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Crystallography of Grain Boundaries in YSZ 1219

Grain-boundary plane, misorientation angle, grain size, and grain-boundary energy distributions were quantified using
electron backscatter diffraction data for dense polycrystalline yttria-stabilized zirconia, to understand interfacial crystallography
in solid oxide fuel cells. Tape-cast samples were sintered at 1450°C for 4 h and annealed for at least 100 h between 800°C and
1650°C. Distributions obtained from both three-dimensional (3D) reconstructions and stereological analyses of 2D sections
demonstrated that the (100) boundary planes {(111)} have relative areas larger {smaller} than expected in a random distri-
bution, and that the boundary plane distribution is inversely correlated to the boundary energy distribution.

Introduction

Solid oxide fuel cells (SOFCs) are attractive energy
technologies because they can efficiently convert a range
of fuels to electricity." The performance of a SOFC is
coupled strongly to microstructural features, which have
now been nearly optimized with respect to traditional
metrics, such as grain size, volume fraction, and connec-
tivity of all phases.l_4 However, improvements in
performance are still sought to decrease both the level
of loss in initial cells and the degradation of cells versus
time. Recent advances in characterization techniques
have allowed for the direct three-dimensional (3D) re-
construction of the microstructure of SOFC electrodes
and for correlations to be made directly between
microstructural features, such as the length of the triple
phase boundary lines, and the performance of elec-
trodes.”™® Tt is also possible to include the crystallo-
graphic nature of internal interfaces or surfaces,” 4
which are known to affect properties of polycrystals,'
including transport,"®° electrochemistry, and corro-
sion,">?" but these characteristics have not yet been
included in SOFC characterization.”””** The crystallo-
graphic nature of internal interfaces can be measured
using ex situ 3D reconstruction methods for operational
SOFCs,'>'*% but several challenges still exist to inter-
preting and understanding the significance of the distri-
butions of crystallographic features in such complex
microstructures. These challenges include the lack of in-
formation on the crystallographic distributions in the
relevant material systems, such as for yttria-stabilized
zirconia, their time evolution with respect to tempera-
ture and electrochemistry, and effects of other phases on
these distributions. In the long run, understanding the
driving forces for microstructural changes and the prop-
erties of specific crystallographic features will help to
understand the long-term evolution and performance of
SOFC components. In this paper, as a step toward un-
derstanding the more complex cathode and anode of
SOFCs, we report on the grain-boundary plane normal,

misorientation angle, grain size, and grain-boundary en-
ergy distributions (GBEDs) in dense polycrystalline
yttria-stabilized zirconia (YSZ) that were prepared fol-
lowing representative planar SOFC fabrication methods.

It is increasingly clear that polycrystalline materials
have anisotropic grain-boundary character distributions
(GBCDs); 111121425730 1« GBCD, or MAg, n), is the
quantitative five-parameter description of the relative
amounts of boundaries with respect to lattice misori-
entation, Ag, and grain-boundary plane normal, 7.
Using automated collection and analysis of electron
backscatter diffraction (EBSD) patterns, the GBCDs
of variety of materials have been measured, including
the ceramics MgO,lz’ao’31 SrTiOs5, " Y,05,"% ALO;,%*
MgA1204,10’33 TiO,,"" and yttrium aluminum gar-
net.’> For these materials, it has been observed that
the GBCD develops to a steady-state value for which an
inverse correlation exists between the populations of
specific boundaries and the energies of those boundaries,
or between the GBCD and the GBED. Simulations and
experiments also have provided an insight into the de-
velopment of anisotropic GBCDs during normal grain
growth owing to anisotropies in GBED,”!0-28:29:32,34.35
although only a few GBEDs have been measured owing
to the experimental challenges. Although aspects of the
GBED:s have been rationalized using the anisotropies of
surface energies (speculations that cannot be used to
rationalize our observations on YSZ),'>'® no general
theory is available to predict or compute the GBED of a
general polycrystal. As such, it is essential to measure
GBCDs and GBEDs of important technological mate-
rials, for which it is appropriate to prepare samples in
manners similar to those used in technology. Despite
the technological importance of YSZ, especially in
SOFCs, no reports of the GBCDs or GBEDs exist for
it or for other fluorite compounds. We are particularly
interested in determining the steady-state distributions,
because any parameter that is correlated to microstruc-
tural features will no longer evolve owing to changes in
the relative boundary populations.
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YSZ has the cubic fluorite structure®® and has long
been a principle functional material for SOFCs.” The
high ionic conductivity, wide stability range versus
oxygen pressure, and low chemical reactivity of YSZ
are key features to its use in conventional SOFCs, fore-
most not only as the dense electrolyte but also as the ion
conducting phase in both active electrodes.” There have
been various studies on the microstructure of YSZ poly-
crystals, focusing on grain size,”” pore morphology,*®
and pore distribution.?® Yer, there is little known about
the crystallographic features present at grain boundaries
or other internal interfaces. Because the GBCD controls
properties and microstructural evolution, it has impor-
tant implications for long-term activity of electrodes in
SOFCs, both for performance and degradation.

