
Thermionic emission from synthetic coal slags and MHD electrode materials
by Mark Lowell Wilson

A thesis submitted in partial fulfillment of the requirements for the degree of MASTER OF SCIENCE
in Physics
Montana State University
© Copyright by Mark Lowell Wilson (1978)

Abstract:
The effective work functions for several synthetic coal slags and lanthanum chromite based ceramics
were obtained using thermionic techniques. The effective work functions of the low silica coal slags
that contained potassium were found to be about 3 eV at low temperatures, and about 4 eV at higher
temperatures. The effective work functions for the high silica coal slags that contained potassium were
found to be close to the effective work function of the slag which contained no potassium. X—ray
fluorescence studies showed that substantial amounts of potassium had been lost from the high silica
coal slags in their initial heating. The effective work functions for the Sr and Mg-Al doped ceramics
were determined to be 3.28 eV and 3.13 eV respectively. 



hJ2>7?
VI&12.

THERMIONIC EMISSION FROM SYNTHETIC COAL 

SLAGS AND MHD ELECTRODE MATERIALS 

by

MARK LOWELL WILSON

A thesis submitted in partial fulfillment 
of the requirements for the degree

of

MASTER OF SCIENCE 

in

Physics

Approved:

rperson, Graduate Committee

- N Z-/ '—  ̂C— 7̂ . \
/Major Department

Graduate Dean

MONTANA STATE UNIVERSITY 
Bozeman, Montana

August, 1978



STATEMENT OF PERMISSION TO COPY

In presenting this thesis in partial fulfillment of the 

requirements for an advanced degree at Montana State University, I 

agree that the Library shall make it freely available for inspection. 

I further agree that permission for extensive copying of this thesis 

for scholarly purposes may be granted by my major professor, or, 

in his absence, by the Director of Libraries. It is understood that 

any copying or publication of this thesis for financial gain shall 

not be allowed without my written permission.



ill

The author is grateful for the financial support of Montana State 

University (1976-1978). He is very grateful to Dr. James Anderson for 

his advice and encouragement in the accomplishment of this work. He 

wishes to thank Dr. Walter Anderson and Dr. Gerald Lapeyre for their ' 

help and guidance.

A special thanks must be given to his wife, Susan, for providing 

much of the motivation the author has needed. Finally, the author 

wishes to thank his mother Margaret L. Cutler for her support and 

Diane Stovall for typing the manuscript.

' ACKNOWLEDGMENTS .■



TABLE OF CONTENTS

.CHAPTER PAGE

I Introduction . . . . .  .....................  I

II Theory .............................................. 6

III Experimental Techniques . 20

IV Experimental Results . .............. .. . . . . 40

V Discussion and Conclusions .........................  69

Literature Cited 72



V

LIST OF TABLES

TABLE • PAGE

1 Composition of slags and c e r a m i c s .................. . . 25

2 Potassium loss from high silica slags . . . . . . . . .  49.

3 Temperature dependence coefficients for high silica -. .' 62

slags

4 Potassium content and loss from K510 after heating . . 64

■ (£0% KgO before heating) ■



vi

LIST OF FIGURES

FIGURE PAGE

1 Conceptual diagram of a MHD channel 2

2 Potential energy diagram near the surface of an emitter , 12

3 An ideal I-V curve 15

4 Thermionic current collection system 22

5 Richardson plots for high silica slags 29

6 Typical X-ray fluorescence spectrum , , , , , 32

7 Typical Auger spectrum ........................................ 36"

8 Typical mass spectrometer spectrum ......................  . 3 8

9 Effective work function vs. potassium content for . . . .  42

high silica slags

10 X-ray fluorescence calibration curves for high silica . . 45

slags

11 X-ray fluorescence calibration curves for low silica , . . 47

slags .

12 Effective work function vs, temperature for K488 . ... . . 5 2

13 . Effective work function vs. temperature for K492 . . . . .  54

14 Effective work function vs. temperature for K494 .......... 56

15 Effective work function vs. temperature for K510 . . . . . 5 8

16 Effective work function vs. temperature for K539 . . . . .  60

17 Richardson plot of Mg and Al doped lanthanum chromite . . 65

18 Richardson plot of Sr doned lanthanum, chromite .  .......67



.vii

ABSTRACT

The effective work functions for several synthetic coal slags 
and lanthanum chromite based ceramics were obtained using thermionic 
techniques. The effective work functions of the low silica coal 
slags that contained potassium were found to be about 3 eV at low 
temperatures, and about 4 eV at higher temperatures. The effective 
work functions for the high silica coal slags that contained potassium 
were found to be close to the effective work function of the slag 
which contained no potassium. X—ray fluorescence studies showed 
that substantial amounts of potassium had been lost from the high 
silica coal slags in their initial heating. The effective work 
functions for the Sr and Mg-Al doped ceramics were determined to be 
3.28 eV and 3.13 eV. respectively.



I. INTRODUCTION

Magnetohydrodynamics (MHD) is the science of the interaction 

between a magnetic field and a flowing ionized gas. There is currently 

much optimism that MHD will be useful in the production of electricity 

from fossil fuels, particularly coal. An MHD channel has the potential 

of producting electricity with a greater efficiency than conventional 

power plants because of the higher temperature at which it operates 

(up to 3000° C). In an open-cycle MHD generator, the gases evolved 

from the combustion of the fuel are directed to flow at a high velocity 

through a duct or channel which contains a strong magnetic field 

oriented perpendicular to the direction of the gas flow. These 

gases are made conductive by seeding with a small amount of potassium, 

usually in the form K C0_, which is thermally ionized at the high 

temperature of the gas. An electromotive force is generated by the 

flow of this conducting gas through the applied magnetic field 

according to Faraday's law of magnetic induction. In a conventional 

generator, a coil of a conductor like copper rotates in a magnetic . 

field which also induces an electromotive force according to Faraday's 

law.

