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Impedance studies of the cell Pt/ (Na, Sr) f”-alumina/Pt
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The present work confirms that the temperature range in which the conductivity of pelyerystaliine (Na, Sr) [i"-aluminas can be
obtained by two- probe or four-probe measurements depends upoa the composition. A separate determination of the inter- and
intragranular resistance is feasible in a limiled temperature range for each of the compositions. The intragranular resistivity of
the pelycrysialline maierial is considerably smalier than the 1012l resistivily, The activation energy of the intragranular conductiv-
ity is lower than that of the total conductivity and shows an increase with the St content. The activation cnergy of the Lol
conductivity increases sirongly with the St content and passes through a maximun,

1. Introduction

When comparing the specific conductivity of a
single crystal of a 7 alumina isomorph with that of
the polycrystalline material, containing the same
conduciing cation, it is usually found that the con-
ductivity of the single crysial [ 1] is larger. The mag-
nitude of the said difference varies considerably with
the system. Several orders of magnitude may be in-
volved in the case [2] of bivalent cations. It can be
concluded in a qualitative fashion that the so-called
intergranutar impedance, also called grain boundary
impedance or inter-particle impedance [3], deter-
mines fully or partially the measured total imped-
ance of the polycrystalline material. The intergran-
ular impedance may be due to a “constriction
resistance™, as outlined in the carly work {4] on this
subject, or 10 the small area of contact and an as-
sociated voidance between the grains or 1o a transfer
hindrance of the ion between particles.

Impedance spectroscopy was mainly used [3-7]
in the altempt 1o divide the measured total imped-
ance into contributions from the interior of the grains
{intragranular or crystal impedance) and the grain
boundaries. The interpretation of the impedance data
was initialty based on retatively simple analogue cir-
cuits [3--31 yickding in a first approximation the ob-
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served Irequency dependence for certain systems,
More complicated circuils, incorporating also con-
stant phase elements, were chosen subsequently {8,9]
for the simulation of the frequency dependence. The
vahues of the parameters in these circuils are ob-
tained by optimization programs with the aid of PCs,

As demonstrated by a comprehensive study {8] of
the grain boundary morphology in Na B-alumina by
fransmission eleciron microscopy, the ionic flow in
the polyerystailine material is not homogeneous, A
similar situation exists for 8”-aluminas. The ionic
current can be assumed to flow through separate
channels. Each of the channcls starts in a crystaltite
with suitable orientation on onc of the 1wo surfaces
which are covered by a metallic contact and ends in
a crystal with the right orientation at the other sur-
face, For simplicity the possibility of interconnecting
channels is not considered. The impedance of po-
lycrystattine §”-aluminas may be simulated by a three-
dimensional array of the one-dimensional network
shown in fig. 1. Here CPE denotes a constant pliase
clement describing the interfacial impedance on the
left side. C, is the geometric capacitance parallel to

each of the intragranular resistances R, O, and R,

denote the capacitance and the resistance of each of
the grain boundaries. If the values of the sets of the
latter four paramefers are appropriaic, measure-
ments of the ¢ell impedance at high frequencies wil}
extrapolate 10 an ohmic value representing a lumped
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Fig. i. Analogue network for a singlc path.

intragranular resistance. The extrapolation need not
always be possible as the example of polycrystaliine
Na f"-alumina shows [10]. The extrapolation at
small frequencies, if feasible because of appropriate
values of the CPEs in fig. |, will yield the sum of the
lumped intragranuiar and intergranular resistances.
As it is usually done for polycrystalline materials, the
word “umped” is dropped for simplicity in the sub-
sequent text,

. Two additional restrictions result from an exper-
imental point of view: The cell impedance can only
%)‘c.dclcrmincd in a sufficiently targe frequency range
i'itis (a) not very small or (b) not very large. The
f\bovc restrictions are imposed by the design of the
mmpedance meter and should be kept in mind before
selecting a system for studies.

The purpose of the present work was 1o investigate
?he possibitity of a separation of the bulk impedance
nto the contributions from the crystal and the grain
boundm‘y. Polycrystalline (Na, Sr) B"-aluminas were
Cchosen. This system is free of the restrictions (a) or
(b) in certain temperature ranges. In addition it al-
iows 10 follow in a systematic fashion the changes
due 10 increasing Sr content of the sampies. Com-
parative conductivity measurcments by two-probe
and four-probe techniques were previously carried
Out [117] for 10% and 70% exchanged (Na, Sr) -
nius_n.ina. The present study covers the whole com-
pesttion range of (Na, Sr) p-alumina in a wider
femperature range, and the two-probe measurements
are made in a considerably larger frequency range
than before [11 )

