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Abstract

One major problem in the power output of alkali metal thermal to electric converter (AMTEC) is its decay with time. From the 18,000 h
of laboratory testing on AMTEC, it was found that power output decreased from 2.48 to 1.27 W. One of the major causes of this decay is the
grain growth of the electrodes. In this study, three electrodes have been studied in terms of their grain growth and a comparison of their
performance has been made. Materials for those three electrodes, namely, RhW, Rh,W, and TiN have been tried. From this analysis, RhW
was found to be the best electrode, whereas Rh, W was found to be the better electrode over TiN electrode. It was observed that power
degradation of RhW electrode is 3.63% from grain growth effect. Power degradation by Rh,W and TiN electrodes were calculated to be
6.45 and 10.89%, respectively, due to grain growth. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Alkali metal thermal to electric converter (AMTEC) has
been a candidate for space power as a thermal to electric
converter. One of the reasons for AMTEC being used is its
high efficiency over other conventional thermal to electric
converter. However, there is still some problem associated
with its long and continuous use. Power output of the device
is yet to perform consistently with time. During the testing of
the AMTEC in the laboratory, it was seen that power output
decreased from 2.48 to 1.27 W after 18,000 h of operation
with the hot side temperature of 1023 K and the condenser
side temperature of 600 K [1]. Recent study shows that beta
alumina solid electrolyte (BASE) and electrodes are two of
the most degrading components in the AMTEC [2,3]. The
PX-3A version of AMTEC was used for those analyses.
AMTEC is a thermal to electric converter, which does not
have any moving parts [4-7]. Sodium is working fluid and
BASE is the ionic conductor.

BASE divides the AMTEC into two regions; a hot
region filled with sodium at high-pressures (10-100 kPa)
and high-temperatures (900-1300 K) and a cold region at
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low-pressures (<50 Pa) and low-temperatures (400-700 K)
[8]. A porous metal electrode (cathode) covers the low-
pressure (outer) side of the BASE. The anode surface covers
the inner side of the BASE at the high-pressure—temperature
region of the cell (see Fig. 1). Both electrodes provide a
conduction path for the electrons to and from the external
load. Sodium enters the hot region of the cell. Due to the
thermodynamic potential across the BASE, ionization of
sodium metal occurs at the hot region of sodium and BASE
interface. The following reaction occurs at the interface of
BASE and anode electrode surface [9]:

Na (vapor) — e~ + [Na'] )

The sodium ions are diffused through the BASE to the
cathode due to the pressure differential across the BASE.
The electrons circulate through the external load producing
electrical work and then reach the cathode surface where
they recombine with the sodium ions at the interface
between the BASE and cathode.

The following reaction occurs at the interface of BASE
and cathode surface [9]:

[Na*] + e~ — Na (vapor) )

The neutralized sodium leaves the porous electrode, moves
through the vapor space, and releases their heat of conden-
sation on the condenser surface. Nearly the entire tempera-
ture drop occurs in this low-pressure vapor space. The
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Nomenclature

B temperature-independent exchange current
(A K"2/Pa m'?)

c proportionality constant

E cell interface potential: applied potential+
voltage drop across cell resistance (V)

E\ activation energy for grains to move to the grain
boundary

F Faraday constant

j current density (A/cmz)

M, mobility constant

n constant, characteristic of the electrode material
P, power output (W)

Py pressure caused by the condensation of sodium
from the condenser (Pa)

Py vapor pressure of sodium at the electrode
temperature (Pa)

Py pressure due to sodium leaving the exterior
surface of the electrode (Pa)

R final grain size

Ry initial grain size

R gas constant

T electrode temperature (K)

Greek letters

o transfer coefficient = 0.5

Vs individual surface energy of the grain boundary
¢ angle by which two grains are separated

AP pressure drop from the electrode—electrolyte

interface to the electrode surface (Pa)

Thermal Shield

Condenser

Wick

% Cell wall

NN

I Cathode
T “ I fl Anode
l ? v BASE
onduction Stud
Hot Plate

UU </ Low-pressure sodium vapor

| i High-pressure sodium

BASE support plate

condensed liquid sodium moves to the wick annulus to the
inlet of a small dc electromagnetic pump or a porous
capillary wick, which is used to return the sodium to the
high-pressure evaporator region.

For this study, three different materials for electrodes have
been chosen to investigate their effect on the degradation of
the overall power output. The electrodes were made of TiN,
RhW, and Rh,W materials. To simulate and investigate the
time-dependent behavior of the three electrodes, an 18,000-
line FORTRAN code was used. This code was based on the
four models, namely (1) electrochemical model, (2) vapor
pressure loss model, (3) electrical model, and (4) thermal
model. The description of the four models can be found in
ref. [10,11]. In this study, steady-state FORTRAN code was
transformed into providing both steady and unsteady-state
behavior and simulation was done on three different elec-
trodes to investigate their grain size growth, time indepen-
dent exchange current, and power output behavior with time.

