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Abstract Grain core and grain boundary electrical and
dielectric properties of nanocrystalline yttria-stabilized zir-
conia (YSZ) were analyzed using a novel nano-Grain
Composite Model (n-GCM). Partially sintered pellets with
average grain sizes ranging from 10 to 73 nm were analyzed
over a range of temperatures using AC impedance spec-
troscopy (AC-IS). Local grain core and grain boundary
conductivities, grain boundary dielectric constants, and
effective grain boundary space charge widths were deter-
mined from the fitted circuit parameters. Required grain core
dielectric constant data were provided by AC-IS measure-
ments of single crystal YSZ over a range of temperatures.
The local grain core conductivity of all the nanocrystalline
samples was slightly decreased with respect to that of
microcrystalline YSZ. Conversely, the local grain boundary
conductivity was enhanced up to an order of magnitude
compared to microcrystalline YSZ. At the nanoscale, there
was a noticeable increase in local grain boundary dielectric
constant versus single crystal values at the same temperature.

Introduction

Yttria-stabilized zirconia (YSZ) is the workhorse electro-
lyte in electrochemical devices, including solid oxide fuel
cells (SOFCs), oxygen pumps, and oxygen sensors [l].
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Much recent research has focused on enhancing the
transport properties of YSZ at low temperatures to improve
the commercial viability of SOFCs [2, 3]. By operating at
lower temperatures (<600 °C) problems associated with
deleterious interfacial reactions, differential thermal
expansion, and gas sealing can be ameliorated. Also, less
expensive interconnect materials (e.g., stainless steel) can
be employed. To improve the transport properties,
researchers have investigated nano-scale YSZ electrolytes,
where the grain size and/or film thickness is <100 nm.

There are conflicting reports concerning the grain size-
dependence of transport properties in nano- versus micro-
scale YSZ. In a recent review, Guo and Waser noted that,
for several acceptor-doped zirconias, the specific grain
boundary conductivity increases as the grain size decreases
into the nanocrystalline regime, while the grain core con-
ductivity decreases slightly [1]. Mondal et al. [4] reported
enhanced specific grain boundary conductivities in YSZ of
grain size 25-50 nm, at doping levels of 1.7 and 2.9 mol%
Y,0;. Mandani et al. [5] reported higher grain boundary
conductivity than grain core conductivity in 4 mol% Y,03-
doped ZrO,, but not at the 9 mol% level. Verkerk et al. [6]
found increasing specific grain boundary conductivity with
decreasing grain size in microcrystalline 8§ mol% Y,O3-
doped ZrO,, but only at large grain sizes. The most dra-
matic result was that of Kosacki et al. [7], who showed a
1-2 order of magnitude increase in the total conductivity in
spin-coated YSZ thin films with ~20 nm grain size versus
a polycrystalline bulk sample with large grains (2.4 pm).
Karthikeyan et al. [8] reported an increase of conductivity
up to one order of magnitude in e-beam deposited YSZ thin
films as the film thickness was reduced to 17 nm. In con-
tradistinction to these studies, Guo et al. [9] saw a slight
decrease in the conductivity of 12 nm and 25 nm films
compared to bulk polycrystalline values.
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The aforementioned papers relied upon the brick-layer
model (BLM) to extract grain boundary properties (e.g., the
“specific grain boundary conductivity”) and grain core
properties. We recently demonstrated that the BLM is no
longer valid when the grain size is reduced into the nano-
crystalline regime, i.e., at grain sizes <100 nm [10, 11].
The present work employs our recently developed “nano-
Grain Composite Model” or n-GCM to extract local grain
boundary and grain core properties for nano- versus micro-
crystalline YSZ.

