e s 

Nb 

N b 
9 5 % Nb + 5% Ni 
9 5 % Nb + 5% Ti 
90% Nb + 10% Ni 
98% Nb + 2% Ti 

S a m e a s a l u m i n a 
S a m e a s a l u m i n a 
S a m e a s a l u m i n a 

N b 
S a m e a s a l u m i n a 

S a m e a s a l u m i n a 
S a m e a s a l u m i n a 
S a m e a s a l u m i n a 
N b w i t h Ni i n t e r l a y e r 

N b 

P R E S S U R E * 

100(x 

350fi 
115(i 

220(1 

12010, 

* M i n i m u m a c h i e v a b l e on a V e e c o L e a k D e t e c t o r . Only the s a m p l e s t h a t s h o w e d 
a n y s e a l p o t e n t i a l w e r e t e s t e d on the l e a k t e s t e r ; i m p r o p e r l a p p i n g a n d f u r n a c e 
m a l f u n c t i o n s c a u s e d the o t h e r s to l e a k . 

Since the coating was applied to a roughened surface, the 
resul t ing surface was also rough. In order to promote adhesion between 
the two roughened surfaces some of the flat samples were wet lapped, 
o thers were dry lapped, and still o thers were polished. More contact 
a r ea could be afforded for the mating surfaces when they were lapped 
together . This is not as conaplete as polishing the surfaces , but it was 
sufficient in ass is t ing some m a t e r i a l combinations to adhere . 

Grea te r ease of application was experienced with the 
niobium separa te ly and in conabination with nickel , t i tanium, and molybde­
num. Normal ly the samples were lapped or polished and placed in contact 
with each other under a p r e s s u r e of 12-14 pounds per square inch. 
While in this configuration they were subjected to 3000°F for five hours 
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in vacuum. The lapping operat ion is v e r y c r i t i ca l on the cyl indrical 
samples ; grea t ca re must be taken in order to form a uniforna c i rcu la r 
surface that will provide the maximum a rea for diffusion to occur . 
This becomes a problem when m o r e than one coating is applied to ei ther 
surface because the cup becomes elevated as this thickness i n c r e a s e s . 

Several of the naolybdenum cups were slightly out of round, 
and this could have caused sonae of the leakage conditions noted in test ing. 
The p r e s s u r e s recorded on the Veeco Leak Detector a re l is ted in Table 
6 ; only 5 of the sea ls were good enough to r eco rd a p r e s s u r e . One 
hundred m i c r o n s was the best p r e s s u r e recorded , but two other cyl inders 
held p r e s s u r e s nea r this value. 

The niobium (95%) and nickel (5%) in te r layer proved to be 
the mos t re l iable seal combination. Samples with the molybdenuna cups 
had an inherent weak link in the molybdenum-niobium interface; some 
voids appeared in this a r e a . The use of niobium cups el iminated this 
problem, and a m o r e forna fitting cup provided a g rea t e r chance for 
adhesion. In the final s e r i e s of t es t s with this configuration, six cups 
were fabricated by heating to 1524''C (2775°F) for 5 hours in vacuum. 
All six indicated 5|j, or l e s s on the leak t e s t e r used previously , but only 
one cup was hernaetic when a helium detector was used. Photomicrographs 
of the seal between the niobiuna cup and the alumina cylinder a re shown 
in F igures 15 and 16. 

The following conclusions can be drawn from the work 
completed on me ta l to oxide s tudies : 

1. The magnes ium oxide-nickel seal was too weak to 
provide a rel iable leak-proof bond between the 
alumina and naolybdenum. 

2. Light gr i t blasting of mating surfaces provided an 
improved texture on both the flat and cyl indrical 
s amples . 

3. The p la sma sprayed m a t e r i a l s provided the mos t 
dense and adherent coatings. 

4. Ex t r eme ca re mus t be exerc i sed when the flat 
and conical surfaces a re being lapped together; 
g r ea t e r contact a r e a p romotes a bet ter sea l . 
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Figure 15 - Mobium-Alumina Diffusion Seal using Nickel In termedia te Mater ia l 



NIOBIUM 
CUP 

NIOBIUM-NICKEL 
BOND AREA 

ALUMINA 

Figure 16 - Alumina Cylinder and Niobium Cup Showing the 
Niobium-Nickel Bond Area 

The procedure l is ted below is recommended for the p r e ­
parat ion of a he rmet ic cup that cons is ts of a canted niobium cup and an 
alumina cylinder with the niobium-nickel i n t e r l aye r : 

1. Dry lap a uniform c i rcu la r a r ea in the niobium 
cup with a shaped alumina cyl inder . 

2. Grit blast both components with 60 m e s h gr i t 
at 10 psi and clean them with an organic solvent. 

3. Mask all but the canted a rea on the alumina 
cylinder and p lasma spray with a 95% niobium-
5% nickel mixture until a 2- or 3-nnil thickness 
adheres ; also spray the inside of the cup with 
this thickness of m a t e r i a l . 
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4. Dry lap the cup and cylinder with other uncoated 
naating shapes . 

5. Wet lap the coated pieces until a smooth uniform 
surface is attained. 

6 Place the niobium cup firnaly on the alunaina cylinder. 

7. Apply a load of 12-14 ps i and heat to 1524°C for 
5 hours in a vacuum of 10"-^ m m Hg. 

3.7.2 Diffusion Seal Studies on Metall ized Ceranaics 

Mechanical ly strong hermet ic seals have been fabricated 
by diffusion sintering molybdenum sheet to the metal l ized surface of 
h igh-pur i ty alumina. The alumina was meta l l ized by a two layer proce 
in which the f i rs t layer of metal l iz ing was applied as an 85% Mo - 10% 
Mn-5% TiHo s l u r r y fired for 15 nainutes at 1600°C. The second layer 
consisted of 80% Mo - 20% Cr. The chromium, an actively diffusing 
meta l , was used to promote sintering between the molybdenum sheet 
and the meta l l i zed layer . After firing, the total thickness of the two 
l aye r s was approximately 0.006 inch. 

The following procedure was developed for fabricating 
these sea l s . The naolybdenuna sheet was lapped flat and polished. The 
end of an alumina cylinder was ground flat. After the end of the cylin­
der was naetallized it was lapped flat and polished. Final thickness of 
the naetallized layer was approximately 0.003 inch after being lapped 
and polished. The meta l sheet was placed over the cylinder end, and 
a solid state diffusion bond was formed under slight load at 1800°C for 
one hour in purified argon. Mechanically strong bonds were fabricated 
by this p r o c e s s , but due to the porosi ty of the metal l ized layer on the 
ce r amic , the bonds were not hermet ic - In joints made with s imi la r ly 
p repa red m e m b e r s which a re brazed together using copper, the seals 
become hernaetic because the molten copper infi l t rates the voids in 
the porous naetallized l ayer . However, in the solid state diffusion seal 
no fluid phase of any m a t e r i a l occurs and the voids remain throughout 
the p r o c e s s . The method developed to el iminate this porosi ty was to 
infil trate the meta l l ized layer with a suitable ce ramic eutect ic . The 
manganese oxide-alumina eutectic was found to be suitable. When 
mel ted over the meta l l ized layer the eutectic fills all the voids and 
t r ans fo rms the naetallized layer into a non-porous ce rme t . In essence , 
the seal is a graded seal , meta l to cernaet to c e r a mic . 
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During the development of the sea l , two methods of in­
fi l tration by the liquid alunaina-naanganese oxide phase were t r ied with 
s u c c e s s : 

1. The eutectic mix ture is applied over the meta l l ized 
surface of the ce ramic and fired. The liquid phase 
forms over the ent i re meta l l ized surface . After 
cooling of the p iece , excess hardened eutectic is 
lapped off to expose the meta l layer . The ce ramic 
is then diffusion bonded to the naolybdenum sheet . 

2. After the meta l m e m b e r and the meta l l ized ce ramic 
member have been bonded by diffusion, the eutectic 
mixture is applied to exposed edges of metal l iz ing 
and to nearby ce ramic sur faces . The eutectic 
mixture is then fired. While in the liquid phase , 
it inf i l t rates the porous metal l iz ing coating. In­
fil trating was done at 1600°C in purified argon. 
Fi r ing tinaes as low as one nainute were found to 
be sufficient. 

A third method of infil tration was t r ied to minimize the 
need of handling and success ive f i r ings . In this method, alumina and 
naanganese oxide powders were added to the metal l iz ing mix tu re s . 
This method was not successful . 

Seals in which hermet ic i ty is achieved by infiltration with 
this eutectic contain manganese oxide and titanium oxide in the seal 
a r ea . These oxides have been repor ted as being attacked by cesium 
vapor. Also, it can be in fer red from phase d iagrams of these oxides 
that a liquid phase would form probably below 1500''C. While a seal 
formed in this naanner should be an improvenaent over the state of the 
a r t , developnaent of it did not r e p r e s e n t achievennent of the goal for 
s t r uc tu r e s of alumina. This goal was a sealing method to operate up 
to 1500°C in a cesiuna environment . 

For these r ea sons , and utilizing recent ly disclosed infor­
mation from other invest igations on c e r a m i c - m e t a l s t r u c t u r e s , 

•••R.W. Cowan and S.D. Stoddard, ' 'Ceramic Mate r ia l s for Nuclear Con-
ver te r s , "Univers i ty of California, Los Alamos Scientific Labo­
ra to ry , Los Alamos, N.M., Paper Presen ted at Amer ican Ceranaic 
Society Technical Meeting, May 1, 1963. 
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attention was shifted to the use of y t t r ia . Techniques for naetallizing 
and bonding s imi la r to those descr ibed above were used in experinaents 
to obtain sa t is factory ceramic-naeta l diffusion bonds. 