Figure I shows a conceptual diagram of an MHD channel, and the 

geometry of the current flow induced by the electromotive force. 

Theoretically, the direction of the current flow is mutually perpendicu­

lar to both the magnetic field and the direction of the gas flow. This 

current flows through an external load resistance and does useful work.
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FIGURE.I

Conceptual diagram of a coal fired MHD channel,. The direction 

of the gas flow (y), magnetic field (B), and the induced 

current density (J) are shown, . . ̂  ^ si -
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In order to close the current loop, electrons must be emitted from 

the cathode, pass through the ionized combustion'gases and enter 

the anode. The electrons may be emitted from the cathode in two 

ways: I) uniformly over the cathode surface by thermionic emission

(the thermionic or diffuse mode) or if the thermionic emission is 

insufficient to supply the current, then 2) the electric fields 

generated are sufficient to strike arcs and the electrons leave the 

cathode in a small number of localized arcs (the arc mode). In the 

arc mode, enormous current densities, which can exceed 10J aMnp/cm , 

cause localized ohmic heating which tends to destroy the electrodes.

Tp prevent destructive arcing, it is preferable to operate in the 

diffuse mode if possible. This would require that the thermionic 

emission from the cathode must be sufficient to supply the necessary 

current.

The evident importance of thermionic emission in an MHD generator 

provides the motivation for the present investigation. It is the 

goal of this research to determine the thermionic emission properties 

of various cathode materials under consideration for a coal fired.MHD- 

generator, namely coal slag and certain refractory ceramics. The coal 

which is burned inevitably contains small amounts of impurities con­

sisting of minerals that are common in. the earth’s crust. These 

minerals consist of oxides and silicates of aluminum. Iron, magnesium, 

and other elements. Such materials, termed "slag" are liquified and
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vaporized in the combustor, become entailed in the combustion and.: 

coat the inside of the channel, including the cathode surface. At 

the cathode, the electrons must now be emitted from the slag layer, 

so that it is the thermionic emission properties of the slag that 

controls the flow of electrons into the plasma. Alternatively, the 

channel walls may be allowed to become so hot (v2100°K) that the slag 

does not stick. In this case, only refractory ceramics can withstand 

both the high temperature and the corrosive chemical environment. So 

it is the thermionic emission properties of these ceramics that are 

at issue. .

Historically, it has been difficult to obtain reproducible 

results from the thermionic studies due to the many factors that 

influence it. Most of the early thermionic work was done on 

bare metals like Eungsten and tantalum, which were used to construct 

electron tubes. Later, when vacuum techniques improved, thermionic 

studies of atomic films and semiconductors became possible. However, 

dirty, emitters like coal slag have never been studied to any great 

degree. This is the first comprehensive study of thermionic emission 

I' from coal slags.

i



II. THEORY

It is the purpose of this section to examine the fundamental 

laws and physical quantities that influence thermionic emission.

A. ' The Richardson-Dushman Equation^

Thermionic emission refers to the escape of electrons from a 

hot surface. If all of the electrons emitted are. collected, the 

saturation current density J is related to the temperature T and 

the work function $ of the emitter by the Richafdson-Dushman equation

2 2 J = Aq T exp (-3>/kT) amps/cm

where , . (I)

Aq = Airme k ^ = 120 amp/0K- ? - cm^.

This equation can be derived by assuming the potential energy of an 

electron.due to its interactions with the ions and electrons in the 

emitter can be approximated by a square well of depth E^. This well 

will, be partially filled by electrons up to the fermi level Ef. For 

an electron to escape from the emitter, it must have a sufficient 

kinetic energy to take it from the emitter to infinity. If the 

emitter is considered to be a semi-infinite plane with its normal 

parallel to the x direction, then only the x component of the 

escaping electrons kinetic energy contributes to the electrons' 

ability to leave the emitter. Thus the condition for an electron 

to leave the emitter is
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or

Pxc = E2m@+EF)]1/2 = (2mE0)1/2 . (2)

where pxc is defined by equation 2 and is the critical x  momentum.

In general, the current density of electrons that flow through 

an arbitrary surface with momenta between p and p + dp is proportional 

to the product of their momentum and the density of electrons with 

this momentum n(p). The total current density that flows through this 

surface is x

J e
m j p n(p)dp

All P
Thus the current density that flows' in the x direction is

P .
i

(3)

From Fermi-Dirac Statistics, the density of electrons with momenta 

between p and p + dp is

n(p) = f(p)D(p)

where f(p) is the fermi function

f(p) =[. I + exp (-Jj T-)
-I
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and

2. 2 , 2 
P x + p V + Pz

The quantity D (p)dp is the density of traveling wave states

D(p)dp = —  dp dp dp ^ ,3 rx ry C5)

From equations 3,' 4, and 5, the current density in the x direction is 

, ■ 2 e >  P00 - Pw  ■ • ■ :p„dp,.. "■

For - Ep) > 5 k.T, the F e m i  function can b e ' approximated as

f (P) S: exp - y/t?
' <S-EF)

exp . kT

For typical emitter temperatures (less than 2000°C) this is a valid 

f o m  for the Fermi function- Under, the change of variables

0 . px ~ 2mEF 
= 2mkT

equation C6) becomes

2ekT
-3h -oo

2 2
P=O- . . . -P  Pco -P  . P00

J_ % L  dpZ expĉ  ..e ^ d 8

Using the integral relation
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x

equation (7) becomes

2 -®/kT

which is the Richardson-Dushman equation.