The nano-grain composite model (n-GCM)

Extracting local properties (grain core, grain boundary)
from AC impedance spectroscopy (AC-IS) measurements
requires a representative microstructural model and a cor-
responding equivalent circuit. The original equivalent
circuit used to describe YSZ and microcrystalline electro-
Iytes in general was developed by Bauerle [12], for
ceramics with resistive grain boundaries and conductive
grain cores. This simple boundary-layer model was further
developed by Beekmans and Heyne [13] and was labeled
as the “brick-layer model” or BLM by Burggraaf and co-
workers [6, 14]. The equivalent circuit consists of two RC
parallel elements in series, one representing the grain cores
and the other representing the grain boundaries. In the
well-known Boukamp notation [15], this circuit is repre-
sented as (RC)(RC). For microcrystalline electroceramics,
with thin and less conductive grain boundaries (vis-a-vis
grain core values), the BLM is quite appropriate [10, 11].

In the nanoscale regime, however, the BLM is no longer
reliable, owing to the contribution of grain boundary con-
duction parallel to the direction of current flow. Nife [16]
developed a modified BLM by connecting the central grain
core/grain boundary serial path in parallel with the side-
wall grain boundary path. This series/paralle]l BLM, or SP-
BLM, was applied to the analysis of AC-IS measurements
on nanocrystalline CeO, [17]. We subsequently demon-
strated, however, that the SP-BLM also fails in the
nanocrystalline regime [10, 11].

To correct the deficiencies in the BLM and variants in
the nanocrystalline regime, we recently developed a “nano-
Grain Composite Model” or n-GCM [10, 11]. First, a 3D
pixel-based computer representation was developed for the
BLM, taking into account the true 3D current distribution
in the brick-layer structure. This model, referred to in our
prior work as the “nested cube model” or NCM, accurately
models the electrical and dielectric properties of the 3D-
BLM over the entire range of grain core volume fractions
(¢) from microcrystalline (¢ = 1) to nanocrystalline
(¢ = 0). Upon evaluating other microstructural and effec-
tive media models, it was demonstrated that only the NCM

and the Maxwell-Wagner/Hashin-Shtrikman (MW-HS)
effective medium model are capable of representing com-
posite AC-IS behavior over all values of ¢ [10].
Furthermore, the predictions of the NCM and the MW-HS
model are in relatively close agreement over all ranges of ¢
and of local properties (o4, = grain boundary conductivity,
£gp = grain boundary dielectric constant, ¢, = grain core
conductivity, and &, = grain core dielectric constant). This
agreement is fortuitous, since Bonanos and Lilley [18]
were able to develop an (RC)(RC) equivalent circuit cor-
responding to the MW-HS model and a set of closed-form
solutions allowing the four RC elements to be calculated
from ¢ and the local properties (Ggp, £gps Tgc, and &,). For
the n-GCM, a reverse set of equations was developed to go
from the four AC-IS-derived (RC)(RC) values to the
underlying (Ggp, Egbs Tgcs Eocr P) Values [11].

It should be noted that the extraction of the local
properties, using the n-GCM, requires that one of the five
unknown parameters (Ggp, Egb, Tgcs Egc» aNd ) be known. Tt
is reasonable to assume that the grain core dielectric con-
stant will be the same as the single crystal dielectric
constant at the corresponding temperature. In the present
work, the dielectric constant of single crystal YSZ of
comparable composition was measured versus temperature
to provide the necessary data.

It should also be stressed that the n-GCM takes into
account actual grain shape, i.e., that grains in polycrystal-
line ceramics are not cubic bricks. We were able to
demonstrate that the electrical behaviors of icosahedral or
dodecahedral grains fall intermediate to the nested cube
and MW-HS models, and are most likely closer to the MW-
HS situation [11]. Furthermore, it is likely that grain core
shape is nearly spherical as ¢ goes to zero (the nanocrys-
talline regime), such that the n-GCM becomes
indistinguishable from the MW-HS model in this limit. In
this case the n-GCM, which employs a methodology based
upon the MW-HS equivalent circuit, is the most accurate
representation of the electrical/dielectric structure-property
relations of nanocrystalline ceramics.

