rently being directed toward this goal., Another important heat source i
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I, INTRODUCTION |
Thermionic energy conversion is the conversion of thermal energy

directly to-electricai energy by the émissién of electrons from a ’

heated surface, the subsequent collection on a cooler surface and the

r;turn of the electrons to the emitting surface through an external

load. This form of direct energy conversion is now being developed

for both military and civilian applications. Thermionic converters ' s

for use with solar energy are planned as small power sources for some

space missions. Radioisotope heat sources are also being devel&ped

for use with thermionic converters for sméll power requirements, The

real potential of nuclear energy in conjunction with thermionics, how-

ever, lies in the nuclear thefmionic reactor system., Here the lack of

moving parts, the high heat rejection temperature and the potential

high power density result'in‘a power-to~-weight ratio that is signifi-

cantly. greater than other power sources and thus is very attractive

for the space program. Compactness and silence are also important

features of this system., A considerable amount of research is'cur-

is fossil fuel., Flame-fired thermionic converters are being developed :
for small, silent, light weight and portable power sources for special

military applications, Eventually thermionic converters fueled with
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‘converted directly into electrical energy. In Figure 1 the essential

natural or bottled gas may be significant for certain civilian power
requirements.

In order to make thermionic energy conversion attractive as a
practical source of electricity, the materials involved in both the
converter and heat source must operate at extremely high temperature, up
to the range of 1200-1800°C  (2200-3300°F). Furthermore, and this
is the main cause for the difficult and pressing materials problems,
in most cases the materials must operate and remain stable at these
temperatures for several thousand. hours. There are, therefore, many
materials problems associated with the development of thermionic
energy conversion., These involve the basic components of thermionic
converters, the heat sources, and the coupling of the converter to
th; heat source, It is the purpose of this paper to review in a
broad sense these materials problems, Their significance, however,
can be appreciated only with .a knowledge of some of the fundamentals
of thermionic energy conversion and its potential applications.

The next two sections of this paper are concerned with these areas.

The specific materials problems are then discussed.,

II. FUNDAMENTALS OF THERMIONIC ENERGY CONVERSION

A thermionic converter is a system in which thermal energy is

features of a thermionic converter are shown, The components important
to the processes of thermionic energy conversion are the emitter,
collector, interelectrode gas, the insulators, the electrical leads

and support structures. An emitter is heated to a temperature high
enough to cause emission (boiling off) of electrons. These

electrons cross an interelectrode‘spéce to a collector where their

electron potential energy is higher, An external load provides a path
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by which these electrons can do useful work while returning to the
emitter,

The potential energy diagram for an idealized converter is shown
in Figure 2. The quantities are negative electrical potentials or
electron potentials. The emitter and collector work functions are ¢e
and ﬂc respectively. V° is the output voltage across both the leads,
Vw, and the load, V, and e is the electronic charge. The work function
is the difference in energy of an electron inside and outside of the
metal, The lower the work function, the higher the emitted current is
for a given emitter temperature. Also, the difference between the
emitter and collector work function is related to the'output voltagg.

By definition the thermionic energy conversion efficiency is the
ratio of the useful power delivered to the external load to the power
input to the emitter. An expression for this efficiency has been
worked out in varying degrees of completeness by several authorsl-ll
under the basic assumption that space charge effects can be ignored.
The expressioﬁs made by Richardsonlo and Stanatham}l are the most ‘com-
plete in that explicit account is taken of Joulean heating losses in the
plasma, thermal cénductivity losses through the plasma and back-emission
of electrons frpm the collector, However, the review presented here
follows those of Rasor8 and Schock9 more closely. |

The efficiency is given by the expression

J V
N = L, Q. ees (1)
where J is the output current density
V is the corresponding output voltage
Qe is the electron cooling of the emitter
'Qr is radiant heat lost by the system
Qc is the conductive heat losses through

local lead wires and the supports
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By considering the ideal converter, that is one which is limited
by the emission processes and in which transport losses in the inter-
electrode spaces are neglected, the various factors in Equation 1 can
be computed and an upper limit on performance for all types of thermionic
conve?ters can be determined, The maximum obtainable efficiéncy for
a given emitter is determined by a few paramefers which include the
emitter temperature, the collector work function and the emissivity.
These independent variables specify optimum values for VO, the output
voltage; J, the output curreﬁt, the collector temperature and the lead
dimensions. It is only necessary that the emitter work function be

= eVo + ﬁc in

equal to or less than a critical value given by Porit

order to achieve maximum efficiency. . Using reasonable values for the
independent variables including a collector work function of 1.7 ev
the computations'yieldAthe results given in Figure 3. The significant
features are: |
a. the ﬁaximum efficiency increases with increasing
temperature
b. the optimum power density increases with temperatur?
ﬁut at high temperatures and high\emissivities very
high current densities‘are required for optimum
‘performance
c. at the lowest temperatures, the output density is
also low, of the order of a few watts per sqﬁare
centimeter,
As stated above, the calculations are for an ideal converter in
which transport losses and space charge effects are ignored. In a
practical case, the density of electrons in the interelectrode space
is so large that additional flow of electrons from the emitter is

impeded unless precautions are taken to reduce or eliminate the space

ke



charge. Overcoming these space charge effects turns out to be a major
problem in general. The‘interelectrode spacing can be made so small
that the space charge has a minor effect on the output power and the
efficiencies approach their optimum values, In this case, howgver, the

machining and assembly tolerances are so stringent (the spacing between

“the emitter and collector is less than ~0,001 inch) that this design

is impractical, Additionally, the close spacing tends to allow the

collector to be more easily contaminated with materials evaporated from
!

the emitter causing a decrease in the output power. The space charge

can Ee reduced or eliminated by the addition of a gas such as cesium

which becomes ionized either by volume or surface ionization mechanisms,

With this method of overcoming the space charge, useful power densities

can be obtained with interelectrode spacings of several thousandths of

an inch. The use of cesium, however, introduces other effects which
tend to lower performance., For spacings of the order of tens of
thousandths of an inch the Joulean heating losses of the plasma become
excessive; and for very close spacings, the conductive heat losses of
the plasma become excessive,

