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High Temperature Stability of Potassium Beta”-Alumina
Objectives:

Evaluate the stability of potassium beta’ alumina under potassum AMTEC
operating conditions.

Lvaluate the stability regime in which potassium beta’ alumina can be
fabricated.
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Fig. 1. Schematic diagram, not to scolc, of the alkalimetal vapor
exposure test chamber.
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a11425 K invacuum or at 1625 K in a KBASK powder bed
mair a 1 atin. The two KEASE exchange processes pro-
duced somewhat dissimilar ceramics. These arve identified
as KBASK1425 and KBASE1625 here.

Four thin-film metal electrodes, shaped as cither rings or
recltangular patches with areasfrom 4 to --5 cm?, were
dephosited on NaB ASE and KBASE tube sections, Rh,W
clectrodes were deposited cm NaBASYE using a photolytic
chemical vapor deposition process. Sp utter-depo sited Mo
films were used as electrodes on KBASE. Electrodes were
contacted with Mo or Ni meshes tied on with Mo leads and
were separatedyyy regions of uncoated BASE. Details of the
W/Rh photolytic deposition process, the KBASE exchange
process, and AMTEC clectrode studies are presented
clsewhere P804

Sodium and potassium were oblained as reagent grade
metals under argon, and yope purified by heating theliquid
metal with pieces of NaBASE and KB ASE respectively,
and filte 1 g the liquid metal through sequential 7 and
2pmstainlesssteelfilters. This techniqueremoves particu -
lates andlowers the contaminationlevel of the alkali metal
by Ca, by removing Ca0 particles Ca® substitutes for the
alkali ions in the ceramics and reduces their conductivity.
The yapor pressure of the alkalimetal was caleulated using
established expressions for the saturated vapor pressure
above the liquid a the cold endand correcting for atomic
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velocity ¢hangsedue to the temperature differencebetw een
the poolregion and the clectrolyte regioy %

Thetest apparatys (Fig. 1) wasa stainless gteel tube with
feed throughs for leads, thermocou ples, pumpout, argon
backfill, and introduction of a controlled quant ity of alkali
metal Samples WO L' mounted on a central support tube
with @ @lymina standoffs over a Mo foil wrap. Flectrical
leads and shielded type K thermocouples were insulated
with «-alumina tubing inside the test apparatus. Finally,
refractory metal foils (Zr, Mo, Ta) were inserted inside the
staintess ste cltube for gettering and protection of the sam-
plesfrom high vapor pressure components of the stecl, such
Fg manganese. The entire assembly was welded shut. The

mall gaps between the outer steel feed throughs anti a-
dumina iNsu atom were hermet jeally sealed with a siow
}-\(Umi’, cpoxry (Epoxi-Patch®). The apparat us was set up
withapool of dkai meta a oncendof the tube assembly
(IFig. 1). The alkali metal pool temperature was controlied
with heating tapes to 600 K independently of the furnace
controlling the temperature of the ceramic samples. The
pool temperature was measured with a thermocouple in
contact with the pool. The temperature of the rest of the
asscmbly was controlled by externally heating it in a tube
furnace. Electrolyte temperatures, characterized by sev-
cral additional internal thermocouples, could be raised up
to 1400 K with minor gradients (<10 K) across the samples.
Conductivities of the BASE samples were measuved in a
four- probe configuration by ac and de technigues. Conduc-
tivity was measured using two equipment sctups. In the
first one, a Solartron 1286 frequency analyzer and a 1255
clectrochemical interface with an NP digital voltmeter
were controlled by an IBM XT computer to carry out
impedance measurements with current measured between
an outside pair of clectrodes and voltage controlled and
measured at the inside pair of electrodes, eliminating con-
tributions to the impedance spectrum from interfacial re-
actions. Typical frequency ranges used spanned 0.1 Hz 1o
64 kilz, but lower frequencies were used in some lower
temperature measurements to evaluate the low frequency
limiting, behavior, and at temperatures above 1200 K, the
lowest frequency measured was increased to 1.0 or 2.0 Haz
to minimize the iime spent above the nominal stand tem-
perature. Impedance speetra corrected for the sample ge-
ometry are shown in Fig. 2. This configuration also was
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The conductivity of KBASE .- Higher potassium pool
temperatures resulted in systematically lower measured
clectrolyte conductivities, but there was little temperature
dependence between 0.1 and 3.0 Pa. The conductivities of
KBASY 1425 and KBASE1625 clectrolytes were measured
with respeet to teraperature at n arly constant ambient
potassium pressure on initial heat-up, after 73, 158, 229,
388, and 495 h. No 229 or 388 h data point for the 1425 K
clectrolyte was included because a lead had shorted to
ground during the measurements. The temperature de-
pendence at cach time was fit 1o the Fq. 1. % The slopes of
the plots changed significantly at temperatures helow
those shown in Fig. 4. The conductivity at 1000 K was cal-
culated from the fit to the data and plotted against time
(I%igg. 6). The conductivity of both samples decrcased over
the first 100 h and then slowly rosc with titne. The activa-
lion energy for conductivity after the initial 100 h was de-
termined 1o be 0.26-0.28 eV for both samples, as Fig. 4
shows. The high temperature  activation energy  for
KBASE1425 incrcased with time for the three samples
mcasured, while the activation energy for the KBASE1625
deereased slightly. The conductivity at 7' > 900 K was al-
ways higher for the 1625 K material than for the 1425 K
material. The KBASE1425 activation energy decreases
during the same time period that the overall conductivity
drops and shows little change from 120 10 495 h.