Experimental procedure

Nanocrystalline YSZ (8 mol% Y,Os;) with an average
particle size of 5-10 nm was obtained from Fuel Cell
Materials (Lewis Center, OH, USA). Quoted impurity
concentrations were Si, Ca, Al, Mg, and Cr <100 ppm, with
Ca sometimes slightly higher, and Fe, Zn, Cu at <10 ppm.
The powder was ground and uniaxially pressed at 125 MPa
to a green density of 40%, then isostatically pressed at
270 MPa to 50% green density, into ~2 mm thick pellets
with an average diameter of 10 mm. The pellets were par-
tially sintered for 1 h in air on a YSZ powder bed of
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identical composition to avoid contamination, with gradual
heating and cooling (at 5 °C/min) to minimize thermal
shock and cracking. Each pellet was sintered at a different
temperature between 800 and 1,050 °C, to achieve a range
of grain sizes. Average grain size was determined by X-ray
diffraction (XRD) peak broadening, using a Williamson-
Hall plot with Jade software [19] to separate contributions
to peak broadening from grain size, strain, and instrumental
effects. XRD scans were carried out from 20 to 80° 260 on a
Geigerflex diffractometer (Rigaku, Japan). Grain sizes were
verified with field emission SEM (Hitachi S4800) images of
fracture surfaces. All pellets were polished with diamond
paste to 1 pum roughness prior to electroding. Sample den-
sities were calculated from the measured masses and
dimensions (final thickness ~ 1.7 mm).

Sputtered silver electrodes (~ 100 nm thick) were
employed rather than silver paint electrodes, to avoid the
wicking of paint into the porous surfaces. Additionally,
sputtered electrodes above a certain thickness on polished
specimens have been shown to reduce spreading resistance/
gap capacitance problems associated with thin electrodes
on rough surfaces [20]. Silver was chosen over gold as it
reportedly exhibits better chemisorption of oxygen, and the
electrode polarization arc in Nyquist plots is less significant
[4]. AC-IS measurements were made over the frequency
range of 13 MHz to 10 Hz, with a voltage amplitude of
1 V using an Agilent Technolgies 4192A impedance ana-
lyzer (Santa Clara, CA). The sample was held in a tube
furnace, and measurements were taken over the tempera-
ture range, 250-600 °C, low enough to avoid the onset of
grain growth (see below). Temperature was monitored with
an S-type thermocouple.

After correcting for geometry, the impedance data,
consisting of two slightly depressed Nyquist arcs, were
fitted to an (RQ)(RQ) Boukamp circuit using the “Equiv-
alent Circuit” program [15], where Q stands for a constant
phase element. These values were subsequently corrected
for varying degrees of porosity (see below). The following
procedure was implemented to extract the local properties
from the raw impedance data.

To correct for geometry, the impedance data were
multiplied by the specimen’s geometric factor,

A

Z:’ICW = Z;riginal ’ z (1)
A

Z;’ew = Zgriginal ’ Z (2)

where Z' stands for real and Z” stands for imaginary
impedance, A is cross-sectional area, and L is specimen
thickness. The modified Nyquist plots were fitted in
Equivalent Circuit to give Ry, Qq, and n; (the low fre-
quency arc on the right) and R,, Q», and n, values (the high
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frequency arc on the left), where n; and n, quantify the
extent of arc depression (on the order of 0.9-1 for the
nanocrystalline samples). The values of C for each arc, C,
and C,, were calculated as:

Ci= R Q) (3)

The resistance (R, R,) and capacitance (C;, C,) values
were then corrected for porosity. Conductivities corres-
ponding to each arc (o, 0,) were calculated:

o 4
0i Ri ( )

These conductivities were corrected for porosity using
the Bruggeman symmetric model for 3—3 connectivity [21]:

S 5

where ¢, is the conductivity of the composite (YSZ and
pores), oy, is the conductivity of the matrix (YSZ), and f is
the volume fraction of pores, which were assumed to have
zero conductivity. The porosity-corrected resistances (RY°,
R5%) were then back-calculated via Eq. 4. Porosity-
corrected capacitances were obtained assuming that the
time constants (t;) for each arc are the same as before the
porosity correction:

R?C . C?c = R,‘ . Ci =T (6)

To extract the local parameters, the resulting values
were inserted into the n-GCM equations as follows:

1-9¢

R 20) 7
~ —2RY(¢p — 1)’ + RY9¢
Tec = RIRY(1 +2¢)* ®
G —-9)
Egb = 4801(1 T 2¢) (9)
C 2 C
ggc:*ZC’f (1—¢)* +9C% (10)

co(1 +2¢)*

where RY°, C}°, RS, and C5° are now the geometry- and
porosity-corrected values.

As mentioned previously, one parameter must be known
to solve for the other four parameters. For the present work,
it was assumed that the grain core dielectric constant (gq)
should be the same as the single crystal dielectric constant
at the corresponding temperature. Unfortunately, literature
data covering our experimental temperature range appear
to be unavailable. Single crystals of YSZ (7 mol% Y,03)
with dimensions 10 mm by 10 mm by 1 mm were obtained
from MTI Corp. (Richmond, CA, USA). The large faces
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were electroded with thin, porous layers of silver paste.
AC-IS measurements were made in the [100] direction
from 13 MHz to 10 Hz over the temperature range of 20—
500 °C with the Agilent Technologies 4192A impedance
analyzer.

For microcrystalline samples, alternatively, the BLM
can be used to extract the grain core conductivity (1/R5%)
and “specific” grain boundary conductivity, as shown in
Eq. 11, where the R and C values have been corrected for
geometry and porosity.

e (RECE)(RECE) )
® 7 e (RECT) ™ (RECT)

Note that the BLM assumes identical values for grain
boundary and grain core dielectric constant (&g = &gc)-

Results and discussion

Figure 1 displays the real dielectric constant versus tem-
perature for the YSZ single crystal. For this plot, the
dielectric constant was determined from the fitted C value
of the arc in the Nyquist plot. Very little arc depression was
observed in these plots. At the highest temperatures
(dashed line), corrections were made for stray inductive
contributions at high frequencies [22]. At room tempera-
ture, the value of ~ 26 falls within the range of published
data for YSZ of comparable composition (23-39) [23-28].
From room temperature to 200 °C, the values obtained are
similarly in good agreement with data for YSZ single
crystals of slightly higher yttria content (14 mol%) [29].
The marked increase in dielectric constant between 150
and 250 °C is most likely associated with the onset of
dipolar relaxation. Point defect associates such as
(YZ/V3)® have been hypothesized, and (Y2/VS Yz/)* has
been found in 9 mol% YSZ [1]. Computational and ther-
modynamic studies have shown that oxygen vacancies are
more likely to sit nearest neighbor to Zr and second nearest
neighbor to Y, and they cluster as third nearest neighbors
with other oxygen vacancies along (111) directions [30].
Below 150 °C, both the yttrium acceptors and the oxygen
vacancies in associates are immobile. By 250 °C, the
oxygen vacancies remain associated, but can hop around
their yttrium neighbors, leading to an increase in dielectric
response. The data of Fig. 1 were employed for the
extraction of local electrical properties using the n-GCM
methodology.