As a step toward understanding these two essential
features of SOFC performance, we investigated dense
YSZ compacts to determine features of the GBCD
especially the grain size, grain-boundary plane distribu-
tion, and misorientation angle distribution. For most
samples, distributions were determined from stereolog-
ical analyses of 2D EBSD maps, owing to its relative
simplicity. For one YSZ sample, a 3D orientation map
of the microstructure was also made from a series
of parallel EBSD maps collected using a dual-beam
focused ion beam scanning electron microscope
(FIB=SEM).'>' After reconstructing the 3D micro-
structure in a manner similar to that carried out
previously,'® these data were used to calculate the
grain-boundary plane normal distributions directly, as
well as the GBED to understand the nature of the dis-
tribution, which are also compared with computations
of the surface energy anisotropy available in the litera-
ture.

Experimental Procedure

Sample Preparation

A YSZ (zirconia doped with 8% yttria, according to
the composition Yg 16219 840,_35) slurry was prepared
using methods modified from those given in Mistler and
Twiname™® (and detailed in the supporting informa-
tion) using YSZ powder (YSZ8-U1, fuelcellsmateri-
als.com, 300-500 nm particle size, NexTech Materials,
Lewis Center, OH). The 127-mm-thick tapes were cast,
dried, and punched to form cylindrical coupons. As-
sintered (AS) samples were formed by compressing
stacks of 12-16 coupons uniaxially and sintering them
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at 1450°C for 4 h. Different AS samples were individ-
ually annealed for 672h at 800°C or for 100h at
1250°C, 1450°C, and 1650°C, called respectively the
800, 1250, 1450, and 1650 samples.

Samples were prepared for 2D OIM by polishing
with 0.02 um colloidal slurry and then annealing them
at 1000°C for 1h. The sample for 3D FIB-SEM was
prepared as described previously.'* Triangular samples
were prepared mechanically, sputter-coated with
~2nm of platinum, and attached onto 45° pretilted
stubs. The specimen tips were ion milled to create a
large flat scan area for EBSD. Circular fiducial marks
were milled into the samples using the ion beam in the
FIB (Nova 600, FEI, Hillsboro, OR) to align the area
during subsequent milling and EBSD mapping

stf:ps.13’14’25

EBSD Data Collection and Cleanup

The local orientation of all samples was recorded at
discrete points on a hexagonal grid using EBSD. Ste-
reological data were obtained (except the 1650 sample)
using a grid spacing of 0.25 um (2.5 pm for 1650 sam-
ple).*! Two-dimensional EBSD data were collected in
an environmental SEM (Quanta 200, FEI) using a
25kV beam with a spot size of 5.0. For the 3D FIB-
SEM, data were collected as described previously.13’14
Briefly, the sample was ion milled at 30kV and 3 nA
using a Ga™ ion beam. EBSD data were acquired using
a 30kV beam at a current of 9.5 nA. The in-plane step
size was 0.2um and the out-of-plane step size was
0.4 pm. In both the 2D and 3D cases, multiple data
sets were collected and merged to generate sufficient
observations to make statistical comparisons.