2, Experimental

Thinshices (0.1 emx 0.5 cmx 1 cm) were cut from

bars of polverystalling Na [”-alumina purchased as
“RBetalyte” from Ceramatec Inc. The samples were
converted 1o (Na, Sr) f-alumina in the way de-
scribed previously [12]. This technique yields ma-
terials with a homogeneous distribution of Na* and
§r2+. The composition of the exchanged material is
known from the equilibrium distribution curve (fig.
2 in ref. [12]). Ptelectrodes were sputtered onto two
oppasite surfaces of the rectangular picces. The leads
to the impedance meter were attached by silver pain
1o the Pt films,

The impedance of the symmetric ccll P1/{Na, Sr)
p-alumina/P1 was mcasured from room tempera-
ture 10 800°C between 1072 to 107 Hz. Two auto-
mated impedance meters were employed. The IM 3E
meter of Zahner-elekirik was used between 102 and
104 Hz. The Hewlett Packard 4192 LF impedance
analyzer in conjunction with an XT computer cov-
cred the range 5 to 107 Hz. The measurements were
made from high to low temperatures and subsc-
quently from low to high temperatures. Such a pro-
cedure is necessary since the sputtered Pt film re-
crystailizes during the initial heat-up.

The arrangement of the cell, of the leads and ther-
mocouples in the furnace is shown in fig. 2. There
are separate leads for the ac current and the mea-
surement of the ac voltage across the celi, done at
constant temperature. The aluminum oxide tube is
flushed by nitrogen. The furnace is heated by de cur-
rent 10 minimize stray signals affecting the imped-
ance measurement. Both the temperature and fre-
queney range can be set by the programme for
measurements with the Hewlett Packard instrument,
The data are siored on a disc and can be processed
by separate AT computers. Piots of the data in the
raw or processed form arc obtained by printer or
plotter. A schematic diagram of the set-up is shown
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Fig. 2. Schematic diagram of furnace with cell.

in fig. 3. Complete automatization of the measure-
ments with the other impedance meter is difficult
because the memory of the PC, incorporated into the
instrument, is too small for the programme. At pres-
ent the temperature has to be set manually. The
impedance measurements  themselves are  auto-
mated. Work s in progress 10 achleve complete au-
tomatization by the aid of an additional XT.

3. Results

Numerous plots of the negative values of the ca-
pacitative component of the impedance versus the
ohmic component were obtained for the differcnt
compositions and emperatures. The plots look cither
similar to that in fig. 2 (initial portion of a deformed
semicircte) orin fig. 3 (one depressed semicircle fol-
lowed by a different curve at low frequencies) of ref,
[11]. Thercfore examples are not shown here.

It was attempied 10 simulate the frequency depen-

dence of the impedance at constant lemperature, us-
ing suitable analogue cireuits and determining the
parameters by the optimization programme FIR-
DAC [13]. Although 2 satisfactory approximation
of the frequency dependence of the impedance could
be frequently achicved, the circuits proved too com-
plicated to distinguish between contributions from
the crystal and the grain boundary i an unambig-
uous way. The previous results with 10 and 70% ex-
changed material are confirmed and cxtended 10 the
whole composition range. The simpler approach of
a graphical extrapolation was adopted. The cxtrap-

“olation of the first portion of the impedance plot at

high frequencies yielded the value of the intragran-
ular resistance. A fow data points at the highest fre-
quencies had 1o be discarded in the extrapolation
procedure sametimes. This was casily recognizable
because the impedance piot begins to display a re-
versal of the previous trend or the points are dis-
tinclively separate from the other ones. Finally the
extrapoiation at the other side of the first depressed
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Fig. 3. Schematic diagram of set-up for the autemated measurements of the ceil impedance at constant lemperaiure.

semicirele at intermediate frequencies yiclded the
total resistance. If the impedance plot was nearly lin-
caratlow frequencies, the linear portion was also cx-
“‘T\D(_Jlalcd. Usually the intcrsection of this lincar
porton with the abseissa is close to the value ex-
trapolated from the depressed semicircle, it shouid
be pointed out here that the shape of the impedance
cm'.vcs did not always allow the latter extrapolation.
I:>_<amp1cs for the resulis of the described extrap-
olation procedure are shown for an 11% exchanged
sample in fig, 4 and for a 95% exchanged materiat in
fig. 5. The product of conductivity and temperature
is plotted in a semilogarithmic scale versus 1000/ 7.
The data obtained by a four-probe measurenent in
A sel-up, described previously [147, are plotted for
comparison. in-addition the respective values for a
Na single crystal and a Sr single crystal, taken from
ref. [15], are given by solid fines in figs. 4 and 5.
The activation energics were determined from the
siope of the plots in the linear regions {compare fig,

4 and fig, 5). They are plotted as a function of the
extent of exchange in fig. 6.
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Fig. 4. Plots of total conductivity (. o, (3. +) and of erysial
conductivity (e, B) as a funciion of temperature for §1% ex-
changed specimen. (« ) four-probe techniquer (o, o, (5, @) HP
4192 () IM Se.

