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The lifetime of alkali metal thermal to electricra@rter (AMTEC) is desired to last for a long tinié,
years or more, which depends primarily on thernezteb-chemical character of electrode materials
used. This study aims at the performance of eldesdy looking into their material properties mginl
pertaining to the grain growth with respect to timehe grain mobility model. The electrode materia
studied in this work is Moybdenum. If the grainesiaf the electrode material reaches a certain
dimension, about 500 nm, the power output startgrading fast. It is found that Moybdenum
electrodes have least power degradation for AMTEGighed for operation at the lower side of
temperature, less than 1100 K as its grain growtioimes too rapid when operated above 1100 K.
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1. INTRODUCTION

A thermally regenerative electrochemical devicetfa conversion of heat into electricity has
been in demand for both terrestrial and space gegporhe alkali metal thermal electric converter
(AMTEC) is a device, which has high efficiency tela to other conventional thermal to electric
converters., It works between temperatures aro@dksand 1100 K at its condenser and hot sides
respectively. A liquid metal (in this case we caiesi liquid sodium) passes from the condenser
through a wick to an evaporator, where it is cotecto vapor on supply of heat from some external
source. The sodium vapor enters a beta” aluminal sdéctrolyte (BASE). The BASE tubes are
connected in an electrical series. The cathoddrelde is applied on the outer surface of the BASE
tube by chemical vapor deposition or sputterinditégues. The anode electrode is applied to the
inner surface of the BASE tube by the Weber proeeskis covered with molybdenum mesh current
collectors in order to prevent internal electrisdes [1].
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Figure 1. Schematic diagram of the AMTEC Cycle

AMTEC does not have any moving parts [2-5] excepttfie sodium, which flows in a closed
cycle as a working fluid. The BASE is the ionic dactor and divides the AMTEC into two regions; a
hot region filled with sodium at high-pressures-(II® k Pa) and high-temperatures (900-1300 K) and
a cold region at low-pressures (<100 Pa) and lomperatures (400-700 K) [6]. The Figure 1 shows
the working principle of AMTEC. A porous metal efiexie (cathode) covers the low-pressure (outer)
side of the BASE. The anode surface covers theriside of the BASE at the high pressure-
temperature region of the cell. Both electrodewvidea conduction path for the electrons to andhfro
the external load. As sodium enters the hot regibthe cell, due to the thermodynamic potential
across the BASE, ionization of sodium metal ocatrthe hot region of anode and BASE interface [7].
The sodium ions are diffused through the BASE ®dhthode due to the pressure differential across
the BASE. The electrons circulate through the ekload producing electrical work and then reach
the cathode surface where they recombine withddaus ions at the interface between the BASE and
cathode. The neutralized sodium leaves the portactrede, moves through the vapor space, and
releases its heat of condensation on the condensiice. Nearly the entire temperature drop occurs
in this low-pressure vapor space. The condensedlispdium moves to the wick annulus to the inlet
of a small dc electromagnetic pump or a porouslleapiwick, which is used to return the sodium to
the high-pressure evaporator region.

2. ELECTRODE CHARACTERISTICS

The electrode performance greatly dependss material [8]. The electrical resistancerthal
expansion coefficient, vapor pressure, and sudatfediffusion coefficients are the most desired
parameters in selection for the material for etat#rconstruction. The electrodes must have suitable
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properties and be stable under operating tempesatar desired period of time. They should be able
to provide a site for the thermo-electro-chemiealctions for sodium ionization and recombination of
sodium ions and electrons. For that we expect tioehave some prerequisite characteristics such as:

1. The electrode material in contact with the BASE emat should have a high tolerance to
thermal expansion. Ceramic electrodes have a lowkrance compared to the metal
electrodes.

2. The negative Gibbs free energy should be largaugindo prevent material loss due to
dissociation

3. The electrode should be thermo-electro-chemicaliynmatible with the BASE and other
components, to prevent corrosion.

4. The sodium ions should be able to easily migraimfthe high-pressure anode side to the low-
pressure cathode side.

5. The electrode should not be a barrier to the sodans.

6. The electrons should be able to leave the anodendih least resistance and travel rapidly to
the load and recombine at the cathode to compgieteitcuit.

7. The electrical conductivity of electrodes shouldhigh enough to allow the electrons to move
through the external circuit.

8. The electrical resistance and the surface selfisih should be low for an ideal electrode

9. Electrode materials should have high melting pdmtallow a lower surface diffusion
coefficient. This aspect corresponds to low sintgof the electrode grains.

10.It is important that the electrode does not atephysical morphology during the long hours of
operation.

11.The grain of the electrode should coalesce verwlgldn order to prevent voids from
appearing. The electrical conductivity decreasdb@soids open up [9].

The triple phase boundary involves the electrod@SB, and sodium interaction where a
longer triple phase boundary is the result of arfigrain size [10]. Also the charge transfer pssce
occurs at the triple phase boundary. If the lergjthhe triple phase boundary increases, the over-
voltage decreases. Then the electrode with a direen size will obtain higher current densities.