In these experinaents y t t r ia was used instead of manganese 
oxide in the naetallizing nnixture and the yt tr ia-alunaina eutectic replaced 
the previous eutect ics as the infi l trant . Strongly adherent he rme t i c 
sea ls have been naade between alumina and molybdenum, nidbiurrii 
and tantalum. Seals between alunaina and tungsten have not been suc­
cessful to date . The best seal that has been developed is made by 
sinter ing a porous ce rme t layer of 80% Mo - 10% Y2O3 - 10% AI2O3 
onto the re f rac tory meta l at ISSO^C for fifteen minutes in purified argon. 
The top of an alumina cylinder is painted with a s lu r ry of pure y t t r ia 
and fired in contact with the c e r m e t coating of the re f rac tory naetal 
under slight load at 1800°C for one minute . The a lumina-yt t r ia eutectic 
on melt ing inf i l t ra tes the porous ce rme t and forms a mechanical as 
well as chemical , he rmet ic seal to the re f rac to ry meta l . 
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4.0 ALUMINA TUNGSTEN COMPOSITE STRUCTURES 

The objective of this task was to develop the techniques for 
fabrication of a thermionic conver ter envelope employing a m e t a l -
ce r amic composite graded from pure meta l to pure c e r a m i c . Repor ts 
of work by many agencies in the field of h igh - t empera tu re thermionic 
conver t e r s indicate that a c losed-end cylinder of approximately one 
inch diameter is typical of the envelope of many conve r t e r s being 
studied. A cylindrical envelope in which a suitable re f rac to ry me ta l 
forms the closed end and in which the wall m a t e r i a l is graded to pure 
ce ramic at the open end was therefore to be fabricated. This type of 
s t ruc ture would el iminate the need for a high t empera tu re seal between 
the emi t t e r and ce ramic wall of the conver te r which simplifies design 
p rob lems , and would provide improved t h e r m a l shock c h a r a c t e r i s t i c s . 
A schematic representa t ion of the des i r ed s t ruc ture is shown in 
F igure 17. 

A finished body of this type is shown in F igure 18. The closed 
end of the cylinder (not visible at the bottom) is 95 percent pure 
tungsten. The upper end of the cylinder is pure alumina. 

-« .800" >-

Figu re 17 - Pr inc ip le of Composi te- F igure 18 - Sintered Composite Gup 
Cup Structure Made from Twelve 

Incrementa l Laye r s 
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Table 7 - P r o p e r t i e s of Alumina Powders 

Physica l P r o p e r t i e s 

Bulk Density (lbs/ft^) Loose 

Bulk Density (lbs/ft^) Packed 

Specific Gravi ty 

Pa r t i c l e Size Distr ibution (Sieve 

Analysis) : 

Plus 100 

-100 Plus 140 

-140 Plus 200 

-200 Plus 230 

-230 Plus 325 

-325 
Chemical P r o p e r t i e s 

AI2O3 

Na20 

Si02 

Fe^Os 

Ti02 

Loss on Ignition 

H2O (Free ) 

H2O (Combined) 

A 

48 

63 

3.8 

6.9 

16.6 

27.4 

8.9 

15.5 

24.7 

99.0 

0.5 

0.025 

0.04 

0.002 

0.30 

0.10 

B 

63 

3.8 

0 

0 

0 

0.2 

2.3 

97.5 

99.5 

0.10 

0.05 

0.04 

0.002 

0.15 

0.10 

C 

63 

83 

3.85 

10.6 

24.7 

35.9 

10.6 

13.7 

4.5 

99.6 

0.04 

0.06 

0.04 

0.002 

0.15 

0.10 

D 

65 

80 

2.42 

64.5 

0.25 

0.008 

0.003 

0.10 

35.199 

The p r o g r a m consis ted of investigation of the sequence of 
fabricat ion p r o c e s s e s which could be used to produce a powdered meta l 
or c e r amic par t , possible m a t e r i a l composi t ions , par t ic le size d i s t r i ­
but ions, s inter ing aids and bonding s y s t e m s . The p roces se s considered 
we re : blending, p r e s s ing , drying, p re -machin ing , s inter ing, pos t - s in te r 
machining, and a r c - p l a s m a spraying. Several tungsten and alumina 
powders were selected for invest igat ion in this study. Since the end 
product m a t e r i a l mus t be r e s i s t an t to ces ium vapor, only alumina 
m a t e r i a l s of ex t remely low si l ica content were considered. The alumina 
powders used were commerc i a l naaterials,,the chemical and physical 
p rope r t i e s of which a re shown in Table 7. The powder cha rac t e r i s t i c s 

•39 



of the tungsten used for the re f rac tory meta l component a re shown in 
Table 8. Phosphates have been repor ted in the l i t e ra ture to improve 
bonding of alumina bodies at t e m p e r a t u r e s above SOO^F. Also MgO and 
^ ^ 2 ^ 3 ^^^ r epor ted to be effective in densification of alumina above 
SOOCF. The m a t e r i a l s which were selected as possible bonding agents 
and s inter ing aids for the exper imenta l studies a re l is ted in Table 9. 

It was thought that a bond produced during a low- tempera tu re 
p r e s i n t e r would be helpful in providing machinabil i ty so that p r e -
machining techniques could be used to approach size and shape 
r equ i remen t s of the final product . Phosphate bonding was considered 
for this purpose . Magnesium s tea ra te was considered both as a l ub r i ­
cant during compacting and as a source of MgO. Magnesium phosphate 
was cons idered as a source of MgO and phosphate bond. 

The re su l t s of t e s t s using var ious proport ions of the alumina 
powders showed that the effect of par t ic le size distr ibution can be 
used to control final density. The density of tes t bodies fell within the 
range of 90.5 to 93.2 percent of theore t ica l . All were essent ia l ly leak 
tight when tes ted on a Veeco leak de tec tor . 

Another study was per formed to de termine the effects of 
ce r ta in addit ives on density and shrinkage of the high puri ty alumina. 
The re su l t s indicate that magnes ium s tea ra te provides considerable 
densification. It was noted that this m a t e r i a l was easi ly premachined 
after a 90 minute p r e s in t e r at 2 2 0 0 ^ . 

Additional work was per formed to determine the effects of 
tungsten additions on density and shrinkage of alumina bodies. F o r 
this work alumina powder with 1 percen t magnes ium s teara te was 
used and combined with tungsten powder. The re su l t s of these t e s t s 
a r e shown in Table 10. These data indicate a gradual dec rease in 
actual density as a percent of theore t ica l density as the tungsten 
content is inc reased . In teres t ingly , the dia ineter shrinkage shows a 
m a r k e d sudden change in the range between 50 percent and 75 percent 
tungsten by weight. This can probably be explained by composit ional 
changes based on volume ra the r than weight. The major change in 
shrinkage takes place between 17 and 38 percent tungsten on a 
volume b a s i s . 

P rev ious work has shown that smal l additions of nickel a re 
effective in the densification of tungsten at low t e m p e r a t u r e s . A study 
was made to determine shrinkage and density for smal l additions of 
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Table 8 - P r o p e r t i e s of Tungsten Powders 

Physical Proper t ies 

F i sher Sub-Sieve Analvsis 

Bulk Density (gms/in3) Scott Method 

Tap Test (cc/10 grams) Packing 

Par t ic le Size Distribution (%/wt ) 

1 Micron 

2 Micron 

3 Micron 

4 Micron 

5 Micron 

6 Micron 

Chemical Impuri t ies 

Non Volatile Matter 

Molybdenum 

Iron 

Oxygen 

1 

0 90 

30 

2 4 

22 

72 

6 

0 02 

0 003 

0 003 

0 30 

2 

2 4 

48 

1 8 

3 

45 

39 

10 

3 

0 02 

0 003 

0 003 

0 30 

3 

4 2 

65 

1 6 

2 

7 

26 

35 

21 

9 

0 02 

0 003 

0 003 

0 30 

4 

6 6 

75 

0 02 

0 003 

0 003 

0 30 

Table 9 - Sintering Aids and Bond Promoting Mater ia ls 

Sintering Aids 

Tungsten 

Nickel - Minus 325 Powder 

Nickel - H2 Reduced Nickel Chloride Coating on Txingsten 

Magnesiunn Oxide - Added as MgO 

Magnesium Oxide - Added as Magnesium Stearate 

Magnesiunfi Oxide - Added as Magnesium Phosphate 

Chrome Oxide - Added as Chromium Chloride Reduced m H-

Chrome Oxide Added as Chrome Oxide 

Yttrium Oxide - Added as Yttrium Oxide 

Bond Promoting Mater ia ls 

Tungsten 

No bonding aid needed 

Alumina 

Polyvinyl Alcohol 

Phosphoric Acid 

Magnesium Phosphate 

Ammoniunn Phosphate 
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nickel at the s inter ing tenaperature of 3400°F, In this case , the par t ic l 
of tungsten were coated with NiCl2 from an alcohol solution. Resul ts 
a re shown in Table I I , P rev ious work has indicated that 0,5 percent 
nickel added as a fine powder, will act s imi la r ly to the NiCK coated 
m a t e r i a l containing 0.1 percent Ni. 

Table 10 - Effect of Tungsten Addition on Density and 
Shrinkage of AI2O., 

Sample 
No. 

35-2 

39-2 

39-3 

39-4 

39-1 

Weight Percent 

-100 
Al O 

2 3 

100 

75 

50 

25 

0 

-325 
Tungsten 

25 

50 

75 

100 

Density 

Actual 
gms /cc 

3.84 

4.80 

6.13 

8.29 

14,40 

Percent of 
Theoretical 

97.0 

97.0 

92.5 

83.6 

74.6 

Diameter 

Shrinkage 
(%) 

14.7 1 

14.0 

14.2 

10.6 1 

10.7 

Sintering Cycle 1 

Heated to ZTOO'F in Hydrogen at lOOOVhr. 