The majority phase in both 1425 and 1625 K ceramies
remains B-alumina, indicated both by the high conductiv-
Ity and the XRD pattern. XRD of KBASEI625 coramic sur-
faces before and after the test showed that there was an
increase in the minority B-alumina phasc from 1-2 to 3-4%.
Due to absorption effects, XRID mc isurements using Cu- K,
radiation are most sensitive 1o material within 10-100 pm
of the surface, ruling out a thick layer of the f3-phase at the
surface. DS showed a surface composition consistent
with an Al/K ratio of about 5.0 indicating that the surface
is predominately K- -alumina. The limited formation of
the 3-phase almost certainly occurred transiently and coin-
cidentally with the initial conductivity drop, and in limited
regions of the ceramic, since its continuous formation in
the bulk ceramic would have resulted in a continuous drop
in conductivity of the KBASE. Because formation of the
B-phasc as a thin surface phase has little offect on the four-
probe conductivity measurement, we believe that the B-
phase is formed at the grain boundaries, possibly via K,0
loss from KA10, initially present at the grain boundaries,
and concomitant void formation. It js fairly well estab-
lished thatl commercial NaBASE has NaAlO, at the grain
boundaries, and the aluminate phasc is refractory cnough
to persist through the ion exchange process. ™ The slow
increase in conductivity may be due to voids collapsing at
the grain boundaries.
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Fig. 6. Time dependence of the conductivity of KBASE at 1000 K,
each point calculated from derived fits to conductivity vs. temperature
data, at 0.1 to 2.0 Pa K.. The solid lines show the minimum in
conductivity of each curve Jor reference. The dashed line shows o fit
of the data to Eq. 3.
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The activation energy is similar to that of single-cryst .,y
potassium f-alumina (0.28 ¢V), although the KBASE ¢,
ductivity is several times higher than that of single-crysty
K-f-alumina and possibly 20 to 50 times higher than thy
conductivity of K-B-alumina ceramic extrapolated to simij.
lar temperatures, ' 416

The decrease in conductivity at the beginning of the tests
was fil to an exponential decreasing function, Fq. 3

o(t)- o(0)+ At 4+ I3 exp [+ t/1) [3]

The time constant, 1, for NaBASE (holding A to zero) s
44(2) h, using only the galvanostatically controlled de
measurements from the first 100 h of test. The conductiv-
ity values obtained from impedance measurements for
NaBASE were not used for the caleulation of the initial
conductivity decrease because there were few impedance
measurements made in the first 100 h and because there is
substantially less scatter in the galvanostatic data. The ac
measurcments of the conductivity of NaBASHE after 100 h
stand at 1150 K showed higher scatter, and (holding B to
zero) no significant trend (A = 0) for the entire collee-
tion of o(t) data, although o (0) - 0.544(11) was higher
than cxpected from the fit to the carly galvanostatic
measurements.

The time constant, 1, for KBASE1625 is 49(4) h, using the
values of the conductivity at 1000 K calculated from the fits
of the conductivity/temperature data to the Eq. 1. Values of
o(0), A and B are 0.192(4) (-cm) !, 4.7(6) X 10 * (2-cm-
h) ' and 0.136(5) (Q-cm) 1, respectively.

