Received: 27 September 2021

Revised: 24 November 2021

W) Check for updates

Accepted: 24 November 2021

DOI: 10.1111/jace.18283

RESEARCH ARTICLE

Journal

i< American Ceramic Society

Grain boundary energies in yttria-stabilized zirconia

Shen J. Dillon'

! Department of Materials Science and
Engineering, University of California,
Irvine, California, USA

2 Department of Physics, Carnegie
Mellon University, Pittsburgh,
Pennsylvania, USA

3 Department of Materials Science and
Engineering, Carnegie Mellon University,
Pittsburgh, Pennsylvania, USA

Correspondence

Gregory S. Rohrer, Department of Mate-
rials Science and Engineering, Carnegie
Mellon University, Pittsburgh, PA 15213,
USA.

Email: gr20@andrew.cmu.edu

Funding information

National Science Foundation,
Grant/Award Number: DMR 1628994,
Materials Characterization Facility at
Carnegie Mellon University, Grant/ Award

| Yu-Feng Shen?

| Gregory S. Rohrer?

Abstract

The three-dimensional microstructure of 8% yttria-stabilized zirconia (YSZ) was
measured by electron backscatter diffraction and focused ion beam serial section-
ing. The relative grain boundary energies as a function of all five crystallographic
grain boundary parameters were determined based on the assumption of thermo-
dynamic equilibrium at the internal triple junctions. Grain boundaries with (100)
orientations have low energies compared to boundaries of other orientations, and
all [100] twist boundaries have relatively low energies. Other classes of bound-
aries with lower than average energies include [100] symmetric tilt boundaries
with disorientations less than 40° and [111] twist boundaries with disorientations
greater than 20°. At fixed misorientations, the relative areas of boundaries are
inversely correlated to the relative grain boundary energy. The results suggest
that texturing microstructures to increase the relative areas of [100] twist bound-
aries might increase the oxygen ion conductivity of YSZ ceramics.
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1 | INTRODUCTION

Grain boundaries are important structural defects that can
influence the electrical,' optical,” and mechanical® prop-
erties of ceramics. For example, the transport of oxygen
ions across grain boundaries in fast ion conducting yttria-
stabilized zirconia (YSZ) is slower than conduction in the
bulk lattice.*”” As a result, grain boundaries increase the
resistivity of YSZ ceramics used as solid electrolytes. It
is expected that all grain boundaries in YSZ ceramics do
not have the same ionic conductivity. The physical prop-
erties of grain boundaries are sensitive to their structure
and crystallography, and, because grain boundaries have
five crystallographic degrees of freedom, the number of
structurally distinct grain boundaries is large.® Assuming
that some grain boundaries have lower ionic conductivities
than others, one could hypothesize crystallographic tex-
tures that have increased conductivities compared to oth-
ers. However, little is known about how the grain boundary
properties of YSZ vary with crystallography.

The origin of the grain boundary resistance is thought
to be the grain boundary space charge, which reduces
the oxygen vacancy concentration in the vicinity of the
boundary.’"! The grain boundary space charge contributes
to the grain boundary energy; thermodynamic assess-
ments of this contribution indicate that grain boundaries
with larger excess energies have larger space charges and,
therefore, greater blocking potentials.'>'* According to this
relationship, measurements of the grain boundary energy
might provide guidance for the trends in the grain bound-
ary blocking potential. Note that we are not proposing a
strict correlation between energy and ionic conductivity
for all boundaries, as one can imagine boundaries with spe-
cial structures that block or promote oxide ion transport
regardless of their space charge and grain boundary energy.
However, in the most general case, a relationship between
grain boundary energy and blocking potential makes sense
because the lower the energy of the grain boundary,
the more it resembles the high conductivity ideal lattice,
and this results in a smaller space charge and reduced
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blocking of oxygen ions. A small number of grain bound-
ary energies have been measured'*"> and computed'®!” in
the past. Fisher and Matsubara et al.'° reported that for a
¥5 grain boundary (Z5 is coincident site lattice notation'®
for a boundary with a 36° misorientation about the [100]
axis), the twist boundary had a lower energy and higher
diffusivity than the X5 symmetric tilt grain boundary,
consistent with the proposed relationship between grain
boundary energy and grain boundary conductivity.