Figure 2 displays XRD scans for nanocrystalline
samples that were partially sintered at different temper-
atures for 1 h. Samples sintered at lower temperatures
exhibit characteristically large peak broadening, com-
mensurate with the smaller grain sizes. In general, peak
broadening at the smallest grain sizes makes it difficult to
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Fig. 1 Real dielectric constant, determined from fitted capacitance
values, over a range of temperatures for YSZ single crystals
containing 7 mol% Y,03. The dashed line at higher temperatures
indicates values obtained if corrections for stray inductance at high
frequencies are incorporated

Fig. 2 XRD scans of pellets partially sintered at different temper-
atures for 1 h to control grain growth. Broader peaks correspond to
smaller grain sizes

determine whether any tetragonal phase is present or if
all the peaks correspond to the cubic phase; however,
larger grained samples showed no evidence of tetragonal
peak splitting.

Figure 3 shows the effect of sintering temperature (1 h
duration) on grain size and the relationship between grain
size and density (the inset diagram). Below 1,000 °C, the
samples densify only slightly, with very little detectable
grain growth. Between 1,000 and 1,100 °C, there is a
dramatic increase in both density (from 40% to more than
80%) and grain size (from ~20 nm to ~200 nm). The
average grain sizes of pellets employed for AC-IS mea-
surements, according to the XRD measurements, were 10,
26, 41, 50, 61, and 73 nm.

Figure 4 shows typical Nyquist plots (for the specimen
with an average grain size of 50 nm), corrected for
geometry but not for porosity. Dual-arc behavior was seen
at all temperatures, as evidenced by the data at 362 °C. The
thermally activated character of the resistances (R}, R») is
seen in the dramatic reduction in arc diameters with
increasing temperature. It should be remarked that arc

@ Springer
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Fig. 4 Impedance spectra for a sample with an average grain size of
50 nm at different temperatures. Markers correspond to the base 10
logarithm of the linear frequency at that point

convolution became more pronounced as the grain size
decreased.

The first step in n-GCM analysis is a plot of predicted
dielectric constant versus grain core volume fraction, based
upon Eq. 10 and values of C; and C, obtained from fitting
the corresponding Nyquist plot. Figure 5 illustrates this
procedure for the 10 nm grain size specimen at 324 °C
(597 K). If we assume that the grain core dielectric con-
stant must be the same as the single crystal value at the
corresponding temperature in Fig. 1, allowing for an esti-
mate of +10% uncertainty in the fitted C; and C, values,
we arrive at an estimate for the grain core volume fraction
of ¢ =0.23 + 0.01 (see Fig. 5a). Similarly, based upon
the value of ¢, we can estimate values of the grain
boundary dielectric constant, grain core conductivity, and
grain boundary conductivity (see Fig. 5b). Each of these
parameters will be discussed separately.

@ Springer

fraction and grain boundary dielectric constant may be obtained. (b)
Again using the same grain core volume fraction, the grain core and
grain boundary conductivities may be obtained. This plot applies to
the 10 nm sample at 597 K and is calculated from the fitted circuit
parameters (R; and R, with 5% error), using Eqs. 7 and 8. The
procedure must be repeated for each temperature and each grain size

Once the volume fraction of grain cores is known, an
apparent grain boundary thickness can be calculated
assuming a simplified geometry (i.e., the 3D-BLM). Half of
this value would correspond to the space charge width,
which can be compared with literature values. Table 1
shows half the apparent grain boundary thickness versus
grain size for the nanocrystalline specimens. Values are
typically 2-4 nm (1.84—4.37 nm) for all grain sizes ana-
lyzed by the n-GCM. Such values are comparable to space
charge widths reported in the literature. Ikuhara et al. [31]
showed by energy-dispersive X-ray spectroscopy that in
2.5 mol% YSZ, yttrium segregated to within 2—4 nm of the
grain boundary core. Other BLM-based calculations yield
values around 5 nm (see [1] and the references therein). (It
should be noted, however, that the BLM calculations are
only valid at the microscale and employ the assumption
that the grain core and grain boundary dielectric constants
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Table 1 Space charge widths (one-half the apparent grain boundary
width) for samples with different average grain sizes

Average grain size (nm) Half of apparent GB width (nm)

10 1.84 (1.79-1.88)*
26 2.08 (1.74-2.23)
35 (dense) 3.49 (3.34-3.61)
41 4.06 (3.89-4.20)
50 4.37 (4.13-4.53)
61 3.11 (2.52-3.52)

* Ranges account for 10% error in the fitted capacitance values, C,
and C,, but do not account for the range of grain sizes present in each
sample nor for any error in the grain size determination

are equal.) The excellent review by Guo and Waser [1]
provides a more detailed explanation of space charge
effects in doped zirconia.

