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Sodium superionic conductor (NASICON) compounds were prepared. The effects of sintering temperature and eool-
ing rate on the formation and the distribution of crystalline NASICON and ZrO, second phase were investigated.
In the von Alpen-type composition, the ZrQ, second phase is in thermal equilibrium with the crystalline NASICON
above 1320°C, but when cooled through 1260-1320°C cerystalline NASICON was formed by reaction between ZrO,
and liquid phase. Very slow cooling {1°C/hr) to 1260°C from sintering temperature decreased the amount of sedium
which prevents the formation of the crystalline NASICON resulted high number of ZrQ. grains near the surface of
some sintered hodies. Maximum electrical conduetivity of 0.200 chm’em® was obtained at 300°C for well-sintered
samples with little ZrQ,. On the other hand, low conductivities were obtained for rapid-ceoled samples which have

less dense microstructure.
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I. Introduction

odium superionic conductor (NASICON) with a chem-
S ieal formular of Na, Za:91,P;, 0 was first reported
by Hong et al as solid electrolyte materials.!® The com-
pound has been investigated intensively over the last de-
cade mainly due to its promising electrical properties
guitable for gas sensor and energy storage systems.”®
NASICON has some useful and unigue characteristics
such as low sintering temperature, three dimencional
framework, and considerably good ionie conductivity corm-
pared to other solid electrolytes particularly [-alumina.™
Though B-alumina has attracted ruch attention for the
application in the Na-S battery system,? it has a layer
structure with undesirable directionality in thermal ex-
pansion and electrical flows'® On the other hand, NASI-
CON has been reported to exhibit a few crystalline
forms depending on temperature and composition (x),
and most sintered NASICON contain certain amount of
Zr0, second phases. Unfortunately, the Zr0, has a
mongclinie/ftetragonal phase {ransition at 1100°C, below
the usual sintering temperatures of the NASICON com-
pounds. [n addition, the monoclinic/thombohedral phase
trangition of crystalline NASICON around 200°C causes
dilatometric anomaly unfavorable for industrial ap-
plications. 't
To overcome such technical problems, we have in-
vestigated about the phases, such as Zr0O, and cry-
stalline NASICON present in von Alpen-type NASICON.
The von Alpen-type NASICON is of a ZrO, deficient form
of the Hong's NASICON with a general formular of
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Na, oZrs 551, P2.Op 2, containing little ZrQ, second phase.™
In this study, the von Alpen-type NASICON was used
mainly hecause we could obtain some kinstic
formations about phase fransformation due to the ab-
gence of Zr0, second phase in sintered NASICON. The ef-
fects of sintering temperature and cooling rate on the for-
mation and the digtribution of the Zr0O, and the cry-
stalline NASICON were investigated. The electrical
characteristics of the sintered NASICON was examined
and correlated with their microstructurses.

in-

II. Experimental

Starting materiale used in the preparation of the NASI-
CON compounds were highly pure powders of Na,CO,,
Na,P0,12H,;0, Zr(Q,, and Si0;. These materials were dri-
ed at 120°C for 12 hours and then mixed accordipg to the
stoichiometric ratio of Nag,Zr 50123 The mixtures
were calcined at 1150°C for 10 hours. The calcined powd-
ers were ball milled in ethanol media using zirconia halls
for 30 hours and dried. The powders were pressed into ta-
blets under a pressure of 1000 kg/em®.

Various sintering femperatures and cooling paths were
chosen to investigate the formation and the distribution
of the ZrQ, and the crystalline NASICON. The tablets
were sintered from 1200°C to 1360°C for 1 hour. Fig. 1
shows the various sintering and cooling schedules.

Phases present in the sintered samples were identified
by X-oray diffraction (XRD, Philips, ADP 1700) using
CuKo radiation with Ni filter. Microstructure and chem-
ica] composition change were analyzed hy scanning elec-
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Fig. 1. Sintering temperatures and cooling paths for the in-
vestigated samples. The samples were sintered at (a)
1200°C, (b} 1260°C, (c) 1300°C, (d) 1320°C, (e} 1340°C , and ()
1360°C for 1 hour respectively, followed by air quench. Some
samples were sintered at 1340°C for 1 hour and then either
{g) furnace-cooled to 1260°C or (h) cooled at 1°C/hr to 1260°C,
fallowed by air quench. Cooling path (1) indicates furnace-
cooling to room temperature after sinlering at 1340°C for 1
hour. The furnace-cooling rate is about 5°C/min.

tron microscopy (SEM, Hitachi, X-650) with an energy
dispersive spectrometry (EDS) system. In the EDS in-
vestigation, an electron beam of about 10nm diameter
was used. The variation in the amount of sodium de-
pending on position was estimated by comparing the ra-
tio of the peak height of Na Ka to the peak heipht of Si
Ko the EDS information was abtained by scanning a cer-
tain area at the corresponding position with an electron
beam.