3. THE GRAIN GROWTH OF ELECTRODE MATERIALS

The electrode lifetime is defined astihee for which the performance of the electrode is
satisfactory to produce adequate power outpuh™AMTEC system. If the electrode grains grow to
a diameter of 1000 nm (some limit to 500 nm) thezytcease to function properly [11]. The sintering
rate of the electrode material is a function ofaperating temperature of the hot side of thetbeis
the operable lifetime of an AMTEC electrode is temgture-dependent. With an increase in sintering,
grain size increases, which eventually leads teaiehse in the number of grains. Therefore, contact
between electrolyte and electrode also reduces ¥hit increase of grain size, voids within the
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electrode become larger which causes the electaaguctivity to decrease. Eventually, these voids
grow to a huge size so that there will be no apgagein-to-grain conduction and the effective
lifetime of electrode will reach its end ultimately brief when the electrodes are exposed to sodiu
under high pressure and temperature they tendter sthus affecting the porosity, resistance, the
nature of grains and the contact of electrodes thghBASE. Voids or porous holes in the electrodes
are formed, which allows the sodium to flow throdgbm easily. The voids will increase after an
extended period of time. This reduces the graigrton contact, dropping the electrical conductiyity
and ultimately disables the electrodes to function further

4. THE GRAIN GROWTH MODEL

The thermo-chemical role played by electrodes neéede determined in order to understand
the time-dependent behavior of AMTEC. The timed samperature-dependent behavior of electrode
is highly correlated to the grain growth functiohits material. Alternatively, one can calculate th
grain size dependence upon time by applying théngdoaundary mobility growth model to the
electrode materials and thus obtain the power @wutpelectrodes,

The grain growth is due mainly to the material ubfhg between adjacent grains. The surface
contact among the electrode grains is reducedeagrtins grow and thus degrade the performance of
the electrode. The neighboring grains continuengrge into each other until the surface energies
related to the tension between the grains is bathncThis condition arises when the grains cannot
grow any further because the other grains confirent and they rid their strained energy state by
coalescing with other grains. The grain growth sakéace with kinetics where the adjacent grain
boundaries have a net motion with respect to e#fodro The pressure difference or driving force at
the grain boundary is related to the velocity oé thrains [12]. The pressure difference can be
approximated with the average grain radius, assgimito be a spherical drop, and the average grain
boundary energy. Under such ideal conditions tlangsize squared would grow as a linear function
of time and boundary energy. However, in practieeactual pressure difference at the grain boundary
has a more complex dependence on surface and v@noergies on grain size and may also vary from
material to material [12]. Thus for a relatively ragractical situation the grain size is obtain&d, [

13] as:

R, = R[L+atexp¢ E,/RT)/R""'", (1)

whereRs is the final grain size after having operatedaqeriod of time at temperaturd at the hot
end,R, is the grain radius at time zef,, is the activation energy is the gas constam,is called
grain growth exponent to be determined amslgiven by

a= 2cM, g, cosf . (2

Here c is the proportionality constant to give correct dinoerssiy is the surface energy arfd
is the angle between two coalescing grains. The effealt@fing parametea (2cM g, cosf ), in the
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grain growth equation alters the behavior of the grain size éomtterials used. From equation (1) it
is seen that aa, increasesR increases also. The parametgcsM ,, g.,andcosf on which parameter
“a’” depends cannot be easily measured in a laboragetying. It is, however, observed that
M, and g, are somewhat temperature dependent but only weakhpared withEx. The anglef,
between grains, is also weakly dependent upon @meperation. In practice the product of these
parameters may be assumed to be constant that pathmetea is treated as constant [11]. However,
the effect of variation of other parameters, namtig grain growth exponent, activation energy and
hot side temperature on the grain size of electrodeerials, as time of operation goes by, is worth
studying. This in turn will determine the therme&lto-chemical behavior of electrodes and thus the
power output. The grain growth exponent, activatgmergy and hot side temperature are inherent
parameter of the characteristic of electrode malerbut time of operation is dictated by the time
needed of using AMTEC.

5. RELATION BETWEEN GRAIN SIZE AND POWER OUTPUT

The experimental studies of grain growth ratesviotous materials have been performed and
established an empirical correlation between gsi#e of electrode materials and the power output
[10, 13]. An algorithmic simulation study by Lodand Chowdhury was performed to investigate the
power output of practical use within the realisange of grain size [14]. Using the approach taken
these two above mentioned studies a recent pageprbaided a direct algorithm relationship of the
power output of AMTEC and the grain size of eled&anaterial, characterized by parametgrga
andn, depending on time and temperature given by [15]:

P, =1.5135+0.006* (B, - bR"?)- (B, - bR"?)?*1" 10°, (3)

whereB, is a constant and assumed to be 2K0'*m?pa* andb is the coefficient of pertaining to
the grain size of the material used and has betenndimed experimentally as 6.218 [10].