Figure 6 displays the grain boundary dielectric constant
as a function of temperature for two partially sintered
nanocrystalline samples (10 and 41 nm average grain
sizes) and for a dense sample (>96% density) with an
average grain size of 35 nm. The dense sample was con-
solidated by spark plasma sintering and subsequently
annealed in air (data provided by co-author Kim) [32]. In
general, there is no clear trend with grain size, but values
for all the samples are equal to or greater than the single
crystal values at the corresponding temperatures (also
shown in the figure). There are at least two possible
explanations for the large values. First, these data lie above
the onset temperature of dipolar relaxation, as seen in the
single crystal data of Fig. 1. Therefore, their lower limit is
expected to be ~50, as observed. Second, the dipolar
response appears to be enhanced compared to that of the
bulk, suggesting that more dipoles (associates) are present
at/near the grain boundary. There is evidence from the
literature that the ratio of yttrium-to-zirconium ions in the
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Fig. 6 Grain boundary dielectric constant for samples with average
grain sizes of 10 nm, 35 nm (dense), and 41 nm. The single crystal
(grain core) dielectric constant is also shown for comparison

grain boundary core is significantly enhanced versus the
bulk [33]. Additionally, there is evidence of enhanced
oxygen vacancy populations in the grain boundary core
(see [1] and references therein). Further evidence for higher
grain boundary dielectric constants comes from magne-
tron-sputtered YSZ thin films with a nanoscale columnar
microstructure [34]; through-film dielectric constants were
consistently higher than the values in Fig. 1 at all tem-
peratures and frequencies, which could be explained on the
basis of grain boundaries having dielectric constants larger
than that of the grain cores.

The local conductivity values extracted from the AC-IS
data via the n-GCM method are plotted in Fig. 7. Figure 7a
displays the local grain core and grain boundary conduc-
tivities for a partially sintered sample with an average grain
size of 26 nm, and for a dense sample of comparable
composition (data provided by co-author Kim) with an
average grain size of 35 nm. The good agreement between
the dense and porous samples for both the local grain core
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Fig. 7 (a) Local grain core and grain boundary conductivities,
calculated using the n-GCM technique, for porous (26 nm grain size)
and dense (35 nm grain size) nanocrystalline samples, showing good
agreement after the porosity correction (see text). (b) Local grain core
(GC) and grain boundary (GB) conductivities for nanocrystalline and
microcrystalline samples (dashed line: 16 pm literature data [35]),
showing an enhancement in the local grain boundary conductivity in
nanocrystalline samples
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and grain boundary conductivities suggests that the
porosity correction used in this approach is reasonable.

Figure 7b compares the conductivities of microcrystal-
line and nanocrystalline samples for all the grain sizes
studied. The grain core conductivities lie in a narrow band
slightly below that of a representative microcrystalline
specimen (16 pm grain size, Guo et al. [35]—the upper
dashed line). These results suggest that nanocrystalline
specimens exhibit a slightly lower grain core conductivity
vis-a-vis the microcrystalline specimens. There are several
possible explanations for such an effect, including grain
size-dependent impurity segregation and possible de-dop-
ing of the major acceptor impurity (yttrium) in grain cores
as the grain size decreases [1].