While it would be challenging to measure the ionic con-
ductivity of all types of grain boundaries, it is possible
to measure relative grain boundary energies over all of
the crystallographic parameters, and these energies might
serve as relative indicators of the ionic conductivity of the
boundary. Morawiec'® developed a method to determine
the relative grain boundary energies of all types of grain
boundaries using measurements of the geometry and crys-
tallography of triple junctions and the assumption of local
thermodynamic equilibrium at the junction. The method
requires the characterization of many (>10*) triple junc-
tions, so three-dimensional (3D) orientation maps of poly-
crystals are required. The method has been applied to a
number of materials,2°2* and, in one instance when the
results were compared to simulation,** there was consider-
able agreement between the simulated and measured ener-
gies. The Morawiec method has recently been improved,
mainly by eliminating the need to discretize the five-
parameter space of grain boundary types, and this new
method will be applied here to YSZ.%

The purpose of this paper is to report on the relative
grain boundary energies of YSZ. The microstructure of
a YSZ ceramic was mapped by 3D electron backscatter
diffraction (EBSD) using a dual beam-focused ion beam
(DB-FIB) scanning electron microscope (SEM). From a
microstructure containing more than 4 X 103 grains, more
than 8 x 10* triple junctions were characterized. While the
distribution of grain boundary areas and energies were rel-
atively isotropic compared to some other materials, (100)
twist boundaries were found to have greater relative areas
and lower relative energies. This finding has implications
for the design of microstructures with improved ionic
conductivities.

2 | EXPERIMENTAL METHODS

The YSZ ceramics with the cubic fluorite crystal struc-
ture (Fm3m) were prepared by sintering commercially
obtained powders with a 300-500 nm particle size (Nex-
Tech Materials, Lewis Center, OH) at 1450°C for 4 h in
air, as described previously.”® Plate-shaped samples were
then cut to less than 1 mm thickness and polished to a
final thickness in the range of 20-60 um. The thin samples

were then broken, which creates triangular shards. After
sputter-coating a triangular piece with &2 nm of Pt to pre-
vent charging during the measurement, it was attached to
a45° SEM pre-tilt stub, exposing the sharp point of a trian-
gle for the DB-FIB serial sectioning. This geometry allows
material to be milled away without redeposition, elimi-
nates problems associated with shadowing, and allows the
sample to be tilted to 7°-52° toward the ion-column for ion-
milling or tilted 25°-70° toward the EBSD detector for ori-
entation mapping. Samples were ion milled at 30 kV and
7 nA using a Ga*t ion beam. EBSD data were acquired at
20 kV and 9.5 nA, and orientations were measured on a
square grid with a spacing of 200 nm in the X and Y direc-
tions; layers were separated by 400 nm. Two volumes of
data were collected. The first was approximately 67 X 70
X 32 um, and the second was 90 X 92 X 27 um. Additional
details of the data are described in the Supporting Informa-
tion. The data and programs used to process the data can
be downloaded from the Grain Boundary Data Archive.?’

The steps for processing the EBSD data and determining
the grain boundary energy have been described in detail
in earlier publications.?’?! Briefly, the analysis begins by
identifying triple points on all parallel layers. Based on the
similarity of grain orientations, triple points on adjacent
layers that belong to the same triple line in the 3D struc-
ture are identified. Triple junctions are then parameter-
ized by three tangent lines fit to the boundaries that meet
on the first layer, three tangent lines fit to the boundaries
that meet on the second layer, and the line connecting the
two triple points. Grain boundary plane orientations are
determined from the cross product of each tangent vec-
tor and the triple line vector. In all, 87 518 triple junctions
were identified. Using these data, we determine the rela-
tive energy for each boundary under the assumptions that
the Herring?® condition for local interfacial equilibrium is
obeyed at each junction and that grain boundaries close
in crystallographic space have similar energies. The result-
ing relative energy distribution is normalized so that the
average is 1. This is described completely in reference.?
Simulations of the energy reconstruction process using a
similar number of junctions and experimental uncertain-
ties in the measured boundary orientation lead to the con-
clusion that the uncertainty of the energies is less than 0.03
relative units, and this uncertainty applies to all of the ener-
gies reported here.”

The grain boundary character distribution, which is the
relative areas of grain boundaries as a function of their
five crystallographic parameters, was determined using
a 3D reconstruction of the microstructure carried out in
Dream.3D.?’ The pipelines used for the reconstruction are
similar to the tutorial pipelines supplied with Dream.3D.
The exact pipelines, and the resulting Dream.3D files
used in this work, are available for download.?’” The
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FIGURE 1
yttria-stabilized zirconia. The volume is 90 um X 92 yum X 9.2 um.

Example of the microstructure of 8%

The grains are colored by orientation, according to the color key in
the lower right corner

reconstructed microstructure contained more than
4.2 x 10° grains with more than 2.5 x 10* grain faces.
The spherical equivalent mean grain radius (standard
deviation) is 2.02 (0.95) um. This value is almost certainly
an underestimate of the true average grain radius; the
grains at the limits of the field of view in the 3D volume
have sizes larger than measured, and this leads to the
underestimation. In the reconstructed microstructure,
the grain boundaries are represented by a mesh of tri-
angles. For each of the more than 2.8 X 10° triangles in
the mesh, we know the area, the normal direction, and
the crystal orientation on both sides. This information
specifies all five macroscopic grain boundary parameters.
Similarly, for each triple line, we know the energy and
the five macroscopic parameters for each boundary in
the junction. The average relative grain boundary energy
and area at any specific point in the five-parameter space
are computed from these data using the kernel density
approximation method.*’ For any given point in the
five-dimensional (5D) space, the areas or energies of all
boundary triangles within a 6° misorientation aperture
and a 7° grain boundary plane inclination aperture are
averaged.