To measure electrical eonductivity, the flat surfaces of
the tablets were prepared by polishing with suceassively
fine grades of AlQ. powder followed by diamend pastes
down to 1 pm. Silver pasted on the flat surfaces was
used as electrode materials. Conductivities were measur-
ed with an Impedance/gain-phase analyzer (HP 41944)
in a frequency range of 10° to 4x 10* Hz from room tem-
perature to 300°C. A simple electrically heated furnace
was emploved: nitrogen gas was eirculated inside the fur-
nace and the temperature was measured with chromel-
alumel thermocouples in contact with the electrode.
Schematic representation of the measurement system is
shown in Fig. 2.

ITI. Results and Discussions

1. Effects of sintering temperature and cooling
rale on phase distribution

Fig. 3 shows the XRD curves of the samples sintered
at 1200° 1260° 1300°, 1320° and 1360°C for 1 hour
respectively and then air-quenched to room temperature.
All the peaks correspond to either monoelinic NASICON
or ZrOy the Zr(; peaks are indicated with arrows. Spec-
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Fig. 2. Schematic representation for the conductivity meas-
urement system.
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Fig. 3. XRD patterns of the air quenched samples. These
samples were sintered for 1 hour at (a) 1200°C, (b) 1260°C,
(e) 1300°C, (d} 1320°C, and (&) 1360°C, respectively. Arrows
indicate ZrQ, peaks

tra (b} and (c) consist of only the crystalline NASICON.
However, as seen in spectra (d) and (e), the samples sint-
ered above 1320°C contain Zr(, second phase peak. As
all the samples were made hy air quench afier sintering,
it is helieved that considerable amounts of ZrQ, is in
thermal equilibrium with the erystalline NASICON at
1340°C (Fig. 4b).

In order to investigate the existence of the ZrO, phase
when cooled through 1260-1300°C, two different cooling
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Fig. 4. XRD patterns of the samples sintered at 1340°C for 1
hour. These samples were (a) furnace-cooled to room tem-
perature, (b) air guenched to room temperature, (¢} cooled to
1260°C at 1°C/hr followed by air quench, and (d) furnace-cool-
ed to 1260°C followed by air quench, respectively.

paths were employed:

First, in samples sintered at 1340°C for 1 hour and
then furnace-cooled to 1260°C, followed by air quench to
room temperature (Fig. 4d), the amount of ZrO, second
phase decreases significantly. This indicates that a per-
itectic type reaction between the crystalline NASICON
and the ZrO, occured around 1320°C as shown in the
reaction equation helow.

cooling

Zr(, +liquid phase NASICON

heating
Second, in samples sintered ai 1340°C for 1 hour and
then cooled to 12680°C wvery slowly (at 1"C/hy), followed by
air quench to room temperature (Fig. 4c), considerahle
amounts of Zr(, second phase was present. The ex-
planation to this unexpected amount of ZrO. second
phase is given in the next section.

2. Microstructural changes during sinilering

The SEM micrographs of the samples air-quenched
and furnace-cooled from 1340°C to room temperalure,
respectively, are shown in Fig. 5. The general mi-
erogstructure of the sintered NASICON has been des-
cribed earlier.™® The bright, grey, and dark regions in
Fig. 5(a) can he attributed to ZrO,, crystalline NASICON,
and glass phases, respectively. On the other hand, as
shown in Fig. 5(b), no Zr0; is present in the furnace-cool-
ed samples. This seems fo be in good agreement with
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Fig. 5. Scanning electron micrographs. The samples were
sintered at 1340°C for 1 hr, and then {(a) air quehchad and
(b) furnace-cocled to reom temperature respectively. In mi-
crograph (a), bright (E), grey (F), and dark (&) regions cor-
respond to the ZrQ,, crystalline NASICON, and glass phases,
respectively.

XRD results in Fig. 4(a).

The crystalline NASICON present in the air-quenched
samples exhibit a considerably sharp interface with the
liquid phase, whereas in the furnace-cooled samples the
interface bhetween the crystalline phase and the liquid
phase is less clearly seen. During the furnace-cooling pro-
cess, the Zr(), phase, stable at 1340°C, interacts with the
liquid phase to produce the erystalline NASICON. The
amount of the crystalline NASICON increased at the ex-
pense of the liquid phase during the furnace-cooling pro-
cess, and thereafter the bulk density of the materials
would increase, affecting the electrical properties of the
sintered bodies.