If an escaping electron comes too close to an ion in the emitter.

it can be backscattered back into the emitter. This reduces the 

thermionic current emitted. In general, a qualitative description of 

this process can be very difficult. It is customary to define the 

quantity r as the fraction of electrons incident on the emitter- 

vacuum interface that are reflected back into the emitter. Then 

equation (I) takes the form

Typically, r is small compared to I (^.05) so the reflection of 

electrons can usually be neglected.

If the work function has a temperature dependence of the form

J = A q (I-Y)T e2 -0/kT (8)

$ = 0Q + OlT

then equation (8) is further, modified to become

J = A q (I-T)B-a/k T2e-<5/kT . (9)
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Further modification of equation (9) occurs if the effective mass of 

the escaping electron m* is assumed to be different from the mass of a 

free electron. So the Richardson-Dushman equation in its most general 

form under the above assumptions is

A0T2e-4Zkl (?) =TtykO r ) (IO)

There is no easy way to determine the effect of each factor that 

modified equation (I) into equation (10). Experimentalists usually 

determine the effective work function 4» by assuming the quantities In 

the brackets of equation (10) are collectively, equal to unity. If 

equation CIO) is reduced to a form

J = (A0T2e-4* 1 > r1

where 7  )> O , then the difference between the thermionic work function 

...and the effective work function is O - 0 = $-<j> =-kT I n T  . If 7  = .5, 

then

. $-4 = 0.69 RT

which is a small change for usual thermionic.temperatures (<( 2000 K ) .

It should be noted that the derivation of the Richardson-Dushman 

equation given in this chapter was done for a metal. Equation (I) 

also governs thermionic emission from insulators and semiconductors. 

This can be proven by considering a model independent statistical
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mechanical derivation of the Richardson—Dushman equation such as that
2done by Herring and Nichols .

B. The Image Potential

Recall that the definition of the thermionic work function is the 

amount of energy required to remove an electron from the fermi level 

to the vacuum level. If an external force is applied to the escaping 

electron, it can force this electron out xxf or into the emitter 

depending upon the direction of the force. Thus this

external force can add to or subtract from the thermionic work function.

A good example of such an external force, is the attraction" between 

an escaping electron and its image charge in the emitter. The 

potential energy of an escaping'electron due to its attraction to its ' 

image charge in the emitter is (m MEET units).

U
2-e

16ttS q X (ID

For a non-metal with a dielectric constant K, this energy is

U
2-e

16ireOx
K-I
K+l (12)

Equations (11) and (12) are only valid for relatively large distances. 

As the value of x goes to zero,,the potential energy given by 

equations (11) or (12) approaches the bottom of the square well -Eq 

as Figure 2 illustrates.





FIGURE.2

Electron potential energy diagram near the surface of an .

emitter. V is the sum of the image charge potential energy eft
and the potential energy of the applied electric field. The 

hew work function is A$ lower than the original work function
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C. The Chlld-Larigmuir Law

Although the Richardson-Dushman equation describes the flux of

electrons flowing out from the surface of the emitter, the presence

of these electrons sets up an electric field which will tend to drive

the electrons back into the surface. Thus the measured emission

current will be less than that given by the Richardson-Dushman equation

unless a large enough external electric field is applied to overcome

the space charge field. These conditions are known, respectively, as

space charge limited and saturated. Figure 3 shows the net emission

current as a function of the applied voltage. In the space charge
3/2limited region on the left, the current goes as V according to 

the Child-Langmuir law of space charge limited emission. The region 

of the curve on the right would be perfectly flat except for a 

slight electric field induced work function lowering- the Schottkey . 

effect.

The Child-Langmuir law can be derived by considering the effect 

of an electric field on the emitted electrons. If an electric field 

is established between the emitter and collector, the thermionically 

emitted electrons gain a kinetic energy

iiiv e V as)

. where v is the velocity of an electron after it has traveled through





FIGURE 3

An idealized I-V curve. The current on the left is space 

charge limited, while the current on the right, is voltage 

saturated. The slight voltage dependence in the saturation 

region is due to the Schottkey effect. (T^ > T^ > T^).
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a potential difference V volts. Here it is assumed that the electrons 

are emitted with no kinetic energy.. This is in fact a fairly good 

approximation since 90% of the thermionically emitted electrons have 

kinetic energies less than 0.5 eV. To determine how the current 

density J varies with the applied potential V, it is necessary to 

solve the one dimensional Poisson equation

d2V JL (14)

vdiere P is the space charge density. The velocity given by equation 

(13) can be related to the space charge density by the relation

J = - p v  . (15)

Here J is the current density. Note that p ' has the dimensions of 

charge per unit volume. Solving equation (15) for p and substituting 

the yaiue of v given by equation (13), arid equation (14), becomes

(16)

For simplicity, define V = 0 at x = 0 and V = Vq at x = d. Here the 

cathode or emitter is located at x = 0. Using an integrating factorj 

solutions to equation (16) are easily found to be of the form

J 9 a? )
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3This is the Child-Langmuir law . A boundary condition that has been 

used to obtain equation (17) is that

dV
dx x=0 0 .