3 | RESULTS

A section of the 3D microstructure, prior to meshing and
smoothing of the interfaces, is illustrated in Figure 1. The
microstructure has no significant texture, the grains are
equiaxed, and the distribution of grain sizes does not
show any grains that are more than three times the mean
radius. The distribution of grain boundary disorientations
(Figure S1) is very near the random distribution. The dis-
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FIGURE 2 The grain boundary energies of [100] twist

boundaries in yttria-stabilized zirconia (YSZ), sampled at 3°
intervals. As reference points, coincident site lattice disorientations
with ¥ < 49 are marked along the lower axis. The arrows mark the
positions of the disorientations used in Figure 3 to illustrate the
dependence of the grain boundary energy on the grain boundary
plane orientation

tribution of grain boundary planes, irrespective of misori-
entation, shows relatively weak anisotropy, with the rel-
ative areas of (100) planes being larger than those with
orientations near (110) or (111) (Figure S2A). The relative
grain boundary energies are also nearly isotropic when
projected in the crystal reference frame, with the energy of
boundaries with the (100) orientation being slightly lower
than (110) or (111) (Figure S2B). These results are consistent
with previously reported grain boundary plane**3! and
energy’® distributions in the 2D crystal reference frame.
The isotropic nature of the grain boundary plane distri-
bution in the 2D crystal reference frame is consistent with
that measured for another fluorite structured ceramic, Ca-
doped Ce0,.*

The anisotropy of the grain boundary energy is more
significant when one examines the variations in the 5D
space of grain boundary types. For example, Figure 2 shows
the grain boundary energies of (100) twist grain bound-
aries. All of these energies are less than the average grain
boundary energy (1.0). By definition, the twist boundaries
have (100) planes on both sides of the boundary. The grain
boundary relative energy as a function of grain boundary
inclination is illustrated at two fixed [100] disorientations
(22.6°/[100] [Z13a] and 45°/[100] [£169]) in Figure 3. Both
grain boundary energy distributions have a minimum at
the (100) orientation of the twist grain boundary. These
two examples are representative of all the [100] disorien-
tations. The grain boundary area distributions (Figure S3)
have maxima at these positions, consistent with previously
reported stereologically measured area distributions.*



»s | Journal

DILLON ET AL.

eramic Society

22.6°/[100], =13a
T s —

090 092 094 096 098 1.00 1.02 1.04

energy,r.u. (p)

0.92 | ¥3la Yoo z19b .
243? 221|a 21|3b23|9a 2]7 Z4|93| zzlm

0 10 20 30 40 50 60
Twist around [111], °

Grain boundary energy, r.u.

FIGURE 4 The grain boundary energies of [111] twist
boundaries in yttria-stabilized zirconia (YSZ), sampled at 3°
intervals. As reference points, coincident site lattice disorientations
with ¥ < 49 are marked along the lower axis. The arrows mark the
positions of the disorientations used in Figure 5 to illustrate the
dependence of the grain boundary energy on the grain boundary
plane orientation

When the variations in the energy of twist boundaries
with rotations about [111] are examined (Figure 4), it is
found that boundaries with disorientations greater than
20° have lower than average energies. While this is a simi-
lar to the observations for [001] twist boundaries, the [111]
twist boundary energies are not as low. Because local min-
ima are found at 24°/[111] (Z67) and 60°/ [111] (Z£3), the vari-
ations of the grain boundary energy as a function of grain
boundary plane inclination are illustrated in Figure 5. For
both cases, the grain boundary relative energy has a mini-
mum at the twist position (the (111) orientation). The grain
boundary area distribution for the %3 (Figure S4B) disori-
entation has a maximum at the (111) orientation, consis-
tent with stereologically measured area distribution.*> A
survey of the energies of other symmetric tilt and twist
grain boundaries for other low index axes is presented in
Figure S5.