Heated to 3400°F in Argon at IOOO°/hr. 

Soaked at 3400°F in Argon for 3-1/2 h r s . 

Cooled slowly in Argon to 400°F. 

Table 11 - Effect of Nickel on Density and Shrinkage of 
Tungsten Sintered at 3400°F 

Sample 
No. 

1 39-1 

39-5 

39-6 

Ni 
% 

0 

0.05 

0.10 

-325 
Tungsten 

100 

99.95 

99.90 

Density 

Actual 
gms/cc 

14.40 

16.01 

16.56 

Percent of 
Theoretical 

74.6 

83.0 

84.6 

Diameter 
Shrinkage 

(%) 

10.7 

13.8 

14.5 

Sintering cycle - Same as that shown on Table 10 
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The genera l steps requi red to make a cup-shaped envelope 
were de termined to be: 

1. Loading of die with graded ma te r i a l . 

2. P r e s s i n g . 

3. P r e s i n t e r (if n e c e s s a r y for machining). 

4. Machining. 

5. Sintering. 

6. F ina l Machining. 

P r i o r exper ience has shown that hydrostat ic p ress ing is 
super ior to die p res s ing since pa r t s with more uniform density can 
be obtained by this method. It had been determined by die press ing 
studies that the optimum p r e s s u r e for press ing tungsten was in a 
range of from 15,000 to 20,000 psi . The optimum p r e s s u r e for 
p re s s ing alumina was from 40,000 to 50,000 psi . The hydrostat ic 
p r e s s available for this type of work in the laboratory has a maximum 
working p r e s s u r e l imitat ion of 20,000 ps i . For this reason it was 
decided to do the ear ly p ress ing studies using the die press ing facili t ies 

Employing die p res s ing techniques, methods of grading i n c r e ­
mental ly and by infinite gradat ions were studied. The effect of mois tu re 
on p ress ing and on green strength was also studied. Addition of 
mo i s tu re p resen ted a problem in some cases since damp powders 
could not be m e t e r e d through the powder feeding equipment when 
infinite grading was being studied. Normally, powder and mois ture 
were blended together p r io r to loading into the die; however, when the 
powder feeding equipment was used it was necessa ry to add mois tu re 
after loading. Studies of machining techniques resul t ing in p rocedures 
by which bil lets that have substantial green strength could be s a t i s ­
factori ly machined without a p r e s i n t e r . 

Considerable effort was expended in attempting to obtain 
continuously graded cups using the Sylco precis ion powder feeders^ 
shown in F igure 19 and both die p ress ing and hydrostat ic press ing 
techniques. Powder flow of alumina and tungsten can be controlled 
accura te ly with the Sylco naachines. The principle l imitation of this 
equipment is that the powders mus t be dry to prevent blocking of the 
powder flow. 
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Figure 19 - Powder Loading Equipment for Continuously Graded Composite 

Several a t tempts were made to circunavent this l imitat ion, 
such as the use of act ivated alumina (alumina containing chemically 
combined water) , or the use of polyvinyl alcohol as an additive. In 
the case where act ivated alumina was used, a graded billet was 
successfully compacted by hydrosta t ic p ress ing at 40,000 psi . How­
e v e r , these bi l le ts could not be machined sat isfactor i ly into a cup 
shape due to lack of s t rength in the uns in tered condition. When 
polyvinyl alcohol was used the alumina m a t e r i a l was f i r s t compacted 
using the chemical as a binder , and then was granulated to a size 
suitable for use in the powder feeders . This m a t e r i a l could not be 
compacted at any reasonable p r e s s u r e after granulation. 

Another method t r i ed was the addition of mois tu re in the forna 
of 15 percent phosphoric acid solution after loading of the die. In all 
of these c a s e s , which included over 30 bi l le ts , cracking occur red 
during drying due to nonuniform mois tu re distr ibut ion. 
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Simultaneously with the work on continuous gradation, the study 
of inc rementa l gradat ion was continued. A number of bil lets graded in 
5, 6, and 7 inc rements were die p r e s s e d . Compacting p r e s s u r e was 
va r i ed from 20,000 psi to 40,000 psi , and drying t empera tu re was 
var ied from 140°F to 950°F. The r e su l t s of these tes t s indicated that 
both p ress ing p r e s s u r e and drying conditions are important process ing 
va r i ab les which mus t be control led within specified l imits to produce 
sa t i s fac tory composite b i l le t s . P r e s s u r e s of 30,000 psi were bet ter 
than 20,000 or 40,000 psi and drying at 200°F appeared to be bet ter 
than higher t empera tu re drying. The use of magnesium s teara te and 
0.8 percent H3PO4 produced a bil let that could be easi ly machined 
but s t i l l had considerable dry s t rength. 

F igure 20 shows the composi te envelope at th ree stages in the 
p rocess ing . The billet shown on the left has been die p r e s s e d at 30,000 
ps i , and dr ied at 2 0 0 ^ for 24 hour s . The pa r t shown in the center is a 
s imi l a r s t ruc ture that has been machined to form the cup-shape. On 
the r ight is a s imi la r pa r t after s inter ing at 3350°F for 1 hour. Details 
of the gradat ion used for these p a r t s a r e shown in Table 12. 

The mos t successful composi te envelope was fabricated of 
twelve gradat ions of alumina and tungsten as shown in Table 13. The 
r e s u l t s of shrinkage studies on these composit ions is shown in Table 
14. The fabricat ion p r o c e s s is typical for all tes t p ieces with i n c r e ­
menta l g rada t ions . The dry components were blended for 15 minutes 
in a bottle b lender . The phosphoric acid solution was added and the 
mix tu re blended for another 15 minu tes , A weighed amount, as shown 
in Table 13, was loaded into a 1 inch double punch die with wax paper 
between the punches and the m a t e r i a l . The addition of pure alumina on 
both ends of the compact reduced lamination problems in the high 
tungsten a r e a . The bi l lets were p r e s s e d at 30,000 psi in a hydraulic 
p r e s s . Upon remova l from, the die the bi l lets were a i r dr ied for 24 
hours and oven dr ied at 250**F for an additional 24 hour s . After 
machining off the AI2O2 adjacent to the 95 percent W, the bil lets were 
mounted in a graphite fixture with a low melting meta l (mp 165°F). 
The machining was accomplished on a meta l -working lathe with a 3/8 
inch carbide dr i l l and a carbide tipped boring bar , A machined par t i s 
shown in the center of F igure 20. After premachining the par t was 
removed from the fixture by heating in a 200°F oven to re lease the 
cup. Careful handling is r equ i red because of the relat ively weak bond. 
The premachined pa r t s were s in tered in an induction furnace with a 
graphi te susceptor . During s inter ing the pa r t s were enclosed in a 
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Table 12 - Composition of Gradations in Seven Layer Cup 

Closed End 

Open End 

*Alunnina: 

** Tungsten: 

***H PO : 

ALUMINA* 
WT. PERCENT 

5 

12 

23 

45 

64 

80 

100 

TUNGSTEN** 
WT. PERCENT 

95 

88 

77 

55 

36 

20 

-

PHOSPHORIC ACID*** 1 
WT. PERCENT 

0.40 1 

0.50 

0.50 

0.63 

0.75 

0.80 

0.80 

73.5% AlO (-325) 
24.5% A5 (-100) 

2.0% Magnesium Stearate 1 

99-75% M40 
0.25 % Nickel (-325 Mesh) 

Reported as weight percent added as a 15% Aqueous 1 
solution to supply mois ture for compacting 1 

P R E S S E D B I H _ E T 

^ ^ ^ ^ ^ 9 H | 

l A C H I N E O P A R T S I I > » T E R E : D P A R T 

C O M P O S I T E E N V E L O P E 
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1 3 

Figure 20 - Fabr ica t ion Stages of Composite Envelope 
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Table ]3 - Gradations of Mater ia l s Used in Twelve Layer Cup 

Gradation 
No. 

0 
1 
2 
3 
4 
5 
6 
7 
8 

9 
10 
11 
12 

Tungsten* 
Weight 

0 
13.30 
8.80 
3.08 
2.56 
1.50 
1.08 
0.93 
0.52 
0.40 
0.26 
0.12 

0 

Alunnina** 
Weight 

3.0 
0.70 
1.2 
0.92 
1.44 
1.50 
1.92 
2.07 
1.48 
1.60 
1.74 
1.88 

21.0 

Phosphoric*** 
Acid Solution 

cc 

0.21 
0.10 
0.10 
0.10 
0.10 
0.10 
0.13 
0.14 
0.10 
0.11 
0.12 
0.13 
1.45 

Percent 
Tungsten 

0 
95 
88 
77 
64 
50 
36 
31 
26 
20 
13 

6 
0 

Dy Weight 
Alumina 

100 
5 

12 
23 
36 
50 
64 

69 
74 
80 
87 
94 

100 

Percent 
Tungsten 

0 
80 
59 
40 
26 
16.5 
10 
8.15 
6.5 
4.7 
2.86 
1.24 

0 

Dy Volunae 
Alumina 

100 
20 
41 
60 
74 
83.5 
90 
91.85 
93.5 
95.3 
97.14 
98.76 

100 

* Tungsten - 99.75% #3 Tungsten Powder (Table I) .0.25% -325 Nickel Powder 
** Alumina - 73.5% B (Table n ) 

24.5% A (Table II) 
2.0% Magnesium Stearate 

*** Phosphoric Acid Solution - 15% Aqueous Solution of H.PO^ 

Table 14 - Shrinkage and Density Measurements 

Gradation 
No. 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 
11 
12 

Percent by Weight 
Tungsten 

95 
88 
77 
64 
50 
36 
31 
26 
20 
13 

6 
0 

Alumina 

5 
12 
23 
36 
50 
64 

69 
74 
80 
87 
94 

100 

Percent by Volunne 
Tungsten 

80 
59 
40 
26 

16.5 
10.0 
8.15 
6.5 
4.7 
2.86 
1.24 

0 

Alumina 

20 
41 
60 
74 

83.5 
90.0 
91.85 
93.5 
95.3 
97.14 
98.76 

100 

Shrinkage 
Percent 

13.3 
14.0 
15.6 
15.7 
15.1 
15.1 
15.1 
15,6 
15.4 
15.2 
15.6 
15.7 

Theoretical 
Density 

16.21 
12.96 
10.01 
7.84 
6.36 
5.35 
5.07 
4.80 
4.53 
4.24 
4.00 
3.80 
_ ! 