This boundary condition states that in the space charge limited 

region, the current density collected at the anode is in equilibrium 

when the applied electric field cancels the space charge field at 

the cathode. If the applied electric field is suddenly increased,.the 

instantaneous electric field will be non-zero at the cathode surface. ■ 

This forces electrons to flow out of the cathode until the electric 

field induced by the space charge again cancels the. applied field.

As the electric field between the emitter and collector increases, 

the space charge current density will approach the saturation current 

density given by equation (I). As the field increases, still further, 

the current density saturates and is no longer space charge limited.

D. The Schottkey Effect^

As the applied field increases still further, the current density 

increases because the. electric field lowers the amount of kinetic 

energy that escaping electrons must have to escape to infinity. That

is the electric field lowers the work function. The energy associated
_x

with an electric field E is

U = -a |i| x .
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When this energy is added to the energy of the image charge, a 

potential maximum occurs at Xmgx which is lower than the vacuum level. 

Figure 2 illustrates how the electric field potential energy and the 

image charge energy add up to an effective potential energy which

has a maximum V located at X . This lowers the original work 

function $ by an amount A  Thus the new work function is $' = $ - A  $.

The amount that the work function is lowered can be calculated 

by setting the first derivitive. of Ve^  equal to zero. This yields !- 

that the change in work function is

For non-metals with a dielectric constant K

(18)

A  $ -e
2

K-In 1/2
K+l

Thus A #  is proportional to |E|^^. This is commonly referred to as 

the Schottkey effect.

E. Surface Effects on the Work Function

If atoms are absorbed,at the surface of the emitter as ions, ■ 

such that there are N ions per unit area, their dipole moments with 

their image charges in the emitter set up an electric field

'eN
Sm
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where n is the normal unit vector which is defined as x for the case 

of a semi-infinite emitter. Alternatively the absorbed atoms may 

not be ionized but only distorted into a dipole on account of their 

bonding to the surface. If each absorbed atom has a dipole moment 

M  associated with it, the change in the work function is

A $ (19)

Xf the atoms are absorbed as singly charged positive ions, a distance 

d away from the emitter, the work function is lowered by an amount

A  @ = N ( - ^  ) .
0

The work function is lowered by I eV if ions are one Angstrom away 

from their image.charge., and there are 0.55 %  10 dipoles/meter , 

which corresponds to about 13,5 A between individual ions on the 

surface. This will increase the. thermionic current density by a 

factor of exp (A$/:KT). For A §  = I eV and a temperature of 1800 K, 

the current density is increased by a factor of 630. Thus a small 

decrease in the work function causes a big increase in the current 

density.



■ III. EXPERIMENTAL TECHNIQUES

The current collection structure used in these thermionic studies 

was chosen to have a planar diode geometry for simplicity. This struc­

ture consisted of a massive anode surrounded by an annular guard ring 

which ensured that only electrons emitted from the material being 

studied were collected by the anode.. The anode is massive to keep 

neutral atoms that boil off the emitter from thermally ionizing on the 

anode. If positive ions were present on the anode, they would be 

accelerated back toward the emitter giving erroneous currents. Further­

more, these ions could produce secondary electrons at the cathode when 

.they impact. These electrons would then be attracted toward the anode 

and would give even more erroneous currents. Figure 4 illustrates the 

structure of the anode —  guard ring assembly used for these studies. 

Other current collection techniques, employing Faraday cups and 

suppression grids were also used in this research. These were used in 

an attempt to suppress secondary electrons and to isolate the anode 

from the hot cathode. However, the system shown in.Figure 4 was 

found to give the best results.

Two lanthanum chromite based ceramics, and fourteen synthetic 

coal slags were obtained from the National Bureau of Standards MHD 

materials group. Two different series of coal slags were used for 

this research. One series contained slags with relatively low amounts 

of- silica while the other series contained higher amounts. Both 

series contained known amounts of potassium oxide that, varied from





FIGURE 4

Measurement geometry of the anode-guard ring assembly and 

the measurement electronics.
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0% to 30% by weight. Table I contains the percentage by weight of 

the individual components that make up both series of slags. The 

composition of the two lanthanum chromite ceramics is also listed in 

Table I.

The coal slag specimens were pulverized into a fine powder to 

ensure uniformity and to make it easier to obtain a uniform slag layer 

at lower temperatures. This pulverized coal slag was placed on a thin 

square of iridium foil which was spot welded to a grounded tantalum . 

ribbon. The iridium foil was used to isolate the slag from the tantalum 

ribbon. This was necessary because the slag reacted with the tantalum 

and quickly destroyed it.

The coal slag powder was heated in a vacuum of 10 ^ torr to well 

over 1700°K by passing a high current through the tantalum ribbon. This 

vacuum was produced by a six inch oil diffusion pump with a cold trap. 

The main reason for the vacuum is to provide a long mean free path for 

the emitted electrons. This ensures that the current is not limited by 

diffusion through the atmosphere. Also, the vacuum minimizes.the oxida­

tion and heat loss of the tantalum ribbon, and reduces the chance that 

oxygen atoms could be absorbed on the slag’s surface changing its work 

function.