The theoretical power densities and efficiencies shown in Figure 3
hgve not been obtained in practice., With an emitter temperature of
2000°K, several companies have built cesiated converters with outputs
of 7-9 watts/cma at output'.voltages of 0.7 - 0.8 volts. There have also
seen exceptional performances with power densities up to 20 watts/cm? at
these temperatures. 1In general, these latter are cbnsidered to be
anomalies which are not as yet understood, but the results show that
high outputs can be obtained and a éonsiderable amount of research is
currently underway'in areas which definitely will bring abouf signifi-
cant improvements. One recent type of converter, however, has performed

reliably at outputs of 20 watts/cmag

=5«



r

- —

III. APPLICATIONS OF THERMIONIC ENERGY CONVERSION

A, Solar Thermionic Systems

The requirements for power in space vehicles have caused the
interest in solar-thermionic power systems. Basically, the solar flux
is reflected from a mirror and focused into a cavity absorber composed
of the emitters of an array of thermioni¢ diodes., This system utilizes
the energy of the sun relatively'efficiently, has a high heat rejection
temperature, thereby reducing radiafor size, and converts heat to

electricity with no moving parts. To date no such system has been

flight tested but a generator consisting of five diodes has been assembled

and operated Qith solar energy. The generator, when tested with electri-
cal heat, produced 62 watts at 4.8 volts and 75 watts at 3.5 volts. 1In
thé next few years; systems caﬁable of seyerél hundred watts will be
available.

| Since the heat source is radiant energy, and the thermionic
diodes operate in vacuum, the thermionic materials problems associated
with solar;thermionic power systems are mainly those of the diode
itself,

B, Flame-Fired Thermionic Systems

The combustion of gases such as methane, propane and gasoline
provides an adequate heét source for thermionic conversion. The
adiabatic flame temperatures are near 1900°C, Thus, these fossil fuels
can be utilized fo heat therﬁionic emitters to thermionic temperatures
with sufficient heat fluxes. Burnerg have been designed and operated
to maintain an emitter at-1500°C with a heat flux of 40-50 watts/cma.

Currently, the main interest in such a development is a light-

weight portable source for military applications., Research and develop-

‘ment currently is being undertaken to develop the required burners,

materials and thermionic converters for gasoline powered
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generators in the 5-200 watt power range. Thermionic conversion for
these applications potentially offers the advantages of high power-to
weight-ratio, operation with logistically available fuel, portability,
silent operation, expedifious startup in artic conditions, and.sim-
plicity of operation and maintenance.

The burner development is proceeding satisfactorily in terms
of attainable temperatures and heat fluxes. The extremely corrosive
nature of the flame and combuftion products as well as permeation of
combustion gases into the converter are at present the crucial materials

problenms,

C. Isotopic Thermionic System

Small radioisotope~powered electrical generating units have
recognized advantages for specialized military applications. The
energy or heat source is self-contained and thus the fuel supply problem
for remote, unmanned stations is eliminated. Coupled with direct con-
version methods, power supplies in the range of a few hundred watts can be
designed with no moving parts for operation at predetermined power
levels for substantial beriods of time ranging from months to years
depending on the decay rate of the radioisotope, Disadvantages include
the very high costs and the hazards associated with radioisotopes and
.the fact that the energy release is not constant with time, which means
that excess heat must be dissipated during the initial phase of operation,
Furthermore, alpha emitting isotope sources cause considerable pressure
rises which further complicate the radioisotope containment problem.

At present, a low-power thermionic converter utilizing
curium-242 as the heat source is being developed for the Atomic Energy
Commission, With the availability of the longer-lived isotopes now

being produced, however, power supplies of several hundred watts




capable of operating for periods greater than a year will become

feasible.

D. Nuclear Reactor Thermionic Systems

There are three concepts for nuclear reactor thermionic power
systems, One concept is the out-of-core conduction heat source in
which the heat is conducted from the core to the thermionic. converters
mounted externally to the core., This concept has the advantage of
completely static operation but requires very high core temperatures
and is limited in size.to the tens of kilowatts of power, A second
design concept uses a high temperature reactor with a liquid metal loop
for heating thermionic converters mounted in the radiator. This has
the great advantage of separating the reactor from the converter. How-
ever, the reactor coolant loop must operate at temperatures slightly
above the thermionic emitter temperature. 1In order to achieve power
densities of a few watts per square centimeter required for compact
systems of 10 lbs/kwe or less, the coolant loop must operate at tem-
peratures considérably above present day technology. Another problem
is that the converter array in phe radiator must be insulated electri-
cally from thé coolant loop and the insulating material must be at the
emitter temperature. The third concept is the inc&re design in which
the therﬁionic converters are an integral part of the fuel element,

This system has the advantage that the coolant loop operates at the

heat rejection temperature--1100°K or less., The out-of-core com-
‘ponents that could be used in this system are currently being developed

in other space power programs, and thus the problems with this concept

lie in the reactor core., Here the basic concept is that the fuel or
the fuel with its cladding is the emitter. This fuel-emitter structure
is cylindrical in shape and is mounted inside the collector assembly,

which consists of the collector, an electrical insulating layer and
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another metal sheéth in contact with the liquid metal coolant. This
fuel element must operate at temperatures much higher than present day
fuel element technology permits.

All of these concepts have difficult materials problems in
that each must be coupled to a veryAhigh temperature reactor, either
directly or by means of a very high temperature coolant loop.