Conclusion

The apparent activation energy for ionic conductivity of
Li*-stabilized NaBASE ceramic for the temperature ran
of 780 10 1160 K is smaller than the activation energy re-
ported for sodium B”-alumina single crystals at 673 to
773 K, but is generally consistent the trend toward lower
apparent activation energies at higher temperatures, and
with carlicr results on NaBASE ceramic at temperatures
up to 1273 K. " We find conductivities of similar mag-
nitudes but a significantly lower activation, compared with
the results of Cole ef al. ¥ However, our fit to ¥ig. 1 uses data
over a narrow temperature range, <400 K, while the fit of
Cole et al. covers an 800 K range.” Their high temperature
activation term contributes the dominant term to the re-
sistance over >700 K of this range of their measurements.
The resistivity is the directly observed quantity, and the
agreement between our resistivities and those from previ-
ous work is excellent. The high temperature resistivity of

NaBASE clearly is not due to a single process, as is indi-
cated both by our impedance spectra, showing substantial
high and lower frequency arcs, and by previous work.’®
Other factors including time at high temperature, minoy
changes in the sodium B”-aluinina ceramic provided by Ce-
ramatec since 1979, differences in experimental procedure,
and variation in purity of alkali metals used in the experi-
ments may have had small effects.

A small decline in conductivity early in the test may be
due 1o loss of some Na,O, with the conductivily later inthe
test cither stable or improving at a very slow rate. The
conductivity of NaBASE is stable after a small initial
decline, and there is no reason to expect that conductiv-
ity decline limits long-term AMTEC operation. At low
AMTEC condenser temperatures, some reduction of the
NaBASE conductivity may occur if the sodium working
fluid is not free from potassium contamination and the am-
bient sodium pressure in the cold zone is less than --0.3 Pa.

The conductivity of 1i*-stabilized KBASK atl high tem-
peratures (600-1200 K), after 100 b at 1200 K, has an acti-
vation energy close to that observed for the conductivity of
single-crystal potassium B alumina from 298 to about
700 K. However, the KBASKE conductivity is several times
higher than that of single-crystal potassium f-alumina ex-
trapolated to high temperature and much higher than is
expected for polycrystalline potassium B-alumina ceramic.
The grain boundaries of KBASE may be expected to con-
tain K/A1/0 phases without 1%, and long exposure at test
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parameters have been veformulated in Table | to be consis-

tent with Iig. 1.

The Conductivity of NaBASE. The conductivity of
NaBASE was unaffected by ambient sodium Vapor pres-
sures hetween 0.3 and 2.0 Pa: data taken over this pressure
vange have been used 1o determine the temperature and
e dependence of NaBBASE conductivity (Fig. 4 and 5).
Mhe temperature dependence of NaBASE conductivity
from 780 to 1200 K is shown in Fig. 4. The conductivity
varies systematically by <6% in the temperature range
from 1000 to 1200 K, the range in which most of the data
were measured. Therefore, conductivities measured at tem-
peratures from 1028 1o 1201 K were used to evaluate the
time dependence of NaBASE conductivity. Our data show
no apparent change in the activation energy of NaBASK
conductivity with time, but measurements with systematic
temperature variation within the first a0 b were not per-
formed. The high temperature  activation energy  of
NaBASKE, 0.067 ¢V, was determined from the plotin Fig. 4.
It is sigmificantly smaller than the value of 0.115 oV re-
ported in 1979 by Cole et al. on Ceramatee NaBASE, al-

Toble 1. Preexponential factors ond activatior] ?.nergies from
fits to Eq. 1 for the high temperature conduc_hvme_s of NaBASE
and KBASE,Stondord errors from the fits ore given in parenthesis.

Electrolyte a [K/(Q-cm)]  E,, (eV) E, kl/(mol-K)

NaBASE
I (, h 1H 48 15 ¢

= 100-1550 h
KH/\S]‘?]{Z.’! no. 1,2

1.98 x 10°
1.27(19) x 10*

0.115
0.067(12)

11.9
6.50(13)

t: 0h'"® 289(29) X 10" 0.186(8) 18.0(8)
KBASI 1425 no. 2 )

- 100 h 3.60(13) X 10% 0.280(3) 27.0(3)
KBASE1425 no. 3 ‘

t-0h 2AN(1T) X107 0.246(28) 23.71(2.1)

(- 4495 h 39(1.2) X 10° 0.267(24) 25.8(2.3)
KBASE1620 )

t:- 0h 110(2.0) X 10°  0.302(16) 29.1(1.6)

€ 158 495 L 5.06(34) X 10°  0.269(6) 26.0(6)

“The published values of o, term for K- BASE, conductivity in
el 17 was incoriectly given as 2.80 X 10%, the correct value is
284> 10° The paraneters fitting the resistivity expression for
NaBASE in Ref. 16, were corrected by the authors.# *

though the magnitudes of the high temperature conduetiv-
Iy are similur!”