The two lanthanum chromite based ceramics were machined into 

thin disks, placed on the.tantalum ribbon, and heated in the same 

manner as the slags. No iridium foil was necessary for these
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... ..i";

TABLE I

High Silica Series (% .By.Weight)

Slag # S io 2 : - A V s ■ ■ Fe_Oy .3.4 • CaO • MgO K ?0

. K517 60.00. 25.00 ' 10.00 ■ 3.00 2.00 0
K520 57.00 23.75 9.50 2.85 1.90 5.00
K524 54.00 22.50 . 9.00 ' 12.70 1.80 10.00
K527 51.00 21.25 8.50 "2.55 1.70 15.00
K531 48.00 20.00 8.00 2.40 1.60 20.00
K533 45.00 18.75 7.50 . 2.25 1.50 25.00
K536 42.00 17.50. 7.00 2.10 1.40 30.00

Low Silica Series' (% By Weight)

Slag # SiO2 A12°3 Fe3°4 CaO MgO K2O

K488 40.00 15.00 . 15.00 20.00 10.00 . 0
K492 38.00 14.25 14.25 19.00 9.50 5.00
K494 36.00 13.50 13.50 18.00 • 9.00 10.00
K509 . 34.00 12.75 12.75 17.00 8.50 15.00
K510 32.00 12.00 12.00 16.00 8.00 20.00
K512 30.00 11.25 11.25 ’ 15.00 7.50 25.00
K539 28.00 10.50 10.50 14.00 7.00 ,30.00

i . 9 5  mS .05A1.25Cr:.75°3 ^.84 Sr 16CrO3

Ceramics
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materials because they never melted or reacted with the tantalum, 

although the portion of these ceramics that was in direct contact with 

the tantalum ribbon did bond tightly to the surface/ These ceramics 

were heated to about 1600°K in a vacuum of 10 ^ torr for about one 

minute, to evaporate impurities from the surface.

The thermionic current collected from the slags and ceramics was 

converted into a voltage signal by passing this current through a 

load resistor. An isolation amplifier was employed to monitor this 

voltage signal, while providing protection to the chart recorded 

from the high voltages applied to the guard.ring assembly. This high 

voltage was supplied by a KEPCO OPS-2000 operational power supply 

which is ramped up or down in voltage by a ramp generator. The 

voltage applied to the guard ring assembly was usually less than.700 

volts. This voltage was monitored by the X-axis of an X-Y recorder 

after it was passed through a 1000 to I voltage divider. The voltage 

signal monitaring the thermionic current was input into the Y-axis. 

With this equipment, graphs documenting the thermionic current as a 

function of voltage were obtained. These graphs are commonly called 

I-V curves and are similar to those in Figure 3.

The temperature of the slags and ceramics was determined using 

an optical pyrometer. The temperature observed by the pyrometer was 

corrected to take into account the spectral emissivity s, which was 

determined experimentally to be approximately Oi I . This value was



27

obtained by comparing the apparent temperature of the slags and 

ceramics to the apparent temperature of the tantalum ribbon which 

has a known value of s~\ Usually this correction added about 30°C to 

all of the apparent temperatures measured by the pyrometer. An 

additional 20° C was added to offset the absorption effects of the 

optical feed"through in the vacuum chamber.

Since the temperature and anode area are known, the effective work 

function can be obtained using equation (I). The factors that appear 

in the brackets in equation (10) which modify equation Cl) to take . 

into account reflections and temperature dependencies are assumed to 

collectively equal unity. Thus the work function obtained by this 

technique is the effective work function which was described earlier 

in this work.

If the results of a thermionic study are plotted as

. vs ~  
x 1

the results should be a straight line. From equation (I)

j!n(r~) = in A - ( A  ■=■
T2 , k T

so the slope of the straight line gives the Richardson work function 

and the intercept at T ^ = 0 is in A. This type of plot is often 

referred to as a Richardson plot, and.is one way the results of
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thermionic studies can be presented. In general, because of the

variation of the work function with temperature or other factors,

the value of A obtained from the T ^ = O  intercept of a Richardson
. 2 2plot will, not be 120 AmpZjK -cm , and the Richardson work function 

will be different from the effective work function. Figure 5 shows 

Richardson plots for three high silica coal slags. Each of these 

lines is the average over several samples. The data points have been 

omitted for sake of clarity. The effective work functions for this 

research were obtained by averaging the effective work function at a 

given temperature for each data point of a particular slag. This 

technique yielded more reproducible data and better results than 

determining the Richardson work function from the slope of a.Richardson 

plot. Also, this technique is more convenient since only one parameter 

need be specified (0) rather than two (0 and A).

As the potassium doped slags used in this research are heated, 

potassium which has a low vapor pressure evaporates out of the slags 

and condenses on the vacuum chamber walls. As the potassium concentra­

tion of these slags drops, the amount of. potassium ions on the surface 

will also change, thus changing the work function. To determine the 

extent of the potassium losses in these slags, an X-ray fluorescence 

study was undertaken.' W ith'this technique, an approximate measure of 

the potassium loss in the first few microns of the surface can be

obtained.





FIGURE 5

Richardson plots of the high silica slags listed. Each line 

represents the average over several samples.
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' The X-ray fluorescence:' method consists, of measuring, the energies 

of the X-rays emitted from the atoms of a sample after excitation of 

the atoms by an impinging beam of 25 KeV electrons. Since each 

element emits its characteristic X-rays,, the identities of the atoms 

in the first micron or so of the surface can be accertained. The 

X-ray energies are measured with a lithium diffused silicon detector. 

The output was recorded with a pulse height analyzer. A typical 

spectrum of X-rays evolved from these coal slags is shown in Figure 6. 