As a test case we study the grain size variatiorMofybdenum (Mo) as the inherent
parameters are allowed to vary within reasonahigea for the operation of AMTEC from two to
sixteen years invoking equation (1). The long perad time is included for the potential use of
AMTEC in deep space missions. The correspondingegabf grain sizes may be used in equation (3)
for calculating the power output and its degradateer the required period of time.

6. SIMULATION RESULTS

Figures 2—4 show the effect of variationrgf E» andT on grain size for segments of time
ranging from 20,000 hours to 140,000 hours wittervel of 20,000 hours. The grain size varies
sharply for changes in smaller values of n. #limost insensitive to changes in n when it asswanes
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Figure 2. The Variation of Grain Radius with n for Mo

large value around 7, see figure 2. In figure 3dlrein size is simulated to vary, around the known
value ofg, for Mo, 814.06 kJ/mole, ranging from 700 kJ/made960 kJ/mole in increments of 50

kJ/mole. The grain size varies sharply for changes, for smaller values. It is almost insensitive to
changes inE, for high values. In figure 4 the grain size vamegr a range of temperature from 1050
K to 1250 K, The reason for this temperature spaed in this simulation is because the experimental
observations indicate that the paramategmains constant in this range of temperaturdfmif11].
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Figure 3. The Variation of Grain Radius with Activation Eggrfor Mo

large value around 7, see figure 2. In figure 3dhan size is simulated to vary, around the known
value ofE, for Mo, 814.06 kJ/mole, ranging from 700 kJ/made960 kJ/mole in increments of 50

kJ/mole. The grain size varies sharply for changes, for smaller values. It is almost insensitive to
changes inE, for high values. In figure 4 the grain size vamegr a range of temperature from 1050
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K to 1250 K, The reason for this temperature spard in this simulation is because the experimental
observations indicate that the paramategmains constant in this range of temperaturd/fmif11].

Figure 4. The Variation of Grain Radius with Temperature Nto

The power output at the very outset (time = 0) lsarcalculated by replacirig with Ro =10
nm. It may, however, be calculated after any ldpgme by invoking equations (1) and (3). The power

degradation percentage over a period of 140,000shisupresented in Table 1. for a set of three
parameters.

Table 1.Percentage power degradation over 140,000 hours
n Ea T P: %
6.5 814 1150 3
32 950 1150 7

40 814 1050 15

7. CONCLUDING REMARKS

The power output of the AMTEC cell is greatly atfstt by the choice of electrode materials
with respect to grain size growth. To use AMTEC d&dong period of time, we have investigated for
thermo-chemical conditions Mo electrodes, whiclsiedfect the degradation of power output, when
used for about 15 years. These conditions careberglized for other electrode materials, andithat
the way we interpret the results obtained in thushg The power degradation is strongly coupledhwit
the growth of the grain size of the electrode nial®r We found that grain growth is sensitivehe t
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parameters, initial grain size, growth exponenactivation energg, , temperature of the hot side of

the AMTEC cell T and the time of operation This study has focused on improving the thermo-
chemical performance of the electrode by adjustengain conditions that are inherent to the elelgro
materials with respect to time. These conditiores grain growth parameters involved in the grain
mobility model for grain growth of electrode masdsi If the grain size of the electrode material
reaches a certain dimension, about 500 nm, it ngdofunctions efficiently. This is very important
because this condition should not occur until aftertime desired for operation has elapsed.

The effect of alteringn, the growth exponent, in the grain growth equatarnthe behavior of
the grain size for any material, in principle, isiwersal. The experimental value ofhas been
determined between 3 and 6.5 depending upon theriadat If the grain growth of the material is
regulated more by volume diffusion than surfacéudibn at the grain boundary, it will be closef3to
If the grain growth of the material is regulatedrenby surface diffusion than volume diffusion at th
grain boundary, it will be closer to 4. This derstates that as increasesi decreases. Since power
degradation is dependent upon increasing of the gize, the choice of material with higheshould
lessen the grain growth over the operation timeka®ps the power degradation low.

The effect of varying activation energy in the grgrowth equation on the behavior of the
grain size of the material is also like thatrofThe activation energy is the amount of energy itha
needed to allow the grain boundaries to begin edipgrwithin the material. Conceptually this tells
that higher the activation energy a material hiasyex the grain will grow over the time due to egler
energy barrier to grain boundary expansion.

The effect of altering the temperatureof the electrode on the hot side, in the gramaghn
equation on the behavior of the grain size of tlagemal is reverse as those nfandE,. This specific
T corresponds to the hot side of the AMTEC devicenstihe electrode is exposed to high temperature
and pressure. This demonstrates thatlasncreasesR; increases. Obviously for longer life of
electrodes AMTEC should be operated at the mininmotimum temperature. This study urgently
recommends to experimentally determine the inhguardmeters, & andT of materials of interest
for electrodes in sodium (alkaline) environmenttefhatively, one maylook or prepare alloys and/or
ceramics with high activation energy, operatindpat temperature with appropriate growth exponent
parameten.
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