Density 
% of Theoretical 

87.0 
92.5 
98.5 

100 
100 
100 
100 
100 
100 
100 
100 
100 

Measured on discs 1" in diameter by 1/4" thick. 

Sintered for 8 hours 'a t 3350"^ in Argon. 

Hydrogen used in heat-up to 2700°F to reduce oxide. 
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tungsten shield to reduce carbon contamination. The furnace was 
heated to 2700°F with dry hydrogen gas a tmosphere and then changed 
to argon for the r emainder of the s inter ing cycle The best r esu l t s to 
date were obtained by using an 8 hour soak at 3365°F. Sintering at 
somewhat higher t e m p e r a t u r e s increased the density with shor te r 
soak p e r i o d s , however, g r ea t e r dis tor t ion was noted. 

Several envelopes have been fabricated that were graded from 
95 percen t W-5 pe rcen t AI2O3 at the closed end to essent ia l ly 100 
percent AI2O3 at the open end. That shown m Figure 18 is typical . 
Pu re tungsten has not been able to be used sat isfactor i ly for the closed 
end of the cup because of laminat ions introduced during the p re s s ing 
operat ion. None of these p a r t s were leak-t ight when tes ted on helium 

• A1 ,0 , 

- V - . ' • 

la- -i..-^ • 

NOTE CRACK NOTED IN CENTER OF GRADED AREA OCCURRED DURING 
SECTIONING IS NOT A RESULT OF LAMINATION OR THERMAL 
SHOCK 

m 
GRADATIONS 

2 
TO 

11 

95% W 
5% A 1,0. 2"3 

Figure 21 - Cross Section of Graded Composite Envelope 
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leak detection equipment, however, the leakage ra te was very low and 
occur red in the high tungsten a r ea where complete densification appears 
to be more difficult at alumina sintering t e m p e r a t u r e s , A c ro s s - s ec t i on 
of a cup showing the manner in which gradation of tungsten to alumina 
occurs in these bodies is shown in F igure 21, 
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5.0 MATERIALS AND STRUCTURES FOR USE AT TEMPERATURES 
ABOVE 1500°C. 

5.1 Mate r i a l s Selection 

An extensive l i t e ra tu re study was made to determine the meta l 
and ce ramic m a t e r i a l s which show grea te s t p romise for use above 
1500°C, with pa r t i cu la r attention on usefulness at 2000''C. Table 15 
l i s ts those considered, with some per t inent cha rac t e r i s t i c s and r e m a r k s 

While the re f rac to ry me ta l s a r e s imi la r as far as the effects of 
mos t cha r ac t e r i s t i c s a re concerned, rhenium, with its high modulus, 
ductility, and compatabil i ty would be considered the best choice for 
general use , if it were not so r a r e and expensive. 

Selection of a suitable ce r amic m a t e r i a l p re sen t s a more diffi­
cult p roblem. All the oxides can be expected to reac t to some degree 
with the re f rac tory m e t a l s . Zi rconia co r rodes tungsten at a rapid ra te 
at 1500"C, The n i t r ides , bo r ides , carbides and sulfides reac t with 
cathode m a t e r i a l s at a ra te beyond the oxides. One possible combination 
might be a carbide with a rhenium cathode since rhenium does not form 
a carbide . However, res i s t iv i ty of these carbide m a t e r i a l s is quite low 
which places them far down on the l i s t for considerat ion. 

Very few oxides have vapor p r e s s u r e s and mel t points that will 
allow use at 2000°C, as can be seen from Table 15. The r a r e ea r th 
oxides a re one group that have potential . Other a t t rac t ive p roper t i e s 
of the r a r e ea r th s a re the i r low the rma l expansion and good shock 
r e s i s t ance , Erb ia , however, is react ive and not very re f rac to ry . Thoria 
is a t t ract ive because of i ts i n e r t n e s s . The s trength and the rma l shock 
res i s t ance of thor ia should be significantly improved by r a r e ear th 
oxide addit ions. In o rde r to achieve any substantially effective i m ­
provement by alloying with thoriaj, at least 50 mole percent r a r e ea r th 
oxide is believed to be needed. 

Because it was found that the l i t e ra tu re does not adequately 
t r ea t the subjects of m e t a l - c e r a m i c compatibil i ty, t h e r m a l expansion 
and proper ty changes in alloy systems, and bonding techniques at 
2000"C, an exper imenta l p r o g r a m was undertaken to provide more 
information in these a r e a s for the m a t e r i a l s of i n t e re s t . 

Small pla tes were made from mix tu res of thor ia with e rb ia 
and y t t r i a . The s interabi l i ty of the m a t e r i a l s was found to be excellent . 
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Table 15 - Mate r ia l s for Thermionic Converter S t ruc tures 

Material 

Tungsten 
Rhenium 
Molybdenum 
Ruthenium 
Iridium 
Osmium 
Columbium 
Tantalum 

Alumina 
Yttria 
Thoria 
Holmia 
Erbia 
Beryllia 
Hafnia 
Zioconia 

Nitrides 
Zr, Ta 

Bo rides 
Zr, Hf 

Sulfides Ce 
Carbides 

Ti, Ta 
Zirconates 

Th, Sr, Ba 

MelfC 

3410 
3180 
2625 
2500 
2454 
2700 
2415 
2996 

2050 
2450 
3300 
2350 
2350 
2520 
2700 
2600 

2900 

3000 
2450 

3000 

2700 

Exp/°CxlO^ 

4.6 
6.7 

4 .9 
9.0 
6.8 
6.5 
7 .3 
6 .5 

8.5 
9.3 
9.5 

7.9 
8.2 
9 .2 
6 .5 
5.0 

5-7 

5-7 
5-7 

6 -8 

— 

2000°C 
Vapor P r e s s . To r r 

3 X 10"^ 
4 X 10-8 
3 X 10-5 

icr4 
10-4 
10-6 
10-6 
10-7 

3.5 
10-4 

3 X 10-3 
10-3 
10-3 

1.5 X 10-2 
10-5 
10-4 

10-3 

10-3 
2 X 10-3 

10-5 

--

Remarks 

Brittle 
Expens ive- rare 
Presen t ar t 
Expensive- r a r e 
Expens ive- rare 
Expens ive-rare 
Low Modulus and m.p. 
Reacts with certain oxides 

For comparison, High v.p. above 
Compatability good d: 
Thermal shock problem 
Compatability poor ± 
Compatability fair ± 
Toxic, high t e rma l cond. 
Must be stabilized, compatible ± 
Reacts with refractory metals at 

Resistivity low, reactive 

Resistivity low, reactive 
Resistivity low, reactive 

Resistivity low, reactive 

Very reac t ive-s t ruc ture unsound 

1500»C 

1500»C 

± This work 

X-ray examination of the samples indicates complete solid solution 
and excellent homogeneity. The lat t ice p a r a m e t e r s of the thor ia 
mix tu res were calculated from the X- r ay pa t te rns and are plotted in 
F igure 22. The continuous line r ep re sen t s Vegard ' s approximation for 
latt ice p a r a m e t e r s of solid solut ions. Accuracy of the calculated values 
suffers somewhat from line broadening, but the resu l t s i l lus t ra te a 
t rue solution behavior in changing from body centered cubic r a r e ear th 
to cubic thor ia . The length of the cube unit cell has been taken as 1/2 a^ 
for the r a r e e a r t h s . 

Hafnia has been stabil ized with five and ten percent y t t r ia . The 
stabi l ized hafnia appears to have excellent the rmal shock r e s i s t ance . 
Fo r screening purposes , an oxy-acetylene burner was used to heat 
3/8 - inch d iameter disks to 1700**C, followed by water quenching. 
Thor ia samples c racked immedia te ly upon application of heat . Yttr ia 
samples d is in tegrated on quenching. Stabilized hafnia remained intact 
but exhibited some m i c r o c r a c k s . 
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5.60 

50 

MOLE % THO2 

Figure 22 - Latt ice P a r a m e t e r s for Cubic Solid Solutions of 
Two Rare Ea r th Oxides m Thoria 

Holmia was dropped from considerat ion ea r ly because of i ts 
chemical react ivi ty . 

5.2 Investigations of High Tempera tu re Stability 

High t empera tu re t e s t s of mixed powders were per formed in 
o rder to evaluate stabili ty of proposed m a t e r i a l s for 2000®C. Samples 
were held for one hour in vacuum of 10" To r r at the t e m p e r a t u r e s 
indicated in Table 16, Tempera tu re was naeasured using both a total 
radiat ion and an optical py romete r sighted through the hole in the lid 
on to the upper surface of the specimen lying in the bottom of the 
crucible . These two readings under approximate black body conditions 
were averaged. 