A ratio of the peak number of counts of the potassium K a l  line CS.33 

Kev) to the peak number of counts of the silicon K a  I line Cl.73 KeV) 

was constructed for this research. The silicon was assumed to be a 

stable species which does not evaporate out of the slag in any 

appreciable amount at the temperatures used for this research. By 

comparing this K/Si ratio of X—ray fluorescence peaks, relative 

changes in the potassium concentration can be monitored.

• Since the work function of a surface depends on the. chemical 

nature of the first monolayer. Auger electron spectroscopy was used 

to determine the elemental identity of the surface atoms and ,in 

particular, to determine if potassium was absent or present. Auger, 

spectroscopy is, in principle, analogous to the X—ray fluomscence 

method. There are two important differences between them. These 

are: I) The. detected particles are electrons emitted from the atom

by the radiationless Auger process after excitation by a beam of
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FIGURE 6

,An x-ray fluorescence spectrum obtained for K539 (30% KgO)
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3 KeV electrons. The kinetic energies of the electrons are character­

istic of the emitting atom and the energy spectrum serves to identify 

the atoms present. 2) The mean free path of the Auger electrons is 

only a few Angstroms', so the defected electrons that still retain 

their characteristic energy must necessarily have been emitted from 

atoms within a few Angstroms of the surface. The X—ray mean free 

path is on the order of a micron so that in that method one measures 

an average composition over that depth. A retardation field analyzer 

(PHI 15-120) was used to measure the electron energy and lock-in 

techniques were used to separate the Auger electron signal from 

the large background of secondary electrons. The experimental tech­

niques employed in this study are similar to those used by D. F.
6Stein at al. and P . W. Palmbert et al.

The relative concentrations of an N-component system can be 

obtained from Auger electron spectroscopy using the relation

C = V En
n ,K1ZS1 K  /S1 1  n n

(20)

where K^ is the peak to peak amplitude of the Auger signal and S^ is
ththe relative sensitivity of the 

to a silver standard. These relative sensitivities are tabulated

component of the slag.compared
8 ‘

and are in general very complicated functions of density, and beam
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voltage as well as atomic number. Figure 7 illustrates a typical 

Auger spectrum obtained in this research;

A Balzers QMClOl quadrupole mass spectrometer was also used in 

this research to study the ions evolved'from the hot coal slag. The 

only ions that were observable were and K ^ .  Figure 8 is a 

spectrum obtained from K524 at about 1300°K. This slag contained
4110% potassium oxide by weight before heating. The ratio of the K 

39and K ion flux amplitudes as anticipated is the same as the ratio
9of the natural abundances of these isotopes ,
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FIGURE.7

An Auger spectrum obtained from K524 (10% KgO).
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FIGURE 8

Mass spectrometer spectrum obtained with a quadrupole mass 

spectrometer from K524 (10% KgO). The ionization filament 

was off so no neutral atoms were detected.
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IV. EXPERIMENTAL RESULTS

The thermionic current collection system shown in Figure 4 was 

used initially to obtain the effective work function of two poly­

crystalline metals to test its reliability. These metals were 

tantalum and platinum. The emitting surface of.these metals was

cleaned of gross impurities by bringing these metals up to a high
7temperature in a vacuum of 10 torr. for about a minute. An effective

work function of 4.23 eV was obtained for tantalum which has an
10accepted value of 4.19 eV . This measurement has less than one

percent error, and indicates that the current collection system is

working quite well. An effective work function of 4.86 eV was obtained
10for platinum which has. an accepted value of 5.32 eV . This 

measurement has 8.7% error. Since platinum has a lower melting point 

than tantalum, it could not be flashed at a sufficiently high tempera­

ture to remove all the contaminants present on its surface. These 

impurities probably caused the erroneous work function measurement. 

Historically it has been difficult to measure the work function of 

platinum because of these impurities. The accepted value for the 

work function of platinum was obtained from a freshly sputtered 

layer of platinum^. Those thermionic studies were done before any 

impurities had a chance to settle back on the surface.

Once the current collection assembly was proven.reliable, 

thermionic studies on the high silica slags were begun, The high 

silica content in these slaga made their melting points occur at
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high temperatures. Powderized specimens of these slags were heated . 

initially to over 1800°K in order to melt the powder into a uniform 

slag layer. Upon melting, the temperature of these slags was dropped 

to about IOOO0K. It was hoped that the high temperatures needed to ■ 

melt these slags would not cause substantial amounts "of, the potassium 

to evaporate out of these slags and condense on the vacuum chamber 

walls. If in fact the potassium did leave these slag samples, this 

would most likely affect the concentration of potassium on the.surface, 

which would be reflected in a higher work function. Thermionic 

studies were done on K517, K524, K53i, K533 and K536 which initially 

contained 0%, 10%, 20%, 25% and 30% potassium oxide by weight, 

respectively. Richardson plots for K517, K524, and K536 are shown in 

Figure 5. It is strange that the current density is lowest for the 

slag that initially had the highest potassium content. The effective 

work function vs. potassium oxide content before heating is shown in 

Figure 9. The effective work function.for all four slag samples that 

contained potassium are suprisingly close to the work function of K517 

which contained no potassium. It would seem that these slag might 

have lost substantial amounts of potassium in the initial melting, 

operation. -

To determine if in fact this potassium was leaving and to what 

extent, an X-ray flourescence study of the melted and unmelted high 

silica series was undertaken. The X-ray fluoiescence studies bn the





FIGURE 9

A plot of .the effective work function vs. potassium content. 