2. Grain growth effect of electrode

The lifetime of an AMTEC electrode is dependent on the
sintering rate of the material, which, is a function of the
operating temperature of the cell. As the operating tempera-
ture increases, the sintering rate of the electrode also
increases. As grains sinter, they coalesce, resulting in an
increase in the grain volume. However, as the grains coa-
lesce, porosity of the electrode increases and the surface area
of the electrode decrease. The performance of the electrode
is also related to the contact between electrode and electro-
Iyte, which is measured by temperature-independent
exchange current or just exchange current.

TOP VIEW

Condenser wick

Heat Input Evaporator

Flow of Sodium through electrolyte

Flow of electricity through Load ——»

Load

Fig. 1. Top and cross-sectional

views of the PX-3A cell.
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The exchange current depends on the sodium pressure at the
interface of electrolyte and electrode. The sodium pressure
at the interface is the sum of the pressure caused by the
condensation of sodium from the condenser, the pressure
due to sodium leaving the exterior surface of the electrode,
and the pressure drop from the electrode—electrolyte inter-
face to the electrode surface.

Exchange current can be calculated from the following
relations [8,10]:

Py + Py + AP -
2= j{e“Ef P e(lx)Ef} @)
F
I =Rt @

This exchange current is normalized for sodium collision rate
to yield a temperature-independent exchange current [10]
0 T1/2

B=J; 5, 5)
Therefore, temperature-independent exchange current is a
sensitive measure of the nature of contact between electrode
and electrolyte interface. It can also be related with the
operable lifetime of the electrode through grain radius.

With an increase in sintering, grain size increases, which
eventually leads to a decrease in the number of grains.
Therefore, contact between electrolyte and electrode also
decreases. As the total number of grain decreases, the
exchange current also decreases, because the exchange
current is proportional to the number of grains in the
electrode. With the increase of grain size, voids within
the electrode become larger which causes the electrode
conductivity to decrease. Eventually, these voids will grow
to a huge size that there will be no apparent grain-to-grain
conduction and the effective lifetime of electrode will cease.

3. Time-dependent equation for power output

In the previous sections, it was discussed that grain size
was the primary mechanisms behind the electrode perfor-
mance and power degradation. One idea to improve the
electrodes is to use materials, which are less susceptible to
the grain size growth effect. Since high-temperatures favor
and accelerate the sintering and grain growth of material, it
is logical to use materials, which have a higher melting point
so that even at higher temperatures, they will be less
susceptible to the grain size growth effect than those mate-
rials having a lower melting point.

Another criterion for the selection of an electrode material
is its surface self-diffusion coefficient. Materials having low
surface self-diffusion exhibit slow decay and grain growth
would be slow. Therefore, materials having small surface
self-diffusion coefficients and higher melting point tempera-
tures should be sought and employed for better-expected
results.

Table 1
Parameters of three electrodes

Electrode material Activation energy a

(Ea) (kJ/mol)

TiN 175.5 1.14 x 102
RhW 260.51 43 x 10"
Rh,W 206.48 434 x 102

TiN, RhW, and Rh,W materials meet all the criteria
described above. In order to compare the performance of
these three-electrode materials, it is necessary to find out the
grain size growth effect of each of these electrode materials
with time. The modeling of grain size growth by Ryan et al.
[10] is used in this study in order to find out the grain growth
of all three electrodes. The equation for grain growth is given
by [11]

(—Ea/RT)0]""

Ry =Ro|1 +aexp (6)
Ry

where

a = 2cMyy, cos ¢ @)

The value of 7, R, Ry and n are 1023 K, 8.314 J/mol, 30 nm
and 3.2, respectively. The following information in the
Table 1 is also required for the development of equations
for other electrode materials [11-13].

Using the values of a, T, R, Ry, n and Table 1 for all three
electrodes, we get three equations for grain growth of the
electrodes. The grain size growth of the materials investi-
gated can be represented as, for TiN

Re = 30[1 +2.34 x lofzt]O.slzs )
for RhW
Ry = 30[1 4 4.06 x 10767**'» ©
for Rho,W
Ry = 30[1 +2.33 x 10_3t]0'3125 10

An empirical correlation between grain size and tempera-
ture-independent exchange current, B is given by [13]

B = By — bR}/ (11)

By is the initial temperature exchange current, which is equal
to 270A K'"?/Pam'”. The values of b are 6.218 and 5.4222
for TiN and Rh,W electrodes, respectively, found experi-
mentally [13].

The temperature-independent exchange current as a func-
tion of grain growth for TiN and Rh,W electrodes are as
follows, respectively:

B =270 —6.218 (R;)'/? (12)

B =270 — 5.4222 (R;)'"? (13)
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The relation between temperature-independent exchange
current, B, and power output can be found from the simula-
tion work done in this study (see Appendix A). It is seen that
as the temperature-independent exchange current increases,
power output also increases at a given porosity and electrode
material (TiN). From the simulation of FORTRAN code, the
following relation has been obtained between the power
output and temperature-independent exchange current (see
Appendix A)

P, = 1.5135 + 0.0068 — 10~ (1/28, (14)

For a given value of ¢, three Eqgs. (8), (12), and (14) can be
easily solved yielding three unknowns namely P, B, and, R;.
This gives the simulated relation between the power output

and time for TiN electrode. Similarly, solving Egs. (9), (13),
and (14), simulated relation between power output and time
for RhW electrode is found. The last simulated power out-
put—time relation for Rh, W electrode is obtained by solving
Egs. (10), (13), and (14).