The tungsten and rhenium combinations with y t t r i a showed 
some vaporizat ion at 2300®C and 2365°C. Crys ta l s on the crucible lids 
were examined by X- ray and found to be ^2^"^' The rhen ium- thor ia 
sample heated to 2445*C also had crysta l l ine m a t e r i a l p resen t on the 
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Table 16 - Typical Values of Vacuum and Tempera tu re 
M e t a l - C e r a m i c Compatibili ty Tes t s 

COMPOSITION. 
VOL, P E R C E N T 

75W 25 Y^O^ 

75W 25 ThO_ 

75W 25 HfO 

80 Re 20 Y O3 

80 Re 20 ThO^ 

80 Re 20 HfO^ 

80 Re 20 Y ^ O j 

T E M P E R A T U R E 

2300''C 

2220°C 

2290''C 

2365°C 

2445°G 

2365°C 

2045°C 

VACUUM 1 
( T O R R ) 

2 X 10-5 

4 X 10-5 

2 X 10~5 

2 X 10-5 

1 X 10-5 

3 X 10-5 

2 X 10-5 

crucible lid. This m a t e r i a l was found to be crys ta l l ine Th02. The yt t r ia 
inixture at 2045°C, the thor ia at 2220°C, and both hafnia samples did 
not exhibit detectable vaporizat ion. 

The samples were examined metal lographical ly . The rhenium 
samples were found to be extensively twinned under t he rma l s t r e s s . 

An elect ron mic roscope was used to evaluate the resu l t s at high 
resolut ion. Standard plast ic negative replication was used to p repare 
microscope samples for examination. Oxygen solution in the rhenium 
and subsequent precipi ta t ion of oxide in twin lines was apparent . The 
effect is more seve re at high t empera tu re s as i l lus t ra ted by compar i ­
son of the rhen ium-y t t r i a combination at 2045"C, shown in F igure 23, 
and at 2365®C, shown in F igure 24, Oxygen saturat ion of tungsten was 
not as apparent as can be seen in F igure 25. 

Hafnia appears to be very stable in the presence of tungsten or 
rhenium. No interface react ions were noted with the exception that 
some t rans i t ion zones were seen in the yt t r ia mix tu res ; however, 
these would only be on the o rde r of 2000 angs t roms thick. 

It is concluded that the principal sys tems W - Re, and Th02. 
Y-O^. Hf02 should be excellent for use at 2000''C, at least as far as 
chemica l stabil i ty is concerned. 
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Figure 23 - 40000X Elec t ronmicrograph of 80 Rhenium - 20 Yttr ia 
Mixture Subjected to 2045°C 
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Figure 24 - 24000X Elec t ronmicrograph of 80 Rhenium - 20 Yttr ia 
Mixture Subjected to 2365''C 
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Figure 25 - 24000X Elec t ronmicrograph of 7 5 Tungsten - 25 Yttria 
Mixture Subjected to 2300°C 

5.3 Investigations of Expansion Charac t e r i s t i c s 

Important p a r a m e t e r s in the design of s t ruc tu res exposed to 
high t e m p e r a t u r e s a r e the coefficients of t he rma l expansion of the 
construct ion m a t e r i a l s and the effects of m i s - m a t c h of these co­
efficients on the magnitude of the consequent t he rma l s t r e s s . It was 
cons idered des i rab le to invest igate the possibi l i t ies of tai loring 
m a t e r i a l expansion c h a r a c t e r i s t i c s to obtain c loser matching. 
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For solid solutions, an equation repor ted by Spurgeon will 
yield a good approximation to t he rma l expansion, par t icu la r ly when 
the solution involved is very near ideal . 

a 
a 

X a V, + X^a^V^ 
1 1 1 2 2 2 
X V + X^V 

1 1 2 2 

where ; a = respec t ive l inear coefficient, 

X = mole fraction, 

V = atomic volume. 

The probable meta l l ic and insulator m a t e r i a l s a re shown in 
Table 17 for compar ison of the i r expansion c h a r a c t e r i s t i c s . The 
sy s t ems are ei ther pure m a t e r i a l s or solid solutions. The coefficients 
of t he rma l expansion for i t ems m a r k e d (P) a re those predicted from 
the relat ion cited. 

5.4 Joint Sys tems and Composi tes 

F i r s t a t tempts to fabricate a body of these high t empera tu re 
m a t e r i a l s were by brazing a 75 tungsten - 25 rhenium alloy to y t t r ium 
oxide and hafnium oxide disks using y t t r ium as an active meta l bonding 
agent. These were unsuccessful . Clean argon proved to be too oxidizing 
an a tmosphere to pe rmi t mel t ing, as did a vacuum of 10" T o r r . The 
y t t r ium oxidized and powdered p r io r to mel t ing, preventing any bonding. 

'W. M. Spurgeon,"Thermal Expansion Coefficient of Binary substi t ional 
Solid Solution Alloys," Thermodynamics & Transpor t P r o p e r t i e s of 
Gases , Liquids, & Solids, ASME. 

F o r composite two-phase m a t e r i a l s , t he rma l expansion can be 
predic ted from K e r n e r ' s Equation. 

a -

4G 

K 
+ 3 E 

a.v. 
1 1 

4G /K 
o o + 3 

which is repor ted in Ki rchner , et .al . ,"Investigation of Theoret ica l 
and P r a c t i c a l Aspects of the The rma l Expansion of Ceramic 
Mater ia ls ." Cornel l Repor t s , P -1-1273-M-12 NOrd-18419. 
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Some v e r y s l igh t a m o u n t of m e t a l a p p a r e n t l y r e m a i n e d when the m e l t i n g 
t e m p e r a t u r e w a s r e a c h e d in the v a c u u m t r i a l and ox id i zed a f te r m e l t i n g . 
T h i s w a s conc luded s i n c e a so l id i f i ed r e a c t i o n p r o d u c t w a s found on the 
ha fn ium oxide d i s k but had f a i l ed to wet the m e t a l p l a t e . T h i s c o r r o s i o n 
p r o d u c t w a s iden t i f i ed by X - r a y e x a m i n a t i o n a s c r y s t a l l i n e Y 0 . 

A l a t e r e x p e r i m e n t w a s s u c c e s s f u l . F i g u r e 26 shows a y t t r i u m 
oxide d i s k w h i c h w a s bonded to r h e n i u m wi th y t t r i u m . The bonding 
m e c h a n i s m w h i c h o c c u r r e d i s s i m i l a r to b r a z i n g . The bond w a s f o r m e d 
in a g e t t e r e d a r g o n a t m o s p h e r e at 1600' 'C. The c e r a m i c d i sk a d h e r e d 
t igh t ly to the r h e n i u m s h e e t . T h i s s a m p l e w a s s u b j e c t e d to five t h e r m a l 
c y c l e s b e t w e e n 500 'C and 1400' 'C. The h igh t e m p e r a t u r e in t h i s t e s t 
w a s l i m i t e d to MOO'C to r e m a i n about 200*C be low the m e l t i n g poin t 
of y t t r i u m . The bond r e m a i n e d s t r o n g and the p i e c e s i n t a c t . 

The s a m e s a m p l e w a s t h e n s u b j e c t e d to 2000 'C to d e t e r m i n e the 
e f fec t s of e x p o s i n g i t to t e m p e r a t u r e s above the m e l t i n g point of y t t r i u m . 
The bond r e m a i n e d i n t a c t w i th no c r a c k s o r de f ec t s a p p a r e n t in the p ieces« 

T a b l e 17 - T e n t a t i v e M a t e r i a l S e l e c t i o n for Use at 2000^0 

1 Metals 

j Compos i t i on 

1. W 

2. Re 

3. W-Re 

4. R u - M o * 

5. Re -W 

P e r c e n t 

p u r e 

p u r e 

75-25 

89-11 

90-10 

E x p a n s i o n / ° C 

4 , 6 x 1 0 " ^ 

6.7 X 10-6 

5.6 x 10-6 (P) 

8.5 X 10"^ (P) 

6.5 X 10-6 (P) 

I n s u l a t o r s 

1. ThO 

Y V3 
3 . ThO^-Y^Oj 

4. ThO - E r 0 

5. Hf02 .Y^03 

p u r e 

p u r e 

25-75 

50-50 

95-5 

10,4 x 10"^ 

9.3 x 10"^ 

9.5 x 10"^ (P) 

10.0 X 1 0 - ^ (P) 

6.5 X 1 0 - ^ (P) 

* Limited to 1800°C Use 

(P) indicates value predicted from the relation of Spurgeon, 
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Figure 26 - Rhenium-Yttr ia Sample Bonded with Yt t r ium 

The two pa r t s of this sample were then broken apar t . Visual 
examination of the f racture a r ea showed that a co r ros ion product had 
formed between the two m e m b e r s and that the b reak occu r r ed in this 
co r ros ion product. It has been concluded that this co r ros ion product 
forxrted because of an excess of y t t r ium in the bond a r ea . F r o m m e t a l ­
lurg ica l evaluation of the p ieces , it was apparent that diffusion of 
y t t r ium had occur red into both the y t t r i a and the rhenium presumably 
during exposure to 2000''C. A t rue meta l lu rg ica l bond was formed. 

It is considered that reducing the amount of y t t r ium in the joint 
will improve the bond. It may also be possible to bond the y t t r i a to the 
rhenium direct ly by the diffusion p r o c e s s . Such a bond should have 
p rope r t i e s which would make it usable at 2000°C. 