The dotted line represents a downward trend which was anti­

cipated. The data points for 25/£ and 30/o K^O, which do not 

follow this trend, may be higher due to potassium loss.
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unmelted, high and low silica series slags yielded a calibration curve 

which could be used to determine the percent potassium oxide left 

in a slag sample after heating, from the K/Si ratio which was defined 

earlier. Figures 10 and 11 contain the results of the unmelted 

X-ray fluorescence studies. In general,calibration curves of this 

sort can be a high order polynomial due to density, backscattering, 

and fluorescence yield corrections. Both a first and second order 

fit is made to the data displayed in Figures 10 and 11. The K/Si 

ratios for some of the melted high silica slags used in the thermionic 

studies, were determined. Table 2 lists the K/Si ratio, the original 

potassium oxide content, and the potassium oxide left after heating. 

From Table 2, it is apparent that these melted high silica slags have 

lost from 43% to 65% of their original potassium oxide content.

The amount of potassium on the surface of K524 can be determined 

using equation (20). Since the potassium and oxygen peaks are 

substantially larger than the calcium and iron peaks, a good approxima 

tion of the amount of potassium on the surface can be obtained by 

considering this slag as a two component system: potassium and

oxygen. Thus for N = 2, equation (2) states that

and

.. iVs;-. 
V \: + Koso

K0/S0
0 Kk/Sk + V 5O





FIGURE 10

An X-ray fluorescence calibration curve which can be used to 

determine the amount of K^O left in a high silica coal slag 

sample after, heating. The dotted and solid lines represent 

a first and second order least squares fit to the data,

respectively..
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FIGURE 11

An X-ray fluorescence calibration curve which can be used to 

determine the amount of K_0, left in a low silica coal slag
. ' '  V • .V - 2

after heating. The dotted and solid lines represent a 

first and second order least squares fit to the data, 

respectively.
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TABLE 2

Slag # K/Si ratio % K 9O before . % K^O after ■ % change

524-2 .148 + .003 10% 3.5% ' 35%

524-3 .197 +  .008 10% 4.5% 45%

531-1 .459 + .192 20% 11.5% 58%

533-1 .518 + .139 25% 13.0% 52% .
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The values of K̂ . amd can be obtained from Figure 7 to be

= 10.6 and K q = 15.4. The relative sensitivities and Sq are^

Sk = .8 and Sq = .5. This yields the result that Ck = .301 and 

Cq = .699, or roughly 30% of the atoms on the surface are potassium, 

while about 70% of these atoms are oxygen. Since all of the components 

of these synthetic slags are metallic oxides, oxygen is the largest 

component of these slags. This indicates that there was a substantial 

amount of potassium on the surface at this time. No time dependent, 

studies were undertaken to determine how. the potassium on the surface 

changed with time and temperature.

The low silica series of slags melted at lower temperatures 

than the high silica series due to the decreased silica concentration, 

Powderized samples of these slags were heated to about 1600°K in 

order to melt the powder into a uniform layer. Immediately after 

all the powder had melted into the slag layer, the slags temperature 

was dropped to about 1000°K. Recalling the substantial potassium 

loss observed for the high silica slags, much more caution was 

shown to the maximum temperature of the low silica thermionic studies. 

It was hoped that potassium loss could be minimized by reducing the 

maximum temperature of these slags. Numerous thermionic studies were 

done on K488, K492, K494, K510 and K539 which contain 0%, 5%, 10%, 20% 

and 30% potassium oxide by weight, respectively. The data obtained 

from these studies is plotted in Figures 12 through 16 as the effective



51

work function vs. the temperature of the slag to better describe 

the temperature dependence of the work function. In all of these 

figures, the work function increases approximately linearly with 

increasing temperature. A first order least squares fit was done 

on this data. The slope of ,these lines appear in Table 3 along with 

the work function at 1300°K. The nearly vertical lines that appear 

on Figures 13, 14, and 16 connect, different values of the work 

function for the same slag sample. The lower point in each case was 

the value of 0 obtained immediately .after the s lagfs temperature was 

raised to the temperature shown. The upper points are the equilibrium 

values for the effective work function after the slag's new temperature 

had been established for several minutes. All other data points that 

appear on these figures are equilibrium values of 0. This.change of 

the effective work function at fixed temperatures can be attributed 

to potassium loss from the surface of the slag.

An X-ray fluorescence study similar to those done for the high 

silica slags, was. done on a low silica slag. In this study, several 

samples of K510' (20% K^O before heating) were each heated to succes­

sively higher temperatures. A K/Si. ratio was determined for each slag 

sample and the potassium oxide concent after heating was obtained 

using the calibration curve shown in Figure 11. The percentage, 

potassium loss was calculated by the relation





FIGURE. 12

The temperature dependence of the effective work function of 

K488 C0% K2O).
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FIGURE 13

The temperature dependence of the effective work function 

o f  K492 (5% K 0O). The vertical line illustrates the , 

difference between the equilibrium value and the initial 

value of the effective work function at the temperature shown
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FIGURE 14

The temperature dependence of the work function of K494 

(10% KgO). The vertical lines illustrate the difference 

between- the equilibrium value and the initial, value of the 

effective work function at the temperatures shown.
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FIGURE' 15

The temperature dependence of the effective work function 

of K510 (20% K2O).