IV. MATERIALS PROBLEMS

In any of these converter systems it is ne;essary; as mentioned
in the previous sections, that a solar, radioisotopic, fossil-fueled or
nuclear heat source be available, The emitter material‘ﬁust be mated
to the heat source in some manner. A spectrum of possible problems that
must be investigated and solved so that the design objectives of the
systems can be met are introduced by the following circumstances: the
high-temperature emitter is in contact with a high-temperature heat
source, an interelectrode plasma, and through insulators and support
structures with other parts of the converter which are at lower tem-
peratures; and, the system must remain stable for periods up to 15,000

hours, The majority of the materials problems are associated with the

.emitter structure. These emitter problems, as well as those of the

other components, are discussed in the following sections,

A. The Emitter

1. Work Function
In the discussion of efficiency, it was made clear that
for a given emitter temperature and other fixed conditions such as the
work function of the collector, an emitter work function equal to or
less than the critical value was necessary for optimum results., If the
assumptions made for determining the efficiencies in Section II are used,
the value of thié work function véries from approximately 2.7 ev at

1800°K to 3.5 ev at 2400°K, Emitters can then be discussed in terms of

-9-
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ways in which this critical work function can be obtained, OUne way to
obtain this, in principle, is to use a material which may be a pure
metal or an alloy which has the desired work function., Such materials
are called elemental emitters, Another approach is to use a metal (the
refractory metals) or some metal alloys or compounds on which gesium
vapor will be adsorbed. The adsorbed cesium affects the work function
of the surfa;e and the pressure of the cesium vapor can be changed to
alter the work function to the critical value. Such electrodes are
referred to as cesium réfluxed emitters, Another way is to dispense a
éaterial to the surface through pores or by bulk diffusion and thereby
obtain a composite work function which is equal to the critical value,
Such materials are the so-called dispenser-type emitters., A summary
of these emitters is given in Figure 4.1

"It turns out that the dispenser emitters available todéy
are unsatisfactory because of the rather low temperatures at which they
must be operated and the poor chemical, mechanical and thermal sta-
bilities they possess., For example, they cannot be relied upon to
rehain chemically stable because the dispensate may run out., Integrity
of the alkaline earth o#ides cannot be assured because of sputtering at
the electrodes. Further, these oxides are usually characterized by a
high temperature coefficient for the composite work function which could
cause patch effects in the oxides when they are used in s&stems whiéh
have non-uniform heat sources. These patch effects could cause the
performance to degrade rapidly. waever, it should be.mentioned that

13

matrix~type emitters are being developed which show promise of over-
coming these various instabilities,

The cesiated refractory metals meet thg requirements as-
emitters in most of the applications. In addition to the problems
summarized in the table, however, there is another problem. These

metals are characterized by a patchy surface. This prdbably limits the
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area that is effective in electron emission to about one-quarter of the
surface ﬁnder normal operating conditions, Ignpring the'contribution
6f'the nén-emitting areas to surfacé-ionization of cesium, it is clear
that this effect leads to poor performance. Research is now underway
to obtain refractory metal emitters with uniform work function. This
then offers promise of overcoming any degfading effects due to the
"patch effect.” |

15

There is now-evidence» that refractory metal surfaces
activated with fluorine (this may also apply to other adsorbed gases)
should greatly enhance the performance from the emitter standpoint in
that the critical work function can be obtained with much lower cesium
vapor pressure than with a cesiated pure refractory ﬁetal. It could
‘ well be that the combination of controlling crystal orienfation and
special activatiop‘techniques could lead to the emitters of the future.
The problem is one of ascértaining the effects of these changes and how
they can be maintained. A special problem due to gas additives in
diodes can arise. Tests must be made to show these additives do not
attack seals or act as_méss transfer agent for the electrode
matérials.
| 2. Emissivity

In Equation 1 the net total emissivify of the emitter-
coliectgr system enters through the radiation heat term'Qr. The
smaller the‘net emissivity, the larger the efficienc&. That is, for
low emitter emissivify, more heat goes into evaporating electrons than
into radiation‘losses‘and'for low collector emissivity more radiant

heat is reflected back to the emitter. It turns out that oxide and

metallic electrodes have emissivities which are functions of temperature;

that of fhe oxides increasing with temperature (and usually with time)

and that of the metals and some of their alloys decreasing with tem-
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perature. The cesiated refractory metal convertefs have emiésivities
of 0,1-0,2, whereas in the carbide system, the emitters16 have emissiv-
ities of 0.7-0.9. The‘important problem, however, is the variation of
the emissivities with time., The emitters may be affected by fission
products or other contaminants from the heat source, phase changes in
alloys, and radiation damage. The collector may be affected by
depositibn of species evaporated from the emitter. This has been
-observed for systems with cagbide emitters.l6 In general, however,
these effects, particularly those related to the diffusion of constit-
uents or by-products of the heat source, have not been properly’evaluatgd.
3, Vaporization

17-20 have discussed the manner in which

Several authors
vaporization limits the choice of the emitter material. An expression
for the vaporization rate of the emitter surface into a vacuum is given
~ by the equation
=2f)

q, = Q exp (kTe eee (2)

where \ AF is the free energy change per atom for the
vaporization process
k is the Boltzmann constant

T_ is the absolute temperature

Q = btk (024

(M is the molecular weight of the emitter and
d its density in grams/cmB)

In conjunction with the vaporization rate of the emitter, several criteria

17

for acceptable emitters have been adopted, As an example Rasor and
Hansen and Rasorl8 adopted the criterion that for typical values of Q
and Te and for an output current density of 10 amps/cm2 the surface

- should not recede at the rate of more than 6 mils/year.. This enabled
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them to use the ratio of AFYﬁe as figure of merit for the selection of
an emitter, Values of AF/ﬁe of less than about 1.2 are unacceptable.
The figures of merit for sevéral emitters operating at 10 amp/cm2 are
listed in Table I. The bare metals (without adsorbed cesium) are poor
emitter materials and the carbides listed are only marginal. An
adsorbeé film on the surface, however, considerably improves the figure
of merit so that these emitters are acceptable as measured by this
criterion., The evaporation rate is more rapid the higher the surface
temperature and thus it is ﬁlear that the requirements of high efficiency

and long lifetime cause severe high temperature materials problems,

TABLE I

' Figure of Merit of Elementary Emitter Materials

Material glev) o LF/8

Mo 4,3 " 0,6
c ' 4.3 0.7
Re L7 0.8
W 4.6 1.0
Ta _ 4,2 1.0
ZrC 3.8 1.0
ue 3.3 1.1
80-20 mol % ZrC-UC 3.3 1.2

It has been mentioned numerous times in the literature
that materials evaporated from the emitter can condense onto and poison
the collector and cause the efficiency of the converter to be reduced
drastically. Statements have been made that there was really no need
to try to reduce the work function of the collector much below the
lowest obtainable at the emitter because the materials that condense on
the collecﬁor after evaporation from the emitter would predominate.