Two small graded-composi te s t ruc tu re s have been p rocessed . 
These consist of a s t ruc ture graded from pure rhenium to s tabi l ized 
hafnia in one sample , and from 95 rhenium - 5 tungsten to pure y t t r i a 
in the second sample . The tungsten addition was used in the second 
sample to enhance s interabi l i ty since s inter ing was not complete in 
the sample made with pure rhenium and hafnia. These samples were 
powder p re s sed and s in tered in argon at 1800''C. The samples appeared 
to be dense and sound under visual examination. 

F igure 27 shows two views of the composi te cup fabricated from 
pure rhenium powder graded into a 5 percen t y t t r i a - - 9 5 percent hafnia 
(stabil ized) ce ramic . Although gradiat ion was crude, and some difference 
in the sintering shrinkage of the m a t e r i a l s was encountered, the cup 
was he rme t i c . The t he rma l expansions of rhenium and hafnia a re closely 
enough matched so that even though gradiat ion was c rude , it was ade­
quate to achieve a sound body. 
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Figure 27 - Composite Cup F o r m e d of Rhenium and Stabilized Hafnia 

In addition to the diffusion joining and composite body s tudies , a 
metal l iz ing sys tem of SOW - 10 Mo - 10 Y-,0_ was successfully appliec 
to four ce r amic composi t ions; y t t r i a stabil ized hafnia, 50 erb ia - 50 
thor ia , y t t r ia , and 75 y t t r i a - 25 thor ia . F i r ing of the s lu r ry was 
per formed at 1875°C. 

While significant r e su l t s have been achieved in the study of 
m a t e r i a l s and seals for use at 2000''C, a considerable amount of work 
is requ i red before such m a t e r i a l s and sea ls can be used in the fabr i^ 
cation of conver te r s with high expectation of rel iable operation. 
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CONCLUSIONS AND RECOMMENDATIONS 

CONCLUSIONS 

The following conclusions have been drawn from the r e su l t s 
tudies on the var ious sealing method and s t ruc tu re s : 

1. P r e s e n t s t a t e -o f - t he -a r t u l t rason ic welding methods 
offer little potential for the joining of me ta l s and 
c e r a m i c s to be used at high t e m p e r a t u r e s . The nature 
of the energy input (high-frequency vibration) poses a 
problem in the use of these methods with m a t e r i a l s 
which have low impact r e s i s t a n c e . 

2. The use of e l ec t ron-beam welding techniques for 
producing he rme t i c c e r a m i c - m e t a l sea ls is not at 
this t ime poss ib le . Direct fusion of c e r a m i c s to 
re f rac tory me ta l s by e l ec t ron -beam welding techniques 
is poss ib le . However, the bonds which have been 
achieved to date a re mechanica l in nature and are not 
h e r m e t i c . It is possible to make strong e lec t ron-beam 
welds between thin re f rac to ry me ta l m e m b e r s and the 
meta l l ized surface of a c e r amic body. While only a 
smal l number of t r i a l s were made to fabricate this 
type of joint, the t r i a l s showed that the p r i m a r y 
problem in accomplishing welded he rme t i c seals 
between a re f rac to ry meta l m e m b e r and a meta l l ized 
surface is the control of the welding beam energy and 
penetrat ion. This control r equ i rement is a considerable 
problem because at leas t an order of magnitude 
improvement in penetrat ion control is needed. 

3. The formation of an e lec t ro -depos i ted bonding layer 
connecting a re f rac to ry me ta l m e m b e r and the m e t a l ­
l ized surface of a c e r amic is poss ible . However, the 
p r o c e s s r equ i r emen t s for depositing sufficient m a t e r i a l 
and ensur ing soundness and adequate density throughout 
the deposited m a t e r i a l a r e lengthy and requi re r a the r 
p r ec i s e control . This means of forming h igh - t empe ra ­
ture sea ls is considered l e s s p rac t ica l than o thers 
which were studied. 
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4. The metal l iz ing technique -which was developed using 
the tungsten-^ttria_ sys tem is a significant advancement 
in the metal l izing art„ It enables high puri ty aluminas 
to be meta l l ized , as w^ell as other bodies which also do 
not have consti tuents to provide glassy phase ma te r i a l s 
during metal l iz ing. The g rea t e r adhesion s trength of 
this m a t e r i a l systenn over that of other metall izing 
sys tems provides s t ronger m e t a l - c e r a m i c joints with 
all c e r a m i c s . 

While the high t e m p e r a t u r e cha rac t e r i s t i c s of this 
metal l iz ing sys tem have not been evaluated sufficiently 
to pe rmi t specific conclusions to be drawn, the nature 
of the m a t e r i a l s used indicate that s t ruc tu res fabricated 
with this sys tem should have capabil i t ies of being used 
at t e m p e r a t u r e s up to 1500°C. 

The re la t ive s implici ty of the ma te r i a l sys tems 
min imizes likelihood of unwanted react ion with the 
use environment. 

5. Seals formed by a diffusion p r o c e s s , in which various 
react ion products - usual ly oxides of ma te r i a l s inser ted 
in the interface - provide gradual t rans i t ion from metal 
to c e r a m i c , can be used as joining sys tems for high 
pur i ty alumina, 

6. The seal sys tem formed between molybdenum and high-
pur i ty alumina, using the alumina - y t t r ia eutectic, which 
was descr ibed in Section 3.7.2, can be used in ces ium 
environment at t e m p e r a t u r e s up to 1500°C. 

7. The composite s t r u c t u r e s , such as those fabricated 
from tungsten and alumina and from mate r i a l s combi­
nations usable at higher t e m p e r a t u r e s , offer the grea tes t 
potential for development of conver ter s t ruc tu res to 
withstand seve re t h e r m a l shock and cycling conditions. 
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6.2 RECOMMENDATIONS 

It is recommended that additional work which may be performed 
on these sys tems be d i rec ted at the following object ives. 

1, Determining the physical and e lec t r ica l cha rac t e r i s t i c s 
of the alumina - y t t r i a eutect ic seal sys t ems descr ibed 
in Section 3,7.2. This determinat ion should include 
evaluation at ex t r emes of t e m p e r a t u r e and in the p resence 
of ces ium. Data should be obtained from a sufficient 
number of, sample p ieces to provide a s su rance or r epea t ­
ability of c h a r a c t e r i s t i c s observed, 

2, Determining of the improvements obtained in conver ter 
operating c h a r a c t e r i s t i c s by application of the seal of 
Section 3.7.2 to the fabrication of an essent ia l ly a l l -
ce ramic conver ter envelope wal l . 

3, Completing the development of the c e r a m i c - m e t a l 
composite s t ruc tu re using the most suitable combination 
of ce ramic and me ta l . This form of s t ruc tu re is 
considered to have by far the g rea tes t potential u s e ­
fulness in thermionic conver te r s because of its inherent 
r e s i s t ance to t h e r m a l shock. 
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APPENDIX B 

THERMAL ANALYSIS OF IDEALIZED 
SOLAR-POWERED THERMIONIC 
GENERATOR IN EARTH ORBIT 

MODEL 

The nnodel es tabl ished for analysis is a spher ical cavity genera tor , 
3 inches in outside d iameter , made up of many conve r t e r s . Taken col lec­
tively, the conver te r co l lec tors constitute the outer shell, which radia tes 
re jec t heat to space . The emi t t e r s constitute the inner shell, which is 
heated by solar energy enter ing through an aper tu re in the sphere . 
The solar energy is d i rec ted at the aper tu re by a concentrator (mi r ro r ) . 
The effect of the ape r tu re is considered to be small , and is neglected 
in the ana lys i s . The specific heats and densi t ies of both e lect rodes were 
taken as typical values for re f rac to ry meta l s . These values were a r r ived 
at by averaging these p roper t i e s for molybdenum, tungsten, tantalum, 
and t i tanium. A represen ta t ive value for work function was also 
de t e rmine . 

The orbi ta l period a s sumed is 90 minutes, the satell i te being in the 
ea r th ' s shadow for 32 minutes (35.55 percent) of this t ime. The at tenua­
tion of solar energy by the a tmospher ic layer around the earth has been 
ignored because it was reasoned that its effect on the curves would be 
smal l . Traveling at 18,000 mph, the t ime during which the input solar 
energy is appreciably attenuated by the a tmosphere is only a smal l 
fraction of a minute. 

The following cases were chosen to be evaluated. The s teady-s ta te 
conditions were given as : 

Case I - 2000°C cathode, 900''C anode, • 
10 percent efficiency, 

Case II - 1500"*C cathode, 900°C anode, approxi­
mately 1 percent efficiency. 

During the analys is , it was found that the initial conditions for 
Case II defined a completely different sys tem than Case I, thereby 
making conaparison of the two cases imposs ib le . It was felt that these 
two cases should-be run for the same diodes on the bas is of physical 
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configuration and heat t r ans fe r c h a r a c t e r i s t i c s . La ter it will be shown 
that this bas is yields the following s teady-s ta te conditions, the 1500° 
cathode t empera tu re being retained: 

Case II - 1500'C cathode, 582°C anode, 
0.0631 percent efficiency. 

DERIVATION OF EQUATIONS 

Equation for Cathode Tempera tu re 

Taking a heat balance between A and B shown in the schemat ic 
of F igure B- 1, 

heat giving change radia t ive heat heat loss due to 
heat in = + + 

in cathode temp. t rans fe r , l—> 2 e lect ron boil-off 

q(T) p c v 
^1 1 1 

DT 1 
dr l->2 

• 4 
T ^ ( T ) 

4 heat loss due to 
e lect ron boil-off 

The average total energy loss from the cathode per e lect ron boiled off 
is equal to the energy requ i red to r a i s e the e lect ron over the work 
function potential and space -cha rge repuls ion (qgV-i) plus the average 
kinetic energy of the e lec t rons in the p la sma . If the gas in the diode is 
effective in reducing the space charge, V-i%4>L 

SOLAR ENERGY 

1 

CATHODE ELECTRON 

BOIL-OFF 

THERMAL 

RADIATION 

2 

ANODE 

THERMAL 

• ^ RADIATION 

(TO SPACE) 

ELECTRICAL 
POWER 

Figure B-1 - Heat - Balance Schematic 
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The average energy of the e lectrons in the p lasma was de te r ­
mined as follows: 

The energy of an emit ted electron in a direct ion 
perpendicular to the surface of the cathode must 
be g r e a t e r than cj)] • The average energy above 
the work function is about kT; in the other two 
axes of motion, the e lect ron has its average 
energy 1/2 kT for a total of 2 kT. 