The EBSD data were processed using the commer-
cial TSL OIM Analysis software, first using two itera-
tions of grain dilation (a minimum grain size of 10
pixels and a grain tolerance angle of 5°), then assigning a
single average orientation to each grain (minimum grain
size of 5 pixels), and finally removing points not asso-
ciated with grains. In the 2D data, grain boundaries
were reconstructed with a maximum deviation of 2
pixels, using a procedure described by Wright and
Larsen.*?

For the 3D FIB-SEM reconstruction, the processed
data were aligned using commercially available 3D OIM
visualization software (EDAX), and line segments were
processed using a program written in—house.13’14’25’26
Triple points on two parallel layers were connected by a
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triple line when the orientations between the three
grains around the first junction and the three grains
around one of the five closest junctions were within
5°."% Only grain-boundary segments adjacent to triple
junctions were analyzed, and the grain-boundary plane
normals were found following a procedure described
elsewhere.'® Errors associated with the 3D data collec-

. . 11-1
tion are discussed elsewhere,!!™!3-3°

and a secondary
alignment process'> was carried out to minimize errors
arising from uncertainty in the horizontal alignment of
the layers during reconstruction. 3D orientation maps
were created by assigning identification numbers to
grains in individual layers, calculating the mean posi-
tion of each grain, and then comparing grain orienta-
tions from each layer to adjacent layers. If grains from
adjacent layers had a disorientation <3° and a mean
position separated by less than two mean grain diame-
ters, they were assigned the same grain identification
number.

EBSD Data Analysis

The average grain size (determined from the grain
area® and reported as the diameter of a circle of equiv-
alent area) and grain size distribution were determined
from at least 6800 grains. The reconstructed grain-
boundary segments and the crystal orientations associ-
ated with them were used to extract portions of the
overall GBCD, AMAg, n). The misorientation Ag was
analyzed using the common axis (/) and angle of rotation
(8) approach. Plots of the number fraction of segments
having a misorientation angle 0, independent of
/[ and n, were generated using TSL OIM Analysis soft-
ware. The misorientation averaged distribution of grain-
boundary plane normals, A(n) or the grain-boundary
plane distribution (GBPD), was determined using an in-
house program (G.S. Rohrer, personal communication)
that indicates the relative areas of different grain-bound-
ary plane orientations. The relative areas of all orienta-
tions were normalized to yield values that are equivalent
to multiples of a random distribution (MRD); in these
units, values that differ from unity indicate orientations
that have areas greater than or less than that expected in a
random, isotropic distribution. As carried out elsewhere,
the misorientation averaged boundary plane distribu-
tions were classified into bins of 10° and plotted on a
stereographic projection, resulting in approximately 13
discrete orientations within the cubic stereographic tri-
elngle.“’12 Each stereological distribution was deter-
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mined using at least 20,000 boundary segments to
provide statistical significance to the GPBDs. !

For the 3D reconstruction, the GBCD was calcu-
lated from the extracted triangles using the methods
described previously.”® Briefly, the five-parameter space
is discretized into equal volume bins spanning approx-
imately 10° in each parameter. Each triangular area was
placed in the bin corresponding to its misorientation
and boundary orientation, and all of the symmetrically
equivalent bins. There were 170,000 triangles and
99.3% of the bins in the discretized GBCD contained
at least 10 triangles. The 5D data, which will be further
analyzed and discussed elsewhere, were averaged over
other variables to generate a misorientation averaged
GBPD, to compare with the stereological data.??