The grain boundary conductivities of the nanocrystalline
specimens fall in a narrow band lying significantly above
the data for the representative microcrystalline specimen
(Guo et al. [35]—dashed line). For the microcrystalline
data, the specific grain boundary conductivity is plotted,
which was obtained from the BLM (Eq. 11), assuming
&gp = &gc. For the nanocrystalline specimens, the local
grain boundary conductivities are plotted, as obtained by
n-GCM analysis. (This comparison of local and specific
conductivities uses the assumption of nearly isotropic grain
boundary transport, i.e., that conductivity is not substan-
tially different perpendicular versus parallel to the grain
boundary. This limitation is discussed further later in the
article.) In this case, the enhancement of grain boundary
conductivity is significant, in agreement with prior reports
in the literature [1, 4].

There are several feasible explanations for increases in
the grain boundary conductivity of the nanocrystalline
samples. One possibility involves a decrease in the positive
space charge potential at the grain boundary core with
decreasing grain size [1]. Figure 8 shows the calculated
grain boundary potential (relative to the grain core poten-
tial) as a function of grain size. The potential was
calculated from the local grain core and grain boundary
conductivities, using an equation developed by Fleig et al.
[36] for a double Schottky barrier:

zeA@(0)
%:46“)( i) (12)
Oob 2zei7({)(0)

where z is the relative charge of the current-carrying defect
in the lattice (z = 2 for oxygen vacancies), e is the elec-
tronic charge, and A@(0) is the potential of the grain
boundary core relative to the grain cores.

As can be seen from Fig. §, the calculated grain boundary
potential decreases monotonically with decreasing average
grain size. This result would suggest that nanocrystalline
samples have higher concentrations of oxygen vacancies
in the grain boundaries than their microcrystalline
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Fig. 8 Grain boundary potential (relative to grain core potential)
calculated using Eq. 12 for samples with different average grain sizes
in the temperature range 619-636 K. Conductivities for the 16 pm
sample, used in the calculation, were taken from [35]

counterparts, even though oxygen vacancies are still deple-
ted within the grain boundaries relative to the grain interiors.
This increase in carrier concentration could explain the
improvement in the grain boundary conductivity. However,
it should be pointed out that this explanation is usually
reserved for high purity specimens [1].

An alternate explanation involves grain size-modified
segregation, with dilution of the impurities that segregate
to grain boundaries in nanocrystalline specimens. This
effect is due to the dramatic increase in grain boundary
area (in nanograined samples) over which to distribute such
segregating impurities. In other words, the grain boundaries
are actually cleaner in nanocrystalline versus microcrys-
talline specimens.

In Fig. 9, the total conductivity is plotted for samples
with different average grain sizes. The total conductivity
was taken as the inverse of the total resistance (R; + R»),
after correction for geometry and porosity. From this

1
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Fig. 9 Total ionic conductivities for a range of grain sizes, after
porosity correction. Total conductivity consistently decreases as the
average grain size decreases
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figure, it is evident that decreasing the grain size does not
improve the total conductivity; rather, the conductivity
decreases monotonically with decreasing grain size. This
result may seem surprising in light of the enhancement in
the grain boundary conductivity in nanocrystalline sam-
ples. The decrease in total conductivity, however, can be
explained by (1) the observed decrease in grain core con-
ductivity (Fig. 7b) and (2) the dramatic increase in the
number of grain boundary barriers opposing transport as
grain size is reduced into the nano-regime. In other words,
individual grain boundaries may be less resistive in nano-
versus micro-crystalline material, but they remain more
resistive than grain cores (Fig. 7b) and their increased
number swamps out the effect of a marginal increase in
local conductivity.

It is worthwhile to note some of the limitations of the
n-GCM approach. In theory, the n-GCM should be appli-
cable at all grain sizes (grain core volume fractions). For
example, in our prior work [10, 11], the n-GCM approach
was shown to be in good agreement with the 3D BLM
simulation (which included the true current distribution)
across the entire range of volume fractions. In reality, the
approach will most likely become intractable at grain core
volume fractions of 0.9 or larger, owing to experimental
uncertainties associated with establishment of reliable
grain core fractions (as per the n-GCM procedure demon-
strated in Fig. 5a and b). If we arbitrarily assume a space
charge width of 2 nm, a grain core volume fraction of 0.9
would be reached at a grain size of ~ 100 nm. Therefore,
we would anticipate a working grain size range for the
n-GCM of 10-100 nm.