4, Discussion

It has been observed previously that the wotal con-
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Fig. 5. Plots of otal conductivity (», o, + ) and crystal conduce
tivity (=, & #) asa function of temperature for 93% exchanged
specimen. (4. ) four-probe wechnigue; (o, o, W) HP 4192,

ductivity could not be determined over the whole
temperature range by the four-probe technique for
all the compositions {sec fig. { inref. [11]). The two-
probe measurements reported here Jead to a similar
conclusion. The impedance plots do not allow an ex-
trapolation of the total conductivity at low or inter-

mediale frequencies for those compositions in the
same temperature range in which the four-probe
technique did not work.

The data in fig. 4 and fig. § demonstrate that the
agreement between the values of the total conduc-
tivity from four- and two-probe measurements is sat-
isfactory in the temperature ranges where the mea-
surementis overlap. The present measurements
extended the temperature range from about 500°C
in ref. {11] and to 800°C in ref. (12]. The intra-
granular conductivitics could be determined in cer-
rain temperature ranges which did not always co-
incide with the temperature ranges for the
determination of the total conductivity of a material
with a given composition.

The curves of the intragranular conductivity lic by
about an order of magnitude Jower than those for
single crystals in {ig. 4 and fig. 5. The curve for a sin-
gle crystal of Na p“-alumina had to be taken since
data for a 10% exchanged crystal were not available.
In fig. S the results for a fully exchanged single crys-
tal are compared with those of 95% exchanged po-
lycrystalline material because it is difficult to obtain
a 100% cxchange of poiycrystalline samples. Thus
materials of exactly the same composition in the sin.
gle and potycrystalline state could no be compared.
A difference of the reported crystal conductivities was
10 be expected alone on the basis of the different
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Fig. 6. Plots of activation ¢nergies versus extent o exchaoge: {+ ) 1otal conductivity: ({3 crystal conductivity.
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composition, However, there are several other fac-
lors which may also be responsible: {¢) the crystal
conductivity need not be the same in the single and
polyerystaliine state for f-ajumina isomorphs of the
same composition; (d) the polyerystailine material
15 stabilized by lithia and the single crystals by mag-
nesia. There is not enough experimental information
available 10 make an estimate of the contributions of
factors (¢) and (d).

The curves of the intragranular conductivity e
CF>1}sicicl-al)l}f above the curves for the total conduc-
Uvily (sce figs. 4 and 5). This statement holds for all
the compositions. The grain boundary contribution
10 the impedance of the solid clectrolyie 3§
predominant.

The activation cnergies were computed from the
SJODC of the linear portions of curves like those in
hgfs. 4 and 5. This procedure is only valid in a re-
stricted temperature range. Considering the whole
Wml’(_iramrc range of this study, the activation en-
CTEY 15 not constant bul changes atl high tempera-
tures. The said activation encrgies are plotied as a
function of the extent of exchange in fig. 6 for the
whole composition range. The activation energy of
the erystal conductivity increases with the Srcontent
and reaches a broad maximum between 70 and 95%
exchange. As iy expected this curve lies tower than
the respective curve for the total conductivity. The
WG curves display the same trend and are ncarly
parallel between 10 and 50% exchange. Then they
deviate considerably. The effect of increasing Sr?+
content on the grain boundary resistance becomes
targer than that on the crystal resistance. 1t is con-
cluded that the behavior of the grain boundary is re-
s‘p?nsihlc for the transport involving predominantly
SrETat exchanges above about 85%.

3. Conclusiong-

The results, reporied and discussed in this com-
Munication, yield important information on the
I?l‘opcrtics of grain boundaries in polycrystalline { Na,
Sl) ["-aluminas. It is understood that the applica-
bility of impedance spectroscopy is Himited 10 sys-

tems for which the conditons {a) and (b) of the In-
troduction are fulfitled. Thus systems with relatively
high conductivity itke Na and Ag §"-alumina will
have to be studied at intermediate and low temper-
atures because of condition (a). In contrast, systems
with relatively low conductivity like poiyerystalline
isomorphs with bivalent cations need ¢ be investi-
pated at higher lemperatures.
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