To determine whether the distributions were sig-
nificantly different from random distributions,*' a ran-
domized data set was generated using the processed data
of YSZ samples. In the randomization procedure, the
Euler angles (used to parameterize orientations) were
scrambled for the two grains associated with each re-
constructed boundary segment. The randomized data
were then processed in the same fashion as the actual
experimental data to generate randomized GBPDs that
were directly comparable with the experimental
GBPDs.

The GBED was calculated using the method
described by elsewhere.** 58,000 triple junctions were
included in the data set and the calculation used a re-
laxation factor of 0.05. The calculation was assumed to
have converged after adjustments to the capillarity vec-
tor field were <1% of the initial adjustment. Finally,
the GBED was smoothed by averaging the capillarity
vectors in neighboring bins.*’ Again, the GBED was
averaged over misorientation to generate a GBED that

could be compared with the GBPD.

Results

Orientation maps from a representative region of
an AS dense YSZ sample are given in Fig. 1. The
as-collected data are shown in Fig. 1a and the processed
data are shown in Fig. 1b, which include reconstructed
boundary segments. Figure la illustrates that the as-
collected data were well indexed (there are relatively few
pixels that are of random orientations relative to their
neighbors). This was true for all regions of all samples
discussed in this work. The average confidence index, a
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Fig. 1. Inverse pole figure map of a representative region of as-sintered sample, where (a) are the as-collected data and (b) are the cleaned data

with reconstructed boundaries.

measure of the quality of the EBSD pattern and the
accuracy of the assiﬁnment of an orientation based on
the EBSD pattern, 3 was at least 0.61 for all samples,
which greatly exceeds the minimum confidence index of
0.1 recommended by EDAX.*® By visual comparison of
Figs. 1a and b, it is clear that the data processing yields
an accurate representation of the grain orientations,
grain sizes, and grain-boundary planes. This was true
for all samples discussed herein.

These tape-cast YSZ samples, which were produced
in a manner typical to SOFC production, exhibited eq-
uiaxed grains having no significant orientation texture,
both of which are evident in the representative region
shown in Fig. 1. The average grain sizes (diameter) for
the different samples are reported in Table I and the
grain size distributions, in area fraction, for all samples
are given Fig. 2. The AS, 850, 1250, and 1450 samples
had an average grain size of 5 (42) pm, with 6-8 um
grains dominating the area fraction population. The

Table I. Average Grain Diameters for Various An-
nealing Temperatures (and Time)

Temperature Average grain
°O) Time (h) diameter (um)
1450 as-sintered 4 5(+2)
1450 100 5 (£2)

800 672 5(£2)
1250 100 5(£2)
1650 100 60 (+30)

1650 sample had an average grain size of 60 (430) um
with most prevalent grain sizes between 80 and 90 pm.

All samples exhibited misorientation angle distri-
butions that were consistent with random distributions.
Figure 3 shows the misorientation angle distribution of
the AS sample, where the blue line represents the YSZ
distribution and the red line represents the Mackenzie
(random) distribution.*>*® The 800, 1250, 1450, and
1650 samples had similar distributions to the AS sam-
ple. No significant deviations from the random distri-
bution could be observed.

The grain-boundary plane distributions, A(n), of
the AS (1450°C for 4 h) and the 1450 (AS+1450°C for
100 h) samples are shown in Figs. 4a and b, respectively.
The GBPDs are plotted in standard stereographic

* As-Sintered M1450C 100h AB00CA72Zh *X1250C100h X 1650 C 100h

0.25
]
£ 02 Ay
'E | |
£ 015 )&
LI
2 » 2
< 01
-’ * X x
0.05 £ % XX ¥
0 —-—‘-J M .
0.1 1 10 100
Grain Diameter (jum)

Fig. 2. Grain size distributions for the as-sintered, 1450, 800,
1250, and 1650 samples.
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Fig. 3. Misorientation angle distribution of as-sintered sample.