4. Results and discussions

By solving the above equations, three relations between
grain size, temperature-independent exchange current, and
power output with time are obtained. The time-dependent
behavior of the grain size for all three-electrode materials
is shown in Fig. 2. Similarly, the unsteady-state behavior
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Fig. 2. The variation of grain size with time for RhW, Rh,W, and TiN electrodes.
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Fig. 3. The variation of temperature-independent exchange current with time for RhW, Rh,W, and TiN electrodes.
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Fig. 4. The variation of power output with time for RhW, Rh,W, and TiN electrodes.

of the temperature-independent exchange current and
power output of all three electrodes are shown in Figs. 3
and 4.

Comparing the grain growth effect of all these electrode
materials (Fig. 2), it is seen that grain size increases with
time for all electrode materials investigated. Grain size of
RhW electrode increased from 30 to 34.26 nm after 15
years, which is 1.142 times of its initial value. This implies
that the RhW electrode is not significantly affected by the
grain size effect. For Rh,W and TiN electrodes, the grain
size increased from 30 to 179.28 and 368.38 nm, respec-
tively. The increase in the grain size of these materials was
6 and 12.28 times greater, respectively, from their original
size of 30 nm.

Table 2
Parameters of TiN electrode

From Fig. 3, it is seen that the temperature-independent
exchange current of RhW, Rh,W and TiN electrodes change
in the 15 years time span, starting from the initial value of
270 A K*/Pa mm, for all three electrodes, it decreases to
238.26, 184.52, and 150.66 A K'?/Pam'?, respectively,
again affecting the RhW electrode least.

From the Fig. 4, it can be seen that power output of RhW,
Rh,W and TiN electrodes decreases with time. Power output
decreases from 2.48 to 2.39, 2.32 and 2.21 W, respectively,
for all three electrodes during their 15 years span. The
changes in the power output, temperature-independent
exchange current, and grain growth for all three electrodes
over 15 years of time are shown in three different tables,
namely, Tables 2—4, respectively.

Grain size (nm)

Temperature-independent Simulated power

exchange current (A K'2/Pa m'?) output (W)
Initial value 30.00 270.00 2.48
Final value after 15 years 368.38 150.66 221
Total change 338.38 119.34 0.27
Change (%) 1127.9 44.20 10.88
Table 3
Parameters of RhW electrode
Grain size (nm) Temperature-independent Simulated power
exchange current (A K"?/Pa m'’?) output (W)
Initial value 30.00 270.00 248
Final value after 15 years 34.26 238.26 2.39
Total change 4.26 31.74 0.09
Change (%) 14.20 11.76 3.63
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Table 4
Parameters of Rh,W electrodes

Grain size (nm)

Temperature-independent Simulated power

exchange current (A K'/Pam" 2) output (W)
Initial value 30.00 270.00 2.48
Final value after 15 years 179.28 184.52 2.32
Total change 149.28 85.48 0.16
Change (%) 497.60 31.66 6.45

5. Conclusions

Electrode is one of the components, which contribute to
the overall degradation of the power output of the AMTEC.
Electrode material has an effective life after which the
output of the electrode does not comply with the minimum
requirement of the power output of AMTEC. Three electro-
des made of RhW, Rh,W, and TiN have been examined for
degrading effects on the AMTEC power output. From this
analysis, RhW is found to be the best working electrode, in
the sense that it is least affected by the grain growth. Rh, W is
found to be the other better electrode compared to TiN
electrode. From the comparison of grain growth, it was
found that grain size of RhW is the least among all three
electrodes.

From the power output-time analysis, it is observed that
power degradation of RhW electrode is 3.63% from grain
growth effect. Power degradation by Rh,W and TiN elec-
trodes are 6.45 and 10.89%, respectively, due to grain
growth. This result is consistent considering that RhW,
Rh,W, and TiN have activation energy of 260.51, 206.48,
and 175 kJ/mol, respectively. This activation energy implies
that RhW electrode faces greater energy barrier towards the
grain growth when compared with the Rh,W electrode,
whereas Rh,W electrode faces greater energy barrier
towards the grain growth when compared with the TiN
electrode. Besides, rhodium is alloyed with tungsten in
equal proportion in RhW electrode, whereas the ratio of
rhodium with tungsten (W) is 2 in the Rho,W electrode.
Tungsten is a high melting point material, which implies that
tungsten is less susceptible to the sintering. As RhW has
more proportionate tungsten than the Rh, W electrode, there-
fore, it is better electrode than the latter one. It may, however,
be borne in mind that all the comparisons made in this study
are based on the grain of the electrode material only.
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Appendix A

A simulation study has been set up with an 18,000-line
FORTRAN code to study the variation in the power output of
AMTEC with the change of values of different parameters.
The description of the simulation is presented in [2,3], and
relevant references cited therein. The simulation shows that
power output increases with the increase of temperature-
independent exchange current of cathode. The relation
between the power output and temperature-independent
exchange current is given in Fig. 5.
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