Fig. 6(a) shows a cross-section view of the samples
which were sintered at 1340°C for 1 hour and then cool-
ed to 1260°C at 1°C/hr, followed by air guench. The
number of Zr(); grains is very high in the region between
two bars indicated by t near the surface. On the other
hand, there is no contrast for the presence of ZrO, grains
near the surface of the samples which were furnace-cool-
ed to room temperature from the sintering temperature
(Fig. 6(c)). EDS results were obtained from a rectangular
shape area (200 prm % 20 pmy in the region indicated by t
in Fig. 6{a), and an inner region of the sample, respeec-
tively. These spectra are shown in Fig. 7. The amount of
sodium near the surface region was less than that of the
inner region. Consequently ne crystalline NASICON
could form in the surface region.
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Fig. 6. SEM cross sectional view of ithe samples sintered at
1340°C for 1 hour. {a) The sample was cooled to 1260°C at
1°C/hr followed by air quench: many ZrQ; grains are seen in
the region hetween two bars indicated by 1 near the surface.
{(b) An enlargement of the surface area of (a). {¢) The sample
was furnace-cooled to room temperature.

In cooling below the congruent poeint, the amount of
ZrQ; second phase would decrease with time hecanse the
phase is unstable thermodynamically. Therefore, slow-
cooling through 1260-1320°C would be favorable to min-
imize the amount of Zr(, second phase in sintered NASI-
CON. But increasing cooling time through the tem-
perature range resulted the decrease in the amount of so-
dium in the sintered bodies. This appeared te occur
mainly near the surface region. Such a deviation in com-
position from that of the starting materials prevents the
formation of crystalline NASICON. This indicates that
cooling rate should not be too slow to lose sodium near
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Fig. 7. Energy dispersive spectra for the samples shown in
Fig. 6. Spectra (a) and (b) were obtained from a rectangular-
shaped area (20 pm x 200 ym) near the surface and inner re-
gion, respectively. Lelters m and n denote the ratios of Na
Ko/S8i Ko, and Zr Lo/Si Ko, respectively.

surface excessively.

3. Electrical characteristics

A frequency range of 10° to 4x 10 Hz was used to
measure the ionic conductivity of the sintered NASICON,
The dc conductivity of the samples prepared through
three different ecooling paths from 1340°C were in-
vestigated. Fig. 8 shows the conductivity{c)frequency(f)
relation of the sample which was sintered at 1340°C for 1
hour and furnace-cooled to room temperature. The dec
conductivity was taken as the value of the frequency in-
dependent plateau in the of plot.™* At various con-
ductivity measuring temperatures between reem tem-
perature and 300°C in this investigation, & part of this
plateau was observed within the range of experimental
frequencies, and dc conductivities at each temperature
could be determined from relevant plots. In Fig. 8, fre-
quency independent regions are clearly seen in each
curve obtained at temperatures from 40°C to 300°C. The
measured conductivities were ploted over a wide tem-
peratrue range so that Arrhenius equation could be ap-
plicable (Fig. 9).

The samples which were furnace-cooled exhibit much
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Fig. 8. Electrical conductivities for the sintered NASICON.
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Fig. 9. oT vs. 1000/T for the sintered NASICON. Curves (a),
(b), and (¢) were obtained from the samples sintered at
1340°C for 1 hour, and then air quenched, furnace-cocled to
1260°C followed by air guench, and furnce-cooled fo room
temperature, respectively.

higher conductivity than the other two types of samples
in Fig. 9. In particular, at 300°C maximum conductivity
of 0.200 ohm'em™ was measured, which is cormparable ta
the conductivity of polyerystalline B”-alumina reported
by Virkar and Hooper. The conductivities seem to fit
the Arrhenius equation over the gintering temperature
range. At temperatures of around 200°C, a significant
change in activation energy occurs for all the three dif-
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ferent types of samples, corresponding to the NASICON
monoclinic/rhombohedral transition. In the higher tem-
perature region, three curves (a), (b), and (¢) exhibit a
similar activation energy of about 0.09 eV, but the mi-
crostructural differences caused by various ceoling paths
appears to result in the conductivity differences among
the three curves (0.14 <6 < 0.2 ochm'em™ at 300°C). On
the other hand, in the lower temperature region, an ac-
tivation energy of about .13 eV was measured. The con-
duction barrier height is affected by the polymerphism of
the crystalline NASICON, and denser sintered NASI-
CON is favorable for higher electrical conductivity.

IV. Conclusion

An appropriate choice of sintering temperature and
cooling rate is essential in producing sintered NASICON
with less ZrQ, and higher electrical conductivities. In our
investigation, a particular temperature region was found
in which no ZrQO; exist in the sintered bodies as a ther-
modynamically stable phase. The NASICON compounds
sintered above the congruent point should be cooled slow
through 1260-1300°C so that the Zr(, second phase
could be completely digsolved into the crystalline NASI-
CON. However, cooling rate should not bhe too slow to
lose sodium npear surface excessively. As was expected,
denser sintered bodies are favorable for higher electrical
conductivity. Maximum conductivity of ¢.2 chm'em? was
obtained at 300°C for the sintered NASICON with little
ZrQ; second phase.
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