triangles for a cubic material. The color key for all plots
is given at the bottom of Fig. 4. Below each distribution,
the range of the MRD observed in the triangle and the
number of boundary segments used to construct the
GBPD are given. Not surprisingly (because the longer
anneal at 1450°C did not lead to an increase in the grain

(a) 1450°C,4h
111

(b) 1450°C. 100 h
111

001 101 001 101
MRD: 0.88-1.15 MRD: 0.84-1.19
25,140 Segments 31,604 Segments

(c) 1450°C.4h (d) 1450 °C, 100 h

Randomized Randomized
111 111
001 101 001 101
MRD: 0.88-1.18 MRD: 0.90-1.10

0.80 0.90 1.00 1.10 1.20 1.30
Multiples of Random

Fig. 4. Grain-boundary plane distributions for experimental data
of the (a) as-sintered (AS) and (b) 1450 samples, and for the
randomized data of the (c) AS and (d) 1450 samples. MRD,
multiples of a random distribution.
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size), the two distributions are similar to one another.
The samples exhibit weak anisotropy in their GBPDs,
with (111) planes occurring the least frequently and the
(001) planes occurring the most frequently. It should be
noted that the range of the MRD values is relatively
narrow—the largest being 0.84-1.19. This distribution
is among the most narrow observed for many ceram-
ics,'? indicating that YSZ prepared in a fashion appro-
priate for SOFC technologies exhibits some of the
weakest anisotropy in the GPBDs of ceramics known
to date.

The randomized GBPDs for the AS and 1450 sam-
ples are shown in Figs. 4c and d, respectively. The limits
of these randomized distributions are similar to those of
the experimental distributions, ranging between 0.88
and 1.18 MRD. However, the maximum and minimum
of the MRD values in the two randomized distributions
are different from one another, as well as to those
locations in the experimental GBPDs. These observa-
tions indicate that the anisotropies observed in the
GBPDs of YSZ are experimentally significant, albeit
mild in extent. In particular, the decreased frequency of
(111) observations in the experimental data is distinct
from that in the randomized data.

The GBPDs are plotted in standard stereographic
triangles for the 800, 1250, and 1650 samples in Figs.
5a—c, respectively. The color key for all plots is given at
the bottom of Fig. 5. Below each distribution, the range
of values observed in the triangle and the number of
boundary segments used to construct the GBPDs are
given. Qualitatively, all the GPBDs are similar to those
for the AS and 1450 samples, shown in Figs. 4a and b.
All samples exhibit weak anisotropy in their GBPDs,
with (111) planes occurring the least frequently and the
(001) planes occurring the most frequently. The width
of the distribution is relatively narrow—the largest
being 0.83-1.19. Because the grain sizes of the 800
and 1250 samples were similar, the similarity of the
GPBD:s is unsurprising and small differences likely rep-
resent the uncertainties associated with experiment. The
1650 sample had an order of magnitude increase in the
grain size compared with the other samples, but no sig-
nificant difference can be observed in the GBPD, indi-
cating that the steady-state grain size distribution is
obtained during the initial sintering step.

The data for these three samples were subjected to
the randomization process and then reprocessed to gen-
erate new GBPDs. The GBPDs generated from the
randomized data for the 800, 1250, and 1650 samples
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{a) BODC, 672 h
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(b) 1250°C, 100 h
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Fig. 5. Grain-boundary plane distributions for the experimental
data of the (a) 800, (b) 1250, and (c) 1650 samples, and for the
randomized data of the (d) 800, (¢) 1250, and (f) 1650 samples.
MRD, multiples of a random distribution.

are given in Figs. 5d-f, respectively. Because the loca-
tion of maxima and minima in the GBPDs of the ran-
domized data differ from one another and from those of
the experimental GBPDs, the weak anisotropy in the
real data is considered significant. Again, the most con-
sistent difference between the distributions from the
actual and randomized data is that the relative area of
the (111) planes in the distributions from the actual
data is lower than those in the randomized data.