The total energy removed by the boiled-off e lec t rons may now be 
expressed as 

/ 2 k T 
I L + 

r i q 
\ e 

The cur ren t , I, c rea ted is a definite function of the cathode t em­
pe ra tu re , the effect of the anode cha rac te r i s t i c s being smal l . Richardson 
equation s tates 

T 
J - C 5 ——r~ a m p s / c m , 

- - [ ^ ^ 
2 2 

where C is a constant?^ 120 a m p s / c m "K . The e lec t r ica l power is then 
the voltage V t imes the above cur ren t . A voltage of 1.5 volts has been 
exper imental ly found to yield the best efficiency. 

The heat input q(T) may be expressed in ternas of ra ted power P ( T ) 
and efficiency T| by 

q ( T ) ^ 

At s teady-s ta te dT / d r = 0 and K turns out to be 
1 l-*2 

P ( 0 ) 

K 

2k 
cb + — T O 
^1 q 1 e 

1(0) 

l—a. 2 4 4 
T ^ ( 0 ) - T 2 ( 0 ) 
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Wri t ing the o r i g i n a l d i f f e r e n t i a l equa t i on in d i f f e r e n c e f o r m to 
f ac i l i t a t e so lu t ion by an i t e r a t i v e p r o c e d u r e on the d ig i t a l c o m p u t e r 
y i e ld s the fol lowing r e s u l t : 

r 

T ' ( n ) = T ' ( n - 1 ) + 0 . 8 7 6 ^^ ^ { 

^ 1 1 1 

P(T) ^ ^ - f c t > + ^ T (0)|I(0) 
•n ! 1 q_ 1 

T ( n - l ) - T ( n - l ) / 
^ ^L-. £ Lj, + _ T ( n - l ) I I ( n - l ) 

T^(0)-T2(0) \ ^ \ ^ 

w h e r e n is the nunaber of i t e r a t i o n s , equa l to T / A T . 

The p r i m e d t e m p e r a t u r e s i n d i c a t e "C r a t h e r t han °K, and 0.876 
is a un i t s c o n v e r s i o n f a c t o r . 

E q u a t i o n for Anode T e m p e r a t u r e 

Tak ing a hea t b a l a n c e b e t w e e n A and C, 

hea t g iving c h a n g e hea t g iving change e l e c t r i c a l r a d i a t i o n to 
hea t in = + + + 

in ca thode t e m p . in a n o d e t e m p . p o w e r output s p a c e , 2-*'S 

d T dT 
q/T) = p c v + p c V ^ + P ( T ) + K 
^^ ' ^1 1 1 dT ^2 2 2 dT ^ r 2 - * s 

4 4 
T „ ( T ) - T 

i- s 

F r o m s t e a d y - s t a t e cond i t i ons , 

P (0 ) 
P ( 0 ) 

K . 
2-*' s 4 4 

T fO) - T 
2 s 

Wri t ing in d i f f e r e n c e f o r m and so lv ing for T » 

p c V 
T ' ( n ) = T M n - l ) - - ™ : ~ p 

^ ^ P2'^2^2 

T ' ^ (n ) -T^(n> l + 0.876 
A T 

p c V 
^2 2 2 

4 4 
T ( n - l ) - T 

P(0)(i-1) % I 
'^ T ^ ( 0 ) - T 
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CASES CONSIDERED 

Note that the constants K, -, and K- a r e completely spelled 
out by the s teady-s ta te conditions. For Case I, the values used appear 
r ea l i s t i c when compared with l i t e r a tu re . However for Case II, no such 
compar ison was made because cases using such low cathode t empera ­
tu res have not been found descr ibed in l i t e ra tu re . It soon became 
evident that the resu l t s for Case II could not be compared meaningfully 
to Case I. This was because the new set of s teady-s ta te conditions defined 
a new diode having different values of ^\..^2. ^^^ •^2-»»s' •'•'̂  t e rms of 
heat t r ans fe r theory, these constants a r e compr ised of view factors and 
emiss iv i ty . If we a s sume that the emiss iv i t ies do not vary with t empera tu re , 
a diode in the sanae orbi t and having identical geometry should have the 
same Ki^^o ^'^^ ^2-*• s values . Making these values the same for both 
cases and fixing the new cathode t empera tu re at ISOO^C, a new anode 
t empera tu re and thermionic efficiency were calculated. 

Comparing Case II to Case I then, what we have now is the same 
diode in the same orbit , but with a smal le r m i r r o r , thereby heating the 
cathode to a lower t empera tu re and causing considerably less cur ren t 
to flow, which in turn reduces the efficiency. 

The s teady-s ta te power for Case I is 142.6 watts; for Case II it 
is 0.239 watts , 

RESULTS 

The r e su l t s of the digital computation a r e shown in Figures B-2 
and B - 3 . The sudden leveling off of the cathode t empera tu re soon after 
light t ime begins is due in a la rge pa r t to the emiss ion of e lec t rons , which 
is a very strong function of t empera tu re and becomes very important at 
high t e m p e r a t u r e s . 

FUTURE POSSIBILITIES 

It might be in teres t ing to see how varying different paranneters 
affects these c u r v e s . Since the programming is a l ready done, the 
substi tution of different values would be very inexpensive. 
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SUMMARY O F EQUATIONS 

A T , / P ^ T I 
T ' (n) = T ' ( n - l ) + 0.876 — = ^ ^' 

1 1 P c.v_ 
1 1 1 

VI(0) 
^ + — T (0)!l(0) 

1 q 1 

^ 1 ^"^'^^ - ^ 2 ( ^ - 1 ) 

T ^ ( 0 ) - T ^ ( 0 ) 

\ 
2k 

(j. + — T ( n - l ) 
1 q 1 

e 
I ( n - l ) (1) 

p c v 
T;(n) = T;(n-1)- J - J ~ J -

^ ' P2^2"2 

T ' ( n ) - T ' ( n - l ) 
1 1 ' 

+ 0.876 
A T 

p c v 
^̂ 2 2 2 

x/—^-i - V I ( n - l ) -

4 4-1 
T ( n - 1 ) - T 

V I ( 0 ) ( - - 1 ) - ^ f 
^ T (0) - T 

(2) 

I (n -1 )= 775 A 

2 
T ( n - l 

1 
1 

exp . 
q 4̂ 1 

e 1 
kT ( n - l ) 

1 

SYMBOLS, VALUES, AND UNITS 

T e m p e r a t u r e : C a s e I 

(3) 

T^ (0 ) 

T ^ ( 0 ) 

T ^ ( 0 ) 

T2 (0 ) 

initial cathode t empera tu re 

initial cathode t empera tu re 

initial anode t empera tu re 

initial anode t empera tu re 

Tempera tu re : Case II 

init ial cathode t empera tu re 

initial cathode t empe ra tu r e 

initial anode t empera tu re 

TJ(0) 

T^(0 ) 

T^ (0 ) 

2000 

2273 

900 

1173 

0 ^ 

'K 

Ĉ 

"K 

1500 

1773 

592 

"C 

"K 

'C 
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T^m 

Rated Power 

P(T) 

Time 

T 

A T 

i n i t i a l a n o d e t e m p e r a t u r e 865 

s p a c e t e m p e r a t u r e 4 

r a t e d p o w e r = 0 for 0 < T < 32 
= VI 0) for 32< T < 90 

s t e a d y - s t a t e l f C a s e I : 142.6 
p o w e r output) j C a s e II: 0.239 

t i m e 

t i m e i n t e r v a l (use own d i s c r e t i o n ) 0 . 0 2 

T h e r m i o n i c Ef f i c i ency : C a s e I 

r\ t h e r m i o n i c e f f ic iency 

T h e r m i o n i c E f f i c i ency : C a s e II 

r| t h e r m i o n i c e f f ic iency 

0.1 

0.000631 

E l e c t r i c a l Output 

g e n e r a t e d e l e c t r i c a l c u r r e n t I ( n - l ) =21900 

°K 

"K 

wat t s 

w a t t s 
wa t t s 

m i n u t e s 

nainutes 

T ^ ( n - l ) 

exp . 

1 
V 

c u r r e n t d e n s i t y f r o m ca thode 

load vo l t age 

P h y s i c s P a r a m e t e r s 

c a thode w o r k funct ion 

c a t h o d e w o r k funct ion and 
s p a c e c h a r g e p o t e n t i a l 

e l e c t r o n c h a r g e 

B o l t z m a n n c o n s t a n t 

1 
4.1 

V 
1 

e 
k 

2k 
q 

1.6 xio" 

1.38x10 

19 

- 2 3 

1.723x10 
- 4 

(4.75x10 

T ^ ( . - l ) 

a m p s / c m 2 

1.5 volts 

volts 

volts 

coulombs 

joules/^K 

volts/"K 

—ramp 
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Elec t rode P r o p e r t i e s 

Geometry 

A 

Others 

q(T) 

K. 
l -*2 

K„ 

cathode density 

anode density 

cathode specific heat 

anode specific heat 

cathode volume 

anode volume 

cathode a r e a of emiss ion 

heat input (step function of t ime) 

constant of thernnal radiat ion fronn 
cathode to anode 

constant of t h e r m a l radiat ion from 
anode to space 

number of i tera t ions 

12.7 g /cc 

12.7 g /cc 

0.077 cal/gm°C or BTU/lb°F 

0.077 cal /gm°C or BTU/lb°F 

1.41 

3.54 

28,3 

i n . 

i n . 

i n . 

watts 

watts/^K' 

wat ts / "K 
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APPENDIX C 

PLATING PROCEDURE FOR HEAVY 
RHODIUM PLATE ON MOLYBDENUM 

The following procedure was found to give the best r esu l t s in 
plating of rhodium on a nnolybdenum base meta l . 