'



K 5 /0
20% K^O

<d 3.6

IIOO 1200 1300 1400 1500 1600

T E M P E R A T U R E  (K°)





.FIGURE 16

The temperature dependence of the work function of K539 

(30% KgO) '• The vertical lines illustrate the difference 

between the equilibrium value and initial value of the 

effective work function at the temperatures shown.
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TABLE 3

Slag # %. K 2O by Weight Slope (10 ^ ev/°K) 0 @ 1300°K

K488 0 2.04 4.20

K492 5 2; 17 3.64

K494 10 1.34 3.76 .

K510 20 0.99 3.52

K539 30 1.08 3.52
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% K2O loss
..% .K2Q before - .% K2O .after 

% K2O before )100% ,

Table 4. contains the results of this study. At lower temperatures 

(M-IOO0K) small amounts of potassium were lost while at higher 

temperatures- (vl700°lO most of the potassium in these samples had 

evaporated out.

Thermionic studies were also done on two possible IKD ceramic 

electrode materials. These samples were La Mg’n_Al .^Cr __0_ and 

La g^Sr ^gCrOg. The results of the thermionic studies on these 

lanthanum chromite based ceramics appear.' in Figures 17 and 18 as 

Richardson plots. An effective, work function of 3.13 .04 eV was

obtained for the magnesium and aluminum doped lanthanum chromite 

sample. An effective work function of 3.28 + . 0 8  eV was obtained for 

the sttontium doped lanthanum chromite sample. For each sample the 

data points of three different runs appears.along with the Richardson 

plots shown in Figures .17 and 18.



TABLE 4

Potassium content and loss from K510 after heating 

. •' @0% KgO before heating)

Maximum
Temperature ( K)

K/Si 
Ratio • after heating

% k 20
. . loss

1120 ° K 1.30 +_.11 17.4 % 13%

IlSOc K - 1.09 + .11 14.8% 26%

1530° K . 0.86 +_ .06 12.0% . 40% .

1610c K 0.63 + .01 9.1% . 55%

1680' K 0.19 + .09 3.7% 82%
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FIGURE 17

A Richardson plot for La g^Mg ^,.Al
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FIGURE 18

A  Richardson plot for La 84Sr.16Cr0
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V.. DISCUSSION AND CONCLUSIONS

Using thermionic techniques, the effective work functions for 

several synthetic coal slags and lanthanum chromite based ceramics 

were determined in this research. Materials such as these will 

probably be used as the cathode material used to supply the current 

demand in a coal fired MHD generator. The minimum current density 

necessary for economical operation of an MHD channel is one amp per 

square centimeter. If the temperature of the cathode is 2000°K, a 

work function lower than 3.44 eV would be required to emit this 

current density.

Effective work functions of 3.28 + .08 eV and 3.13 .04 eV were

obtained for La g^Sr ^gCrOg and La ^5Mg Q5Al 25Cr ^5Og . These values 

were obtained from clean surfaces. In a MHD generator, these 

cathodes would be in contact with a dense potassium seeded plasma.

The electric field induced by the flow of the conducting combustion 

gases through the magnetic field forces electrons toward the anode 

while it forces potassium ions toward the cathode. As these ions 

build up, they reduce the thermionic work function of these ceramics 

and increase their current density. The potassium concentration will 

reach an equilibrium value when the diffusion of potassium out of 

these ceramics is balanced by the absorption of potassium from the 

plasma. If the work function of these lanthanum chromite ceramics
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were reduced I eV by the potassium on their surfaces, the current

densities would increase by a factor of 331 at 2000 K, to about 
2 2860 amps/cm and 2050 amps/cm for La g^Sr » and

La qc-AI g^Cr y^O^ respectively. These current densities are

extremely high and are far beyond what is needed for economical opera­

tion. By limiting the current demand from the load resistance on the 

channel, ohmic heating of the electrodes can be reduced and their 

lifetime extended. Unfortunately, the temperature of these elec­

trodes cannot be reduced to further lengthen their lifetime because 

a coal slag layer would form over them.

If a slag layer has covered the cathode, then its thermionic 

properties are important. As with the ceramic electrodes, the 

equilibrium potassium concentration on the surface of this slag layer 

will increase its thermionic current density. It would be advantageous 

to be able to determine the effective work function with an equilibrium 

potassium concentration. However, the measurements of the effective 

work functions for the synthetic coal slags in this research were 

made under non-equilibrium conditions. That is, the potassium 

contained by these slags was leaving the samples while none was 

entering.

The effective work functions for the potassium doped low silica 

coal slags varied from between 3 eV and 4 eV. The lower values 

measured here were at lower temperatures. The X-ray fluorescence
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studies that were, undertaken to monitor the potassium loss from these 

slags indicates that very little potassium is lost at lower, tempera­

tures (less than 1300°K) while substantial losses occur at higher 

temperatures. This study indicates that the lower values obtained 

for the effective work function of the potassium doped low silica 

slags may be more representative of the actual work function than 

the higher values. This indicates that the current densities necessary 

for MHD.power generation in a slagging environment may be obtainable.

In this research, evidence of work function lowering by 

absorption of ions, and potassium loss by diffusion has been observed. 

Also a work function temperature dependence has been observed which, 

might be due to the potassium loss . This experimentation should be 

regarded as a preliminary investigation of the thermionic emission

of these MHD materials. Studying thermionic emission in an equilibrium
12system such as was done by J. Koester will give more realistic data 

to use in the design of a real coal fired MHD channel.
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