The results from the 3D FIB-SEM are depicted in
Figs. 6 and 7, registered on the AS sample. The 3D
orientation map is shown in Fig. 6. The data collection
generated high-quality EBSD patterns that cleaned up
well, leaving few discarded pixels and high-quality re-
constructed grain boundaries. The grain structure was
equiaxed and the average grain size was in agreement
with the grain size from the 2D data. As discussed else-
where, visualization of 1nd1v1dual grains also indicated
that the grains were equiaxed.'* The misorientation an-
gle distribution from the 3D data is also consistent with
random grain orientation distribution.

The misorientation averaged GBPD is shown in
Fig. 7a in stereographic projection along the (001) pole
of a cubic system. Qualitatively, this distribution (from
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Fig. 6. Three-dimensional orientation map of YSZ for the as-
sintered sample.

170,000 triple lines) is similar to the stereological dis-
tributions shown in Fig. 4 (and Fig. 5). A weak anisot-
ropy exists in the 3D GBPD, with (111) planes
occurring the least frequently and the (001) planes oc-
curring the most frequently. The width of the distribu-
tion is even more narrow than that observed in the
stereological data—the range being from 0.94 to
1.12MRD (compared with 0.88-1.15 MRD). Again,
randomizing the boundary segments indicated that the
distribution was nonrandom and that the weak anisot-
ropy was experimentally significant. The randomized
result is shown in Fig. 7c. In general, GBCDs generated
from 3D data underestimate the anisotropy in compar-
ison with GBCDs generated from stereological ap-
proaches, although the agreement here is reasonable.'”

The misorientation averaged GBED is shown in
Fig. 7b in stereographic projection (using the full pro-
jection) along the (001) pole of a cubic system. Here,
the color scale indicates the normalized grain-boundary
energy, in arbitrary units, such that large values indicate
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Fig. 7. The misorientation averaged grain-boundary plane
distribution (GBPD) (a) and grain-boundary energy distribution
(GBED) (b), as well as the randomized GBPD (c) and GBED (d),

are given as stereographic projections for the as-sintered sample.

a relatively high-energy grain boundary and small values
indicate a relatively low-energy boundary. The range in
anisotropy in the averaged grain-boundary energy values
is from 0.985 to 1.025, which is similar to that observed
for Y,03."> More importantly, there is an inverse cor-
relation between the GBPD and the GBED, where
high-energy grain boundaries occur less frequently
in the overall population than do low-energy planes.
Figure 7d gives the same GBED generated from the
randomized data, indicating that the variation in energy
is significant.