In reality, the situation can be even further constrained.
We have established that the n-GCM requires equiaxed
nanostructures with a narrow distribution of grain sizes. In
the present study, the AC-IS data for the 73 nm grain size
specimen could not be successfully analyzed by n-GCM; it
was not possible to match the measured single crystal
dielectric constant in the n-GCM-derived &, versus ¢ plot
(e.g., see Fig. 5a). We attribute this limitation to a broad
distribution of grain sizes leading to significant arc-
depression in AC-IS plots. Of course, better processing
resulting in nanostructures with the requisite equiaxed/
monosized grains should extend the applicability of the
n-GCM to the 10-100 nm range of grain size, as described
above.

Another limitation of the n-GCM is that it assumes a
two-phase microstructure, where grain boundaries and
grain cores are considered isotropic and homogeneous.
(The n-GCM approach does not explicitly incorporate the
gradually changing defect populations or conductivities
expected at the grain core—grain boundary interface of
real electroceramics. Such behavior has been modeled in
preliminary simulations, by nesting multiple grain

boundary layers in the 3D-BLM structure [37].) The
n-GCM also assumes that conductivity along the grain
boundary (o) is equal to conductivity across the grain
boundary (g, ). Nonetheless, the n-GCM can be used to
analyze samples with anisotropic grain boundaries if the
impedance spectra exhibit dual arc behavior, which is the
case as long as og, | < 0oy K Oge. Equations for the case
when oy, is only slightly smaller than o,. have been
provided by Kidner [38].

Finally, the n-GCM requires high quality impedance
data with minimal contributions from stray inductive
effects or parallel capacitances [22]. Extreme care should
be taken to avoid such parasitic contributions by mini-
mizing cable/lead lengths and by employing separate
shielded/grounded leads in AC-IS measurements. More
information about the n-GCM analysis and its limitations
can be found in our recent review [39].

Conclusions

This paper has demonstrated the applicability of the
n-GCM to the determination of local properties (conduc-
tivities and dielectric constants) of nanocrystalline YSZ.
This model replaces the traditionally used BLM at the
smallest grain sizes, and in this case characterized samples
with average grain sizes between 10 and 73 nm. In order to
apply the model, AC-IS was carried out on nanocrystalline
and microcrystalline samples over a range of temperatures.
The dielectric constant of a single crystal of a similar
dopant concentration was also determined over the same
temperature range for use in the analysis as the grain core
dielectric constant. The sharp increase in single crystal
dielectric constant with temperature was attributed to the
onset of dipolar relaxation. The grain boundary dielectric
constants were consistently higher than the single crystal
(grain core) dielectric constant, likely due to an enhanced
dipolar response in the disordered grain boundaries, con-
sistent with the enhancement of certain defect populations
and/or mobilities in the grain boundaries. The grain core
conductivities were slightly lower in nanocrystalline sam-
ples relative to microcrystalline values, but local grain
boundary conductivities were significantly enhanced in the
nanocrystalline samples, albeit still at levels less than that
of the grain cores (i.e., they remain barriers to transport).
The enhancement in the local grain boundary conductivity
in the nanocrystalline samples is consistent with the
observed decrease in grain boundary space charge potential
with decreasing grain size, but may be also be attributable
to the dilution of impurities at grain boundaries, i.e., grain-
size mediated impurity segregation. In spite of the local
grain boundary conductivity increase at the nanoscale, the
total conductivity decreased with decreasing grain size,
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owing to the increase in the number of blocking grain
boundaries in the nanocrystalline specimens.
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