At first glance this seems plausible\énd is undoubtedly the case for
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vacuum converters where a very close spacing is required to ovefcome
space charge effects, Other considerations such as machining and spacing
tolerances rule against such closed spaced converters and some plasma
such as a cesium vapor is necessary in the interelectrode space. With
the cesium vapor present the emitter will continue to evaporate and per-
haps some of this evaporated material will reach the collector and con- |
dense thereon. It should be recognized, however, that the cesium could
greatly impede both of these processes. The problem that'exists today ,
for cesium vapor converters in this regard is to determine: 1) the effect
of cesium adsorbed on the emitter surface on the evaporation of the sub- i
strate, 2) the effect of the interelectrode cesium vapor on the mass

transfer of the evaporated emitter to the collector and, 3) the effect o
of the cesium adsorbed on the collector'on the deposition of the emitter |
material on the collector.,

To date two experiments have been performed to determine
the effect of an adsorbed cesium layer on the vaporization and conden-.
sation of a metal substrate, Richardson et al.21 measured the transport
of molybdenum from a hot filament at 2100°K to a nickel collector in a
1.0 mm Hg cesium atmosphere. They found that the ratio of the trans-
ported amount in vacuum to that in cesium varied from 7 to 24 as the
spacing increased from 0,004 to 0,016 inch, Hansen22 performed an
experiment at low cesium pressures where the scattering in the gas was
minimized. He concluded that at cesium coverages, cesium pressures, and
electrode temperatures of interest in thermionic energy conversion, the
vaporized refractory emitter material has 6nly a 0.0005 to 0.0013
probability of sticking to the collector, and that a low condensation
coefficient is the dominating factor determining material transport in
converters. The actuél effects on vaporization itself, however, have

yet to be determined. These short time experiments are not conclusive,
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" and long lifetime experiments must be performed.
4, Thermal, Mechanical and Electrical Properties

The thermal, mechanical and electrical properties of the
matefials in a converter are of direct importance in both the efficiency
of the conversion of thermal to electrical energy and the lifetime of
the converter, This is éspecially true of the emitter which must operate
at very high temperatures and also, in many applicatiéns, undergo large
temperature cycles,

The important thermal properties of emitters which are not
discussed elsewhere in this paper are the thermal expansion coefficients
and the thermal conductivity. The first of these must be known to mate
the emitter with the heat source, the insulators and the external
electrical leads. The thermal conductivity must be such that severe
temperature gradients do not exist between the heat source and the
emitting surface; and, heat muét be conducted effiéiently to the emitter
surface. The important electrical property is the resistivity. This
must be sufficiently small that fhe emitter will not have a large voltage
drop across it., The mechanical properties include: elastic modﬁli, the

ultimate tensile strength and creep strength. These properties must be

known in order that a converter may be designed so that important dimensions,

such as interelectrode spacing, will be preserved throughout its use.
With the exception of niobium and iridium the electrical
conductivities of the refractory metals (Ir, Nb, Mo, Re, Ta and W) have
been measured23 from room temperatures to temperatures in excess of
- 2000°C, A similar statement can be made about these metals with regard
to thermal expansion coefficients and thermal conductivities., It
appears that the electrical and thermal properties of refractory metals
are satisfactory for thermionic energy conversion, A sﬁfvey of the

mechanical properties reveals that very little information is available
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for the refractory metals, particularly at the high temperatures of
emitter operation.

It is conceivable that alloys of the refractory metals or
their compounds could be better materials for thermionic converters.
Some alloys are definitely more ductile than the refractory metals.
However, the overall knowledge of their thermal,=mechanical and electri-
cal properties is insufficient at this time to permit their evaluation
for use in thermionic converters.

Another area that needs investigation is the change Qith
time of the thermal, mechanical and electrical properties at emitter
temperatures, These properties could be affected by recrystallization
of the material if it is initially in the cold worked state or by
excessive grain growth if it is originally in the crystalline state.
These properties must thus be studied as a function of time and temper-
ature, In addition, the effects of nuclear radiation have not been
determined. -

5. Chemical Stability
The emitter, whidh operates at a very high temperature must

not deteriorate because of chemical reactions with other components of

_the converter or the heat source. The compatibility of the emitter with

fuel in the nuclear application and the protection of the emitter from
oxidation in a flame-fired converter are two of the most pressing
problems in thermionics today. |

In a nuclear reactor thermionic application, the cesium .
vapor refractory metal incore concept requires that the refractory
metal emitter be in contact with the nuclear fuel at, of course, the
very high emitter temperatu;es. "The uranium bearing carbides are one
of the most promising fuel types and thus the interaction between this

fuel, and its constituents, and the refractory metal emitter-cladding

16~




must be known. Only in the last year or so have these interactions been
studied at temperatures of interest to thermionic systéms. Some of the
results have been reported. General Atomic24 has studied combinations

and UC-2rC (90/10 and 10/90 mol-%) with tungsten, molyb-

of UO,, UC, UC

29 2’
denum, niobium and tantalum by the diffusion couple method. In the tem-
perature range 2073° to 2273°K they find that the only combinations
suitable for long life operation are UC, UC-2rC (10/90 mol-%), UC-2rC

(90/10 mol-%), UO, with W, and UC-ZrC(10/90 mol-%) with Mo. Considerable

2
effort is now underway to exténd this type of measurement to other fuel-
emitter combinations and it is generally felt that the compatibility
problem can be solved. Another related problem of equal importance is
that of radiation swelling of the fuel-emitter.structure. Recent theo-
'retic;l and experimental studies25 have shown that the stability of
metallic fuel materials can be significantly improved by suitable alloy-
ing additions and heat treatments, This improvement in the ability of
uran%um fuel to retain its fission products without swelling is thought

to be due to the trapping of the fission gas atoms in small groups such
that their mobility is greatly decreased and therefore the collection

of gas atoms into large, damaging bubbles is prevented. The continued
development of these techniques and their applicatiohs to high temperature
fuels of interest to thermionic reactors will, if successful, greatly
enhance the possibility of nuclear thermionic reactors.