Discussion

The GBPD:s of dense polycrystalline tape-cast YSZ
were found to be weakly anisotropic, with a decreased
preference for (111) habit planes and an increased
preference for (100) habits. The misorientation angle
distribution was found to be isotropic, for all samples.
The magnitude of the anisotropy in the GBPD, which
ranged from 0.83 to 1.19 MRD in the 2D data sets and
0.94-1.12MRD in the 3D set, is generally small in
comparison with that observed for many other ceramics
(approximate ranges given after the material), such as
SrTiO5 (0.7-1.5 MRD for dense ceramics and <0.3—
3.7 MRD when sintered in the presence of titania-rich
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liquid),""*”%" MgAl,O4 (0.8-1.8 MRD),'>** MgO
(0.8-2.1 MRD when lightly doped),12’30’48 or TiO,
(0.6-1.2 MRD).'° The current work used the same ste-
reological procedure as the earlier reports, indicating
that commercial-grade SOFC YSZ is significantly more
isotropic than many ceramics. The GBPDs for YSZ are
more similar to those determined using 2D data for
undoped MgO (0.9-1.15 MRD),*® magnesia-doped
alumina (0.9-1.2 MRD),** and yttrium  aluminum
garnet (YAG, 0.95-1.1 MRD),?? and that determined
from FIB-SEM 3D data for Y,O5 (0.95-1.04 MRD)."?
Two points concerning the width should be discussed.
First, in the case of the narrow distributions observed for
YAG and Y,O; (the current work used the approach
from that work for collecting and analyzing data), the
distributions had a decreased preference for (001) planes
and an increased preference for (111) planes,'®?? that is
the opposite to that observed for YSZ (or Mg012’30 and
SrTiO5""). These differences in anisotropies indicate
further that features of the true GBCD can be clearly
distinguished even in fairly isotropic systems. Second,
for SrTiO;'"*% and MgO,12’30’48 it has been ob-
served that the width of the distributions are sensitive to
processing conditions, such as if liquid phases are pres-
ent during sintering and or if impurity segregation oc-
curs. Even though the widths of the distribution were
affected in those cases, the qualitative aspects of the
anisotropy in the distribution were not affected. For
SOFC-grade YSZ, this indicates that processing condi-
tions generate a narrow distribution in the GBPDs, even
though there is an inherent anisotropy in the GBED.
As stated in the introduction, two important ob-
servations have been made in prior works concerning
the GBCD of polycrystalline materials. First, the
GBCD attains a steady-state value, after which it is
insensitive to further microstructural changes of scale.
For tape-cast SOFC-grade YSZ, that steady-state value
is already obtained after a 4-h anneal at 1450°C. Longer
term anneals at temperatures at or below this temper-
ature did not significantly affect the GBCD. The minor
differences in the widths of the distributions for differ-
ent samples is statistically insignificant.*’ During the
initial anneal, the particles sinter together, the compact
densifies, and scale of the microstructure increases from
equiaxed particles of sizes between 300 and 500 nm to
equiaxed grains with an average size of 5 um (see Fig. 1
for distributions). Because almost no change in the
microstructural scale occurs during longer term anneals
at or below 1450°C, it is unsurprising that the
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distributions also do not vary.****?> During the 100 h
anneal at 1650°C, the scale of the microstructure in-
creases by another order of magnitude to an average
grain size of 60 pm. However, no change in the GBCD
occurs, indicating that steady state is achieved after the
initial anneal. Relative to SOFCs, this indicates that lit-
tle thermally activated GBCD-driven microstructural
evolution is expected in the single-phase electrolyte over
the course of time.

The second observation is that an inverse correla-
tion exists between the GBCD and the GBED of poly-
crystalline materials. That inverse correlation holds for
YSZ, as demonstrated in Fig. 7. In other words, the
energy (population) of grain boundaries with (111)
habits is highest (lowest) while the energy (population)
of grain boundaries with (100) habits is lowest (highest).
Although these relative energy differences lead to rather
limited anisotropies in the populations of the SOFC
YSZ, the results agree with the earlier observations.

In earlier work, the anisotropies in the GBEDs of
several ceramics have been rationalized by making cor-
relations to surface characteristics of ceramic crystals. It
should be clear that no specific theory that supports such
correlations currently exists.'®'? In the case of SrTiO;
and MgO, the GBED anisotropy followed the measured
surface energy anisotropy.10 For YSZ, the lowest energy
surface plane is generally computed to be the (111),
followed by the (110), with the (100) being significantly
higher in energy for the low-index surfaces (even with
the inclusion of Y,O; and its segregation to all
surfaces).* ! Assuming that these computational re-
sults accurately represent the surface energy anisotropy
of our YSZ, our GBED anisotropies cannot be corre-
lated with the surface energies in the same way as for
SrTiO; and MgO; in fact, they exhibit the opposite
order for the anisotropy in energy values.