1, Sandblast 

Air P r e s s u r e 

Grit Size 

60-80 psi 

80 Mesh 

Hot Alkaline Elec t roc lean Cathodically 

Tempera tu re - 150^F 

Voltage - 6 volts 

Solution - 6 oz /ga l . Wyandot #38 

Water Rinse 

4. 

5. 

6. 

Woods Nickel Strike 

Time 

Current Density 

Tempera tu re 

Nickel Chloride 

HCl 

Water Rinse 

Rhodium Plate 

1 Minute 

150 amps/f t2 

Room 

2#/gal . 

16 fluid ounces/gal 

Time 

Current Density 

Tempera tu re 

Solution 

1-1/2 h r s . to plate 0.001" 

15 am.ps/ft2 

110-130°F 

15 g r a m s / l i t e r 
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7. Vacuum Anneal 

Time 

Tempera tu re 

Vacuum 

Elec t roc lean 

Tempera tu re 

Voltage 

Solution 

Surface Activation 

Time 

Voltage 

Tempera tu re 

Solution 

10. Water Rinse 

11. Plat inic Chloride Strike 

Time 

Tempera tu re 

Curren t Density 

Solution 

12. Water Rinse 

13. Rhodium Plate 

30 minutes 

1800°F 

1 x 10 ' mm/Hg 

150°F 

6 volts 

6 oz /ga l . Wyandot #38 

1-2 nninutes 

6-8 volts 

Room 

Cobalt Cyanide 

Po tass ium Cyanide (80 g r a m s / l i t e r ) 

Cobalt Sulfate (2-4 g r a m s / l i t e r ) 

2 minute,s_. 

Room 

10 amps/f t2 

3% chloroplatinic Acid 

Same as Step 6 
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14. If heavier plating is des i red , repeat Steps 6 through 12. 

The highly s t r e s s e d condition of the plated coating caused con­
s iderable surface cracking to occur . The use of the vacuum anneal 
after each plating operat ion is requ i red to rel ieve the coating s t r e s s e s . 
Attempts to over -p la te previous ly plated specimens d i rec t ly after the 
vacuum annealing operat ion were unsuccessful . The use of the cobalt 
cyanide s t r ike react ivated the surface so that plating could proceed. 
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At tn: L t . C m d r . J , P r o s s e r 
W a s h i n g t o n 25, D. C. 

U .S . A t o m i c E n e r g y C o m m i s s i o n 
San F r a n c i s c o O p e r a t i o n s Office 
At tn : R e a c t o r D iv i s ion 
2111 B a n c r o f t Way 
B e r k e l e y 4 , C a l i f o r n i a 

U .S . A t o m i c E n e r g y C o m m i s s i o n 
Office of T e c h n i c a l I n f o r m a ­

t ion E x t e n s i o n 
P . O . Box 62 
Oak R i d g e , T e n n e s s e e 

N a t i o n a l A e r o n a u t i c a l and Space 
A d m i n i s t r a t i o n 

At tn : D r . W a l t e r Scot t 
1520 H S t r e e t N .W. 
W a s h i n g t o n 25 , D, C. 

OTS STOCK 
1200 South E a d s S t r e e t 
A r l i n g t o n , V a . 

O T H E R S 

A e r o s p a c e C o r p o r a t i o n 
At tn : L i b r a r y T e c h n i c a l 

D o c u m e n t G r o u p 
P . O . Box 95085 
L o s A n g e l e s 4 5 , C a l i f o r n i a 

CYS O T H E R S (Cont 'd) 

1 A e r o j e t G e n e r a l N u c l e o n i c s 
At tn: K. E . Buck 
Box 77 
San R a m o n , Ca l i f o rn i a 

1 A t o m i c s I n t e r n a t i o n a l 
At tn : D r . R. C, A l l en 
P . O . Box 309 
Canoga P a r k , C a l i f o r n i a 

1 F o r d I n s t r u m e n t C o m p a n y 
Attn: T , J a r v i s 
3110 T h o m s o n Avenue 
Long I s l a n d Ci ty , New York 

1 G e n e r a l A t o m i c 
Attn: D r . W, P idd 
P . O . Box 608 
San Diego 12, C a l i f o r n i a 

1 The M a r t i n C o r p o r a t i o n 
Attn: D r . M. T a l a a t 
B a l t i m o r e 3, M a r y l a n d 

1 G e n e r a l E l e c t r i c C o m p a n y 
R e s e a r c h L a b o r a t o r y 
Attn: W, G r a t t i d g e 
P . O . Box 1088 
S c h e n e c t a d y , New York 

1 G e n e r a l E l e c t r i c C o m p a n y 
Attn: M r . D. L . Shae fe r 
1 R i v e r Road 
S c h e n e c t a d y 5, New York 

1 G e n e r a l E l e c t r i c C o m p a n y 
V a l l e y F o r g e Space T e c h n o ­

logy C e n t e r 
At tn : D r . J . C. Danko 
P . O. Box 8555 
P h i l a d e l p h i a 1, P a . 



CYS O T H E R S (Cont 'd) 

1 I n t e r n a t i o n a l T e l e p h o n e & 
T e l e g r a p h 

I T T I n d u s t r i a l L a b o r a t o r i e s 
A t tn : D r . D. K. Co le s 
3700 E a s t P o n t i a c S t r e e t 
F o r t Wayne, Ind iana 

1 T h e r m o l E l e c t r o n Engineer in^ 
C o r p o r a t i o n 

A t t n : D r , G. H a t s o p o u l o s 
85 F i r s t A v e n u e 
W a l t h a m 54, M a s s . 

1 T h o m p s o n R a m o Woold r idge Ir 
New P r o d u c t s R e s e a r c h 
At tn : W. J . L e o v i c 
23555 E u c l i d Avenue 
C l e v e l a n d 17, Ohio 

1 G e n e r a l M o t o r s C o r p o r a t i o n 
A l l i s o n D iv i s ion 
At tn : M r . D. L. D r e s s e r 
I n d i a n a p o l i s 6, Ind iana 

1 The Bend ix C o r p o r a t i o n 
R e s e a r c h L a b o r a t o r y 
At tn : G e o r g e B u r t o n 
Southf ie ld , Mich igan 

1 Union C a r b i d e C o r p o r a t i o n 
P a r m a R e s e a r c h L a b o r a t o r y 
12900 Snow Road 
P a r m a , Ohio 

1 P r a t t and Whitney A i r c r a f t 
Uni ted A i r c r a f t C o r p o r a t i o n 
400 Main S t r e e t 
E a s t H a r t f o r d , C o n n e c t i c u t 
A t tn : W, H, P o d o l n y 

CYS OTHERS (Cont 'd) 

1 B a t t e l l e M e m o r i a l Ins t i tu te 
At tn : R. F . D i c k e r s o n 
505 King Avenue 
Co lumbus 1, Ohio 

1 Radio C o r p o r a t i o n of A m e r i c a 
E l e c t r o n Tube Div i s ion 
At tn : F , G. Bloch 
L a n c a s t e r , P a , 

1 M a r q u a r d t C o r p o r a t i o n 
At tn : C. Kap lan 
Van Nuys , Ca l i fo rn i a 

1 The Boe ing Company 
A e r o s p a c e P o w e r 
At tn : P . H. E n t z / M a i l Stop 15-50 
Sea t t l e , Washing ton 

1 Wes t inghouse E l e c t r i c C o r p . 
R e s e a r c h L a b o r a t o r i e s 
Beu lah Road, C h u r c h i l l B o r d 
P i t t s b u r g h 35, P a . 
At tn : D r , R. J . Zol lweg 

1 E l e c t r o Optical S y s t e m s , Inc . 
At tn : D r , A, D. J e n s e n 
125 N. Vinedo Avenue 
P a s a d e n a , Ca l i fo rn i a 

1 Hughes A i r c r a f t Company 
A t tn . Dr . R, C. Knech t l i 
3011 Mal ibu Canyon Road 
Malibus Ca l i fo rn i a 

1 G e n e r a l E l e c t r i c Company 
Spec ia l P u r p o s e N u c l e a r 

S y s t e m O p e r a t i o n 
At tn : C, H. Seaton 
P l e a s a n t o n , Ca l i fo rn i a 



CYS OTHERS (Cont'd) 

1 Defense Metals Information Center 
Battel le Memoria l Institute 
505 King Avenue 
Columbus 1, Ohio 

2 General E lec t r i c Company 
Centra l Technical Information Center 
3081 Eas t Lake Road 
E r i e 1, Pa . 

1 Cummins Engine Company, Inc. 
Attn: N. A. Weil 
Columbus, Indiana 

1 Mater ia ls Resea rch Corporat ion 
Attn: Mr, V. E, Adler 
Orangeburg, New York 

1 Eitel-McCullough, Inc. 
301 Industr ia l Way 
San Car los , California 

1 Power Information Center 
Universi ty of Pennsylvania 
Moore School Building 
200 South 33rd Street 
Philadelphia 4, Pa . 