In flame-fired converters, protection of the emitter from
erosion Sy the fuel constituents, flame by-products and flame impinge-
ment presents a major problem, Refractory metals without exception
have very poor oxidation resistance at the temperatures of interest,
1200-1400°C, and would last for minutes only without a protective
coating.,

Many types of protective coatings have, and are being
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investigated. Among these are refractory oxide glasses, platinum based
coatings, silicon carbides, and for molybdenum, molybdenum disilicide.
W.R. Martini26 has compared several commercially available coatings
"including tin-aluminum, molybdenum disilicide and silicon carbide., He
used two types of tests. One was the heating of coated wires 1/16" in
diameter by 6".in length by the passage of an electric current. Tabie II
shows the results of these tests, Durak-B, T-61, and AI-coat are basi=~
cally molybdenum disilicideé. R-505C, TI-Kote and Pyro SiC are basi-
cally silicon carbides, Al-Sn is an aluminum-tin coating and KS is a
"modified disilicide'" coating which is considered obsolete® and is'being
replaced by K-A, which is "; further modified disilicide,'" and is being
.developed for niobium. The manufacturer of these coatings are listed
at the bottom of the table. Since thermal cycling is important in
flame-~fired applications the resistance of the coating to thermal cycling
is necessary. Table II shows some results of thermal cycling tests on i
coafed refractory metal wires, Durak-B has excellent thermal cycling
characteristics and T-61, which is nearly the same coating, is also i
expected to be good.

The second type of test performed by Martini26 was the ;
actual flame heating of the inside of a coated thimble 1" in diameter |
and 3'" in depth., 1In these experiments, with the flame inside the
thimble, these '"hot shells" are subjected to flame conditions of a com-
plete thermionic converter of the type being developed by Atomics
International. The results as of this writing are shown in Table III.

It is quite clear from these data that the coatings are not

as yet developed sufficiently for use in practical thermionic converters.

*Information from the Chromizing Corporation
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TABLE Il

Results of Tests of Coatings to Protect Refractory Metals

Metal
Mo
Ta
Mo
Mo~
Mo
Mo
Ta
Mo

Mo

from Oxidation when Electrically Heated in Air

Longest Time to Failure

Source Coating © at 1350°C in air
Fansteel Durak-B 629 hrs
Fansteel  KS ' 26
Fansteel Al-Sn ' ‘ 196
Fansteel AI-Coat 710 (one only)
Fansteel = T-61 120 |
Fansteel mod, T-61 887
Fansteel R-505C '192+
Fansteel TI-Kote 5
Fansteel Raytheon 15

Pyro SiC

TABLE III

Results of Tests of Coatings to Protect Refractory Metals

from Oxidation and Flame-Impingement

o . Longest

Method of Temp, Time to

~Metal Fabrication Shape Coating °C Failure
Mo deep drawn Flat Bot. Durak-B  1000-1365 236
Mo deep drawn Flat Bot, Durak-B 1300 76
Mo deep drawn Flat Bot., TI-Kote 1350 L2
Mo vapor Flat Bot, TI-Kote 1000-1350 78

deposited

Mo deep drawn Flat Bot. Al-Sn . 1130 max, L
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These results, however, represent considerable improvement in the last .
few months and it is expected that the refinement of present techniques
and the incorporation of bettgr engineering practices in the use of
presently available coatings will lead to further improvements and
possibly the solution of the problem for some applications.

In a cesium vapor thermionic converter, cesium comes in
contact with the electrodes, insulators and some bonding agents. These
bomponents must, of course, be stable in the presence of cesium fhrough-
out the appropriate temperature ranges. Tests have been and are now
being performed'to examine the compatibility of various materials with

27 to

cesium, Test conditions have ranged from exposures of two hours
1000 hour528 in cesium from liquid to vapor at 1-10 torr, and material
temperatures up to 2000°C. These tests have conclusively proven that
the noble metals such as silver, gold, platinum and some of their alloys
such as BT silver solder are readily and severely attacked by cesium and
hence should not be used in cesium vapor conversion systems. It should
also be pointed out that quartz reacts with cesium, Test528 on oxygen-
free~high-purity-copper (OFHC) at 370°C in a cesium vapor of 10 torr
showed no effect for a thousahd hour test., However, with the cesium
vapor pressure £he same and the OFHC at 750°C, investigation of the sur-
face revealed the pressure of what appeared to be a Cs-Cu alloy. Tantalum
at 1300°C reacts with cesium at these pressures in less than 1000 hours.,
The same experimenters found that nickel at temperatures of 750°C does
not react with cesium nor does a nickel-titanium alloy (28% Ni -~ 72% Ti).
Also Kovar does not réact with cesium according to these tests at the
-lower temperatures. Zirconium at 1300°C does react with cesium.

At the present time the various physiochemical properties
of some intermetallic compounds such as the zirconium and niobium

29

beryllides are being determined, These experiments will include some
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tests for their compatibility with cesium. It is planned to hold the
samples at fixed temperatures up to 1000°C for periods ranging from one

to two days.

Also at the‘present time some physiochemical properties of
some of the refractory compounds are being meazsuredBo’31 for several
refractory materials such as ZrC, UC and ThC. These latter will include
cesium compatibility tests with the substances at temperatures to about
2000°C and cesium vapor pressure up to 1 torr, It is interesting to note
in addifion that the latter set of experiments will include thermal
cycling tests (up to 50 cycles from room temperature to 2000°C) as well
as the effects of recrystallization and grain growth upon the various
physiochemical properties,