In the case of Y,03 and MgO, it was further spec-
ulated that planes terminated by all cations or anions are
likely to lead to high-energy grain boundaries owing to
the likeliness of them being in contact with planes of
mixed terminations at a grain boundary, resulting in
significant increases in energy.13 Considering the argu-
ments based on the planar composition of surfaces, the
idealized (100) and (111) surfaces (outermost layers) are
composed of either all anions or all cations (although
consideration of multiple layers, of reconstructions, and
of compositional fluctuations to the surfaces can alter
the nature of the surfaces), while the (110) is composed
both cations and anions. The GBED clearly indicates
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that boundaries having (100) habits are the lowest in
energy, an observation that cannot be rationalized using
correlations to ideal surface compositions (or ideal sur-
face charges). These observations indicate that more
work, especially experimental, is necessary to under-
stand how surface energy anisotropies and GBEDs are
related for YSZ in particular and polycrystals in general,
as the speculations made for SrTiO3, MgO, TiO,, and
Y,03, as well as for Al'® and Ni,® are not supported by
the observations for YSZ. Nevertheless, the inverse cor-
relation between the GBED and the GBPD holds for
YSZ, despite our inability to rationalize the GBEDs
based on surface energy calculations or growth forms (as
the latter typically do not favor (100) planes).

The overall microstructure of the tape-cast YSZ
ceramics can be described as dense, equiaxed structures,
which obtain their steady-state microstructural charac-
teristics after a short anneal at 1450°C. Between 4 and
100 h at 1450°C (or lower temperatures), little evolu-
tion of the microstructure occurs, likely owing to a de-
creased driving force relative to the available thermal
energy activating diffusional processes. By increasing the
temperature to 1650°C (for 100 h), the microstructural
scale increases, as expected, but no change in the GBPD
is observed. It would be interesting to observe whether
or not the GBED is sensitive to temperature in this
range, which will be undertaken in the future, although
the temperature and grain size-independent steady-state
GBPD suggests that the GBED is also constant. These
equiaxed, nearly isotropic distributions imply that
nearly all crystallographic features will be present in
SOFC cathodes and that the local properties will be
dependent on the differences in the properties of specific
crystallographic features, something that is lacking in
specific information from both theoretical and experi-
mental points of view.

It has been suggested that the small anisotropies
observed in the GBED and GBPD for Y,0O3 produce
the equiaxed grain structures observed in that system,"?
for microstructures evolving by normal grain growth. A
similar situation can be proposed for YSZ, which has
equiaxed grain structures, evolves seemingly by normal
grain growth, and has mild anisotropies in the GBED
and GBPD. In addition, the low anisotropy is expected
to yield homogeneous distributions of impurities segre-
gating to the different boundaries and lead to homoge-
neous sintering events, all of which are good for
achieving fully dense and homogeneous YSZ electro-
lytes. The situation is expected to be slightly more com-
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plex in the three-phase cathode and anode in SOFCs,
and the effects of second and third phases, as well the
effects of electrochemical forces, on the individual
GBCD:s for each phase, including YSZ, will be investi-
gated in the future.

Conclusions

The effects of time and temperature on the GBCD
of tape-cast, dense YSZ having equiaxed grain shapes
were minimal, indicating that the steady-state distribu-
tions were achieved after the initial sintering step at
1450°C for 4 h. During the sintering step, the average
grain size grew from <500nm to ~ 5pum. A further
increase in scale to a grain size ~ 60 pm did not lead to
a significant change in the GBPD. No orientation or
misorientation texture was observed, but mild anisot-
ropy was observed in the grain-boundary plane distri-
butions, with (100) orientations having larger relative
areas than expected in a random distribution and (111)
orientations having smaller relative areas. Similar results
were found from a 3D data set collected using FIB-SEM
serial sectioning for the AS sample. The GBED deter-
mined from the 3D data set was observed to have an
inverse correlation with the GBPD. While this correla-
tion is similar to reports for other polycrystalline mate-
rials, it was not correlated well with the surface energy
anisotropies reported elsewhere. In general, these obser-
vations indicate that the processes used in SOFC pro-
duction lead to uniform distributions of grain sizes and
nearly random distributions in the GBCD for YSZ.
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