The data taken carly in the test, shown in the inset of
Fig. b, were measured palvimostatically and indicate that
the there is a small decrease in the magnitude of the con-
ductivity in the first hundred hours at high temperature,
Data points from later in the test were generally deter-
mined from the low frequency limit of the inpedance re-
sponse, and displayed greater scatter and no systematic
time dependence over 1450 h. Previous XRD analysis of
NaBASE has indicated that no significant degradation of
the sodium B7-alumina occurs following cyeling from 300
to 1273 K and back in vacuwm, 0440 Several very weak
peaks appeared in the NaBASK diffraction pattern follow-
ingt XRD measurements at 1273 K in vacuum for -5 h, but
they were not f-alumina peaks, and could not be reliably
assigned. ™! The NaBASE appeared free of B-alumina by
XKD both bhefore and after eycling to high temperature.®
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withrapid current increase at (he. potassium ionization
potential. This effect is important to applications of
series connected AMTECs; in general, series connected
cells should notexceed4.0 V for potassium AMTECs or
5.0 V forsodium AMTL (Cs,unlessitcanbe assurea that
there arc no possible vapor discharge pathway between
cells With potential differences greater than the.se values
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Fig. O Current between non- contacted leads
in potassium vapor at 992K, Verlical line is
at potossium ionization polentiol = 4.318V
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Fig. 6 Current- voltage curves of two
AMIEC (>I(ctr-odes 1o 5. 0 volts, Increase

( ot V>4.% is due to plasr nadischarge.
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Potassium AMTEC Test

The K-BASE: tube, prepared as described above,
was successfully brazed to a niobium tube transition,
with TiCuNi filler metal, to a small stainless steel
flange. The tube was sputtered with molybdenum thin
film electrodes for an potassium AMTEC test.

The c-en was operated at a nominal temperature
of 687 K (at the bottom of the heater well), and onc
current-voltage curve, shown in Fig. 7, of a 14.4 e’
clectrode at an estimated temperature of 725-750 K was
obtained, with an open circuit voltage of 0.6 volts, short
circuit current of 2.5 amps and a total power of 0.3
watts. This performance is modest, but substantially
better than the performance of a comparable sodium
AMTEC cel at this low temperature. The sodium cell
would have a higher open circuit voltage, but current and
power densities would be significantly lower at this
temperature, I lowever, this was an early-in-life
mol ybdenum elect rode, probably containing substantial
quantities of K,MoO,, which wc would expect to be a
fairly good ionic conductor at elevated temperature. ‘1”his
phase might persist for viable operation lifetimes at
lower cell temperatures, as it is higher melting and
slightly less volatile than Na,MoO,. Based on the results
from both AMTEC and vapor cell tests, we would
anticipate 1.0 pm thick molybdenum electrodes to be
very useful at 900K < T < 1100K in potassium AM TECs
and molybdenum electrodes will not sinter to a diameter
exceeding 0.5 gm within periods of years at the. lower
tcmpcrat ures.

CONCIUSIONS

Two low temperature routes to nearly phase
pure K-BASE (or Na-BASE) have been demonstrated and
characterized. While not directly sintered to dense
ceramics except for microscopic areas, this material is
useful in ion exchange via ceramic firing at controlled
K20 activity and in potassium metal purification,

Wc have demonstrated high temperature direct
synthesis from aluminates which increases density of K-
BASE. This technique could potentially provide high
density ceramic with further refinement. Our results
generally confirm those of Schiafer and Weppner,
although we did not achieve as high a ceramic density.™

Based on improved understanding of the
temperature and K,0 stabilit y regime of K-beta” -alumina,
the exchange process of Crosbie and Tennenhouse was
improved by carrying out the exchange at a higher
temperature With better control of K,0 activity. The
resulting ceramic shows the appropriate weight gain of
about 4, 5% after exchange, shows only a small
anomalous volume expansion ( <1 %) over the expected
volume expansion due to increase. in the lattice




1 Jigh Temperature Stability of Potassium Beta”-Alumina
Conclusions:

Potassium beta” alumina solid electrolyte ceramic shows improve
conductivity over 500 hours at potassium AMTEC operating conditions.

Potassium beta” alumina can be prepare by vapor exchange at temperatures
10 about 1600K if K20 act ivity is maintained,

Potassium beta’ alumina prepared by vapor exchange at higher temperat ures
is stronger, and has a higher ionic conductivity at AMTEC operating
temperatures.
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