Chandler and Hoffman32

have carried out some very worth-
while tests to define and understand better-the basic mechanisms affecting
the compatibility of various structural metals with cesium, It was not
their goal to decide whether or not these materials would be good for
specific uses, They performed static capsule tests at 870°C and boiling
refluxing capsule tests at 980° and 1340°C, The container materials
tested were Inconel-X, 310 stainless steel, zirconium,; hafnium, niobium,
and niobium plus 1% zirconium, molybdenum, tantalum and tungsten. Their
goal was to have a continuous test for 30 days and this was achieved for
the 870° and 980°C runs whereas only 54=1/2 hours was attained in the
1340°C test before some of the capsules failed forcing termination of
the measurements,

| It was concluded that all of the materials tested at 870°C
with the exception of'zirconium whicﬁ has ‘a phase change near this tem-

perature are adequate for structural application in stagnant cesium

liquid or vapor at this temperature. Niobium, niobium-1% zirconium

alloy, molybdenum and tantalum do not appear corrosion resistant to boiling,
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splashing, and refluxing cesium at 980°C, Of these, molybdenum is the
4least compatible., Niobium-1% zirconium alloy suffers grain boundary
attacks which are associated with preferential corrosion of zirconium
from this alloy at 980°C. At 1340°C the niobium-1% zirconium alloy was
the best material tested. The grain boundary attack evident af 980°C
did not appear at 1340°C., Molybdenum was found to dissolve rapidly in -
boiling cesium at 1350°C leaving the molybdenum surface with a smooth
mirror finish,

32

It was further concluded in this experiment that the

interstitials enterrthe compatibility problem, Both the 310 stainless

steel and Inconel-X are decarburized by cesium of the purity used in
these tests., Additionally it.was concluded that oiygenkmay be one of
the most important variables in compatibility tests., The mode of
corrosion included intergranular attack and general dissolution but it
was not certain which of these modes would be operative as a function
of the chemical composition of the material used; and, the mode of
attack can change with different exposure conditions. It was felt that
fiuxing of oxides may contribute to dissolution.
For the future Chandler and Hoffman have suggested that
their studies be extended to include:
a. Stress corrosion studies in which stress, tem-
perature and composition of vapor phase would
be used as variables
b, Study of cesium compatibility factors in reflux-
ing. The detailed behavior of boiling cesium in
small containers would be studied to find the
effect on the wall surface finish including time
and temperature as variables., The effects of

additives, e.g., Hf and Ti, which are oxygen
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scavengers to inhibit attacks would be investi-
gated. This should provide sound information
for alloy selection or development,

¢. Since it was concluded oxide refluxing may be a

mode of attack of the reactive metals such as
Nb, Zr, Mo, Ti, etc., they would expose oxides
of these and others to molten cesium metal at
various temperatures and expose these reactive
metals with; high oxygen coﬁtent under similar
conditions., As a result of these studies, it is
hoped that the mechanism will be completely
understood.’

6. Permeation

In the incore nuclear and flame-fired thermionic converter
systems, the emitters are in direct contact with the heat source. The
constituents and byproducts of the heat source may diffuse or permeate
through the emitter material to the surface énd interelectrode space.
These species may affect the thermionic conversion proceéses significantly
and thus must be‘carefully evaluated.,

At present little is known about the sensitivity of con-
verter performance to fuel and fission product constituents on the
emitter., UC-ZrC is a potential fuel and it is believed that emission
characteristics of this material as an emitter is determined by the
existence of free uranium on the surface, 'In the case where the fuel
is clad with a refractory metal emitter, uranium and carbon are among
'the possible species that may diffuse through to the emitter surface.
The effect of carbon on the emission has not been determined. Since

carbon has a high work function it may not degrade performance. Uranium,

however, has a low work function and is likely to cause a decrease in
emission, The type of fuel, the type, thickness and temperature of the
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emitter, aﬁd the diffusion and evaporation rates all influence the

magnitude of the effect of the fuel constituents on thermionic per-
formance. The effect of materials in-the interelectrode space and

théir possible deposition on the collector and other components are
also relatively unknown,

The permeation of gases through metals has long been a
subject of investigation and a considerable amount of data now exists
for tﬁe materials, ceramics and gases involved in flame~fired thermionic
converters, In this application, the permeation of hydrogen into the
interelectrode space is a major problem. The amounts, of course,
depend on the maferials and temperatures involved. Since the tem-—
perature distribution over the area available for permeation may vary
considerably among different converter designs, the amount of hydrogen
permeation must be related to a specific converter design. There are,
however, data that can be used to determine the order of magnitude
of the permeation. Measurements26 on the permeation of H2 through
molybdenum yield values of 0,2 cc(stp)/hr cmamm at 1000°C, Conklin and
Turnbile’” found lower values ranging from 0,07 to 0.1l cc(stp)/hr cmamm
at temperatures of 1000° and 1200°C respectively, The latter experi-
menters also found that‘a molybdenum disilicide coating had no effect

3L

on the permeation rate, Martini and HMcKisson measured the H2 per-
meation through 10 mils of molybdenum coated with 2.5 mils of Durak-3B.
.In this experiment the material was immersed in a propane air flame

rather than one atmosphere of H_, as in the other experiments., Their

2
results were 0,03 to 0,04 cc¢ (stp)/hr cm2 at 1200°C,

These values are high in terms of thermionic converter
performance as relatively high hydrogen pressures would build up within

converters in a matter of hours, The strategic use of dry gas might

considerably reduce the amount of available hydrogen;’ Also, it can be
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shown that a reasonable amount of a titanium-zirconium alloy would getter

all the hydrogen for a converter of practical design for 1000 hours,
35

A study has been completed to determine the permeation
rate of cesium through thin tantalum sheets, This permeation rate was
found to be too small for a practical cesium-ion-dispeﬁsing hollow
emitter; although it may be rapid enough to cause large losses of cesium
during long-term operation of converters, No mention was made of possible
long range effects that the diffﬁsion of cesium into a tantalum emitter
might have upon its mechanical, thermal, eiectrical, chemical and
emission properties. These appear to be areas that will have to be
investigated in conjunction with lifetime testing of converters using 3
cesiated refractory metal electrodes.
7. Stability Under Nuclear Radiation

A »roblem peculiar to the nuclear fueled heat source is
the one of radiation damage. Most of the problems that have been men-
tioned in the previous sections can be aggravated by the nuclear radiation
inherent in this source. Tests are now being planned and conducted to
deternine the extent of. the effect of radiation damage on the properties
of thermionic materials. The inpile testing that will be necessary to
determine the effect of radiation damage on the overall converter per-
formance has barely begun, | ' ]

B, The Collector

The problems of the collecfor are similar to those of the 5
emitter except that the collector is operated af a lower temperaturé |
and is not coupled as directly to the heat source. Some additional
problems are encountered, however, since ﬁhe collector is connectedA
to the heat rejection system, ' i

One of the main parameters of the collector is its work

function since the efficiency of conversion becomes higher the lower
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the collector work function. In a space reactor, however, efficiency
considerations for the entire system put a lower limit on a desirable
collector wérk function. One approach to improving.the efficiency of
the collector is to choose a material with a low work functionf Another
approach is‘to choose a material such that when the collectdr'apd cesium

temperatures are optimized the composite surface of adsorbed cesium and

substrate has a low work function, In either of these cases consideration

must be given to the effect of material evaporated from the emitter and
deposited on the collector. In some of the oxide-type collectors, it

is possible for the surface to be destroyed by continual electron bom-
bardment.13 The materials released by this process could diffuse to and

collect on the emitter and poison it., With the development of special

13

matrix-type electrodes this difficulty may be obviated.

Some very low work function collectors, approximately 0.8 ev

3

work function near room temperature, have been studied.l These include

- the so-called Ag-Cs_O-Ag-Cs emitter and the Bi-Ag-Cs emitter. The

2

experience to date with these show they lack mechanical, thermal,
electrical and chemical stability.

35

There is now a research program to develop special coatings
with a thickness of 1072 to lO-#cm for nickel substrates for use as

collectors. Tentative results show: 1) cesium=-antimony compounds

deposited on nickel have a work function of 1.5 + 0.1 ev and, 2)‘a cesium-

tellurium-coated nickel collector has a work function of aboﬁt 1.2 + 0,1
ev, This work is being continued and extended to other coatings. Not
enough has been done to assess the mechanical, thermal, electrical and
chemical stability and thereby show these will be practical for use as
collectors in converters,

Under normal operating conditions collectors of cesiated

refractory metals have work functions as low as 1,6 ev. Theory37 and

-26=-




experiments show that the higher the bare work function of a metal the
greater is the amount that cesium at a given vapor pressure will lower
its work function at a given temperature. It is possible to control
this bare work function.two ways: 1) activation with some electro-
negative substance such as.fluorine and, 2) control of the crystal’
orientation of the metal at the surface so as to have the crystal face
present with the highest work function., Polycrystalline molybdenum
activated with fluorine15 has a work function in cesium vapor as low as
about 1.4 ev. As in the case of emitters, it could well be that a com-
bination of the crystal orientation and activation by a special additive
will ultimately lead to collector work functions as low as 1 ev in

cesium vapor converters. The main problems that remain include:

1) determination of conditions necessary to maintain the proper activated
surface as well as the crystal orientation of the substrate and, 2)
assuring that deposits from the emitter will not seriously change this

condition.

C. Cesium Purity

It is well recognized that the performance and repeatability
of performance of thermionic converters can be expected only if cesium
purity is closely controlled. Impurities in the cesium may have
significant effects on the emitter and collector surfaces and thereby
affect their work functions and chemical stability. These impurities
may also inhibit the flow of electrons across the interelectrode gap.
The problem of obtaining proper cesium is threefold: 1) obtaining the
cesium and being assured of its chemical constituents, 2) storage of
the cesium prior to use in a converter and, 3) keeping the cesium pure
once it is iﬁ a converter,

When the chemical assays for cesium presented in Tables IV

and V agre considered, it is evident that the purity of the commercially
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TABLE IV- TYPICAL CESIUM METAL ANALYSES

Supplier )
Element Dow Dow Kawecki Am..Potash Dow

9-60 6-61 T 6=61 & Chemical 9-6-61*
Cs 99.9+% 99.9+% 99.9% " 99.11%
Al 0.0006 0.0005 0.0003
B <0,0080 <0,0016 <0,0016
Ba <0,0008 ‘ <0.0008
Ca 0.0033 0.0010 0.01 0.0030
Cr <0,0002 0.0005
Cu 0.0002 <0.0002 0.0011
Fe 0.0021 0.0006 0.0030
K : 0.0018 <0.0016 0.01 ' 0.03 0.0035
Li <0.0016 ' ND 0.00 - <0,0016
Mg 0.0003 0.0003
Mn <0,0002 0.0002
Na 0.0051 <0.0016 0.01 0.02 0.0073
Ni - 0.0002 0.0003
o 0.0080 0.0036
Pb <0.,0008 - <0,0002 <0.0002
Rb . 0.029 0.016 0.01 0.39 0.0047
Si - 0,0042 0.0008
5102 -0.005
Sn <0.0008
Sr <0.0002 <0,0002

-Fe+Al 0.001

*Certified Analysis of Cesium purchased
P.O. N 151TX - 50906 H :
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Element

Ag

B*
Ba
Be
Ca
Cd
Cr
Cu
Fe
Mg
Mn
Ni
Pb
Si*
Sn
Ti
Sr
Na
Rb

Li

TABLE V - ATOMICS INTERNATIONAL CESIUM ANALYSES

Potash &
Chemical

<0.0001
<0.0005
0.0010
<0.0001
<0.0001
<0.0005
<0.0001 .
<0.0001
<0.0005
~ <0.0005
<0.0005
<0.0001
<0.0010

<0.0001

0.0070
<0.0001
<0.0005
<0.0001

0.0020

0.0700

0.0040

ND

American

‘July, 1962

Mine
Safety

Appliance

<0,
<0.
0.
<0.
<0.
.0005
0.
<0,
<0.
<0.
0.
<0.
<0.
<0.
0.
. <0.
.0005
0001

<0

<0

- <0,
0.
<o.
. 0040

<0

0001
0005
0010
0001
0001

0004
0001

0005

0005
0010
0001
0010
0001
0050
0001

0020
0100

ND

Dow

<0.0001
<0.0005

0.0090
<0.0001
<0,0001

0.0005
<0.0001

<0.0001.

<0,0005
<0.0005

0.0007
<0.0001
<0.0010
<0.0001

0.0140
<0.0001
<0.0005
<0,0001
<0.0010
<0,0100
<0,0040

ND

(Kawecki)
Penn
Rare
Metals

<0.0001
0.0020
0.0150
<0,0001
<0,0001
0.0035
<0,0001
<0.0001
<0,.0005
0.0020
<0.0005

<0.0001

<0,0010
<0,0001
0.,0280
'<0,0001
<0,0005
<0,0001
0.0070
0.0300
0.0130
ND

*High Band Si values are thought to be due to spurlous

plckup from glasswareo
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P4

available cesium isxgdequate. This fact is probably recognized by many

' 8
laboratories studying cesium vapor converters. One laboratory3 has

reported its eiperience along these lines, In addition to doubting the’
possibility of purchasing high purity commercial cesium, this group
suspected that the glass vials in which cesium is usually shipped yielded
further impuritiesAto the substance. When cesium was purified in the
laboratory it was found necessary to store it in metal capsules although
neither the exact methdd of purification nor the storagé capsule descrip-
tion werevreported; Additioﬁally, it was found not only necessary

to use pure cesium initially in the diode fbr the best performance, but
it was also neceésary to keep it pure via a distillation process when
used in the converter. In essence, it was found when pure cesium was
introduced in the diode initially and the diode operated that there would
be a degradation in the output power with time, The difficulty was
attributed to iméurities introduced into the cesium by its releasing
impurities from the converter, These impurities then reduced the
efficiency with which cesium could be ionized, thus greatly reducing

the output power in the ball-of-fire mode of operation.

D. Electrical Leads and Support Structures

The power generated in the converter must be transmitted to
the load through electrical leads, part of which consist *of the support
structure for.the emitter and collector., It can be shown that there is
an optimum design8 for the suppoft structure such that the ratio of
electrical to thermal losses is about equal to the converter efficiency.
In practicé, very thin (of the order of a few mils) support structures

39

are required., As pointed out elsewhere these components must maintain
Strength at the emitter and collector temperatures, must be chemically
compatible with the emitter, collector and cesium, and maintain these

properties over the converter lifetime,
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An important aspect is the joining of the-lead or Support
structure to the emitter or collector. In some cases where the metals-
are similar and the joints are accessible, welding can be performed
satisfactorily. In other cases high temperature brazes, or more desir-
ably, recrystallization catalysts are required. It has been shown, for
instance, that the presence of small amounts of nickel has enhanced
the recrystallization of molybdenum and tungsten at.the relatively low
temperature of 1200°C, Considerable development of these techniques is

required, however,

E. Insulators and Seals

The insulators and seals in thermionic converters have several
functions. They serve as part of the containment vessel, provide mechan-
ical suppor£ for the electrodes to keep their geometric orientation
accurate, provide electrical insulation between the emitter and collector
and, in the reactor case, between the collector and the coolant,

For most applications alumina A1203 is the best insulation
: matérial readily available today.uo Brazing techniques today allow this
to be used safely to temperatures of about 750°C for extended times
without thermal failures. If better brazing techniques can be found,
this can be used to temperatures in the neighborhood of 1200°C before
its electrical, thermal and mechanical properties begin to be a problem,
The;e are some problems, however, that may occur at the higher tem-
peratures in any case. 1) The vapor pressure of oxygen over the Alao3
can be large enough to cause oxidation of the emitter, collector and seal
maté?ials. This may lead also to the formation of Q520 which would
" cause the destruction of the alumina. 2) The alumina are not pure

A1203. They contain impurities that could cause further trouble at the

higher temperatures such as lowering the electrical resistivity to an
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unusable value, that is, it would become a very poor insulator,

Consider the incore reactor concept, however, in which the
collector iskcooled by a liquid metal. The collector must be insulated
electrically from the coolant but have good thermal contacts. Present
designs for cylindrical elements call for a collector-insulator-sheath
sandwich structure. The sheath, or outer containment wall which is in
contact with the liquid metal coolant would be a metal. There are
several choices, but since aécompressive force on the insulator is
desirable, the metal should have a larger coefficient of thermal expansion
than the insulator. The collector should have a thermal expansion nearly
équal to that of the insulating material. Because of the high thermal
conductivity requirement, BeO appears to be the best insulator for this
application, Niobium, because of its compatibility with the liquid
metal, may be the sheath material and either niobium or another refractory
metal as the collector. An.extremely important phase of this problem is the
bonding of the insulator to the metal, One solution which has not been
fully developed is the use of a mixture of BeO plus a few percent of
Ca0 or Mgl as a recrystallization agent, A thin film of an active metal
such as vanadium, zirconium or titanium might also be used to interact
with both the metal and oxide mixture. The mixture could be prepared,
set in place and then fired to the required recrystallization temperature.
‘In priﬁciplé, this would recrystallize in.place; yielding aninsulator;
metal system with good thermal and mechanical contact.

In general, problems such as the insulator-metal joints have
not been solved adequately; These problems represent major obstacles
to the successful development of efficient and long-lived thermionic

conversion systems, particular for the nuclear systems.
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V. CONCLUSION

Significant developments have occured recently in all areas of
thermionic énergy conversion. In the basics of thermionics, improve-
ment in power densities and efficiencies is constantly occurring.
Further improvement is definitely indicated by experiments on surface
additives and crystal orientations as methods of controlling the work
functioms of emitters and collectors. Progress has been made in both
nuclear and flame-fired applications with respect to coupling the con-
verter to a heat source, There now are high-temperature data showing
that some of the pbtential nuclear fuels and emitters are compatible at
temperatures of interest to thermionics. In the flame-fired area, the
lifetimes of protective coatings have been extended considerably and it
is reasonable to expect further advances., These and the other materials
problems discussed ;n this paper, which currently prevent the successful
application of thermionic energy conversion, are being examined;
progress is being achieved; and some solutions are being found., Thus
thermionic energy conversion appears to be a source of power conversion
Aﬁhat will be among the variety of power sources available for future

military and civilian requirements,
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Figure 3, Performance Parameters for an Idealized Converter:
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Figure 4, Properties of Some Emitter;