45.0°/[100]
[

0.80 0.84 088 092 096 1.00 1.04 1.08

FIGURE 3 Grain boundary energy
distributions for the 22.6°/[100] (A) and the
45°/[100] (B) disorientations. The
distributions are plotted on stereographic
projections along the [001] direction; the

energy, r.u.

orientation of the in plane vectors is shown in
(A). The [100] disorientation axis is denoted
by the black square in (A)

When the data in Figure 3 are compared to the data in
Figure S3, it is clear that lowest energy boundary orien-
tations usually have the highest relative area. This sug-
gests that the relative grain boundary area is inversely
correlated to the grain boundary energy, and this is true
for many fixed misorientations. For example, Figure 6
illustrates the correlation between the energy and rela-
tive area for two boundaries. In agreement with expecta-
tions from previous studies of other polycrystals,** there
are more low energy grain boundaries and fewer high
energy grain boundaries. While stronger correlations are
usually found in materials with strongly anisotropic dis-
tributions, % the results in Figure 6 are consistent with
grain boundary energy-area correlations in more isotropic
materials.?’

4 | DISCUSSION

As expected, there is no apparent correlation between the
grain boundary energy and the inverse coincidence (Z)
number. While it is true that there is a local minimum at
the £3(111) twist boundary (Figures 4 and 5B), there are
other minima with lower energies at higher values of %,
such as the twist boundary in Figure 3B, which is approx-
imately X167. The fact that the energy is not related to =
is consistent previous studies®* and computational surveys
of grain boundary energies.>>*° Instead, low grain bound-
ary energies in oxide ceramics are often associated with
low index grain boundary planes. Here, grain boundary
planes with the (100) orientation are low energy, as was
found for rock salt structured MgO?? and perovskite struc-
tured SrTiO;.>* The observation of low energy [100] twist
boundaries is consistent with the idea that the (100) orien-
tation represents a minimum in the energy. Also consistent
with the previous studies, there is an inverse correlation
between the energy and relative areas of grain boundaries
(Figure 6).
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FIGURE 5 Grain boundary energy
distributions for the (A) 24°/[111] and the (B)
60°/[111] disorientations. The distributions are
plotted on stereographic projections along the [001]
direction; the orientation of the in plane vectors is (A)
shown in (A). The [111] disorientation axis is

denoted by the white triangle in (A)
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FIGURE 6 Correlations between the grain boundary energy
and area for grain boundaries with the 24°/[111] (black circles) and
45°/[100] (blue squares). The best fit lines are superposed on the
data. The relative area is in units of multiples of a random
distribution (MRD)

The systematically low energies of the [100] twist bound-
aries in YSZ suggest a structural origin for this phe-
nomenon. While the grain boundaries of YSZ have been
extensively studied by high-resolution transmission elec-
tron microscopy (HRTEM),'*!>37-3% there is a complete
absence of data on [100] twist grain boundaries and twist
boundaries in general. This is because of a limitation of
HRTEM; to resolve atomic columns in both crystals on
either side of the boundary, they must share a common
zone axis, and this condition is only met for tilt grain
boundaries when looking along the plane of the bound-
ary. Calculations of YSZ grain boundary energies have also
focused on tilt boundaries, except for the study of Fisher
and Matsubara et al.'® who compared the energy of a =5 tilt
and twist grain boundary and found that the twist bound-
ary had a lower energy, consistent with present findings.
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FIGURE 7 Comparison of measured resistance of twist

boundaries in yttria-stabilized zirconia (YSZ) reported by Ye et al.*!
and grain boundary energies from the present study. The horizontal
bar through the point for £11(110) illustrates an uncertainty estimate
(#0.03) for each energy value. The dashed line is a linear fit to seven
points (excluding 33(110)) with a correlation coefficient of 0.65

There have been some studies of grain boundary con-
ductivities of YSZ bicrystals.>**! Ye et al.*! measured the
resistances of four [111] and [110] twist grain boundaries in
YSZ bicrystals, and these results are compared to the mea-
sured grain boundary energies in Figure 7. For the series of
[111] twist boundaries, the relative grain boundary energy
and resistivity show a positive correlation. For the series
of [110] twist boundaries, three of the four show a positive
correlation between energy and resistance. The outlier in
this trend is the X3(110) boundary; its measured energy is
below average, but it had the highest measured resistance.
If we ignore this boundary, a linear fit to the other seven
data points (the dashed line in Figure 7) shows a posi-
tive correlation with a correlation coefficient of 0.65. While
it is difficult to draw definitive conclusions from eight
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data points, Figure 7 provides some support for that idea
that lower energy grain boundaries on average have lower
resistances.

While there are no conductivity data for bicrystals with
[100] misorientations, Kiguchi et al.** reported that the
ionic conductivity of columnar YSZ films increased with
the strength of the [100] texture. The most strongly tex-
tured film had an ionic conductivity 30 times greater than
that of a film with no texture and a higher density of grain
boundaries. In a columnar microstructure, stronger [100]
texture will increase the fraction of boundaries with [100]
misorientations, and these are boundaries with lower than
average energies. If the low relative grain boundary energy
of boundaries with [100] misorientations is the reason for
the higher ionic conductivity, then the ideal microstruc-
ture would have biaxial texture with the majority of the
grain boundaries having low misorientation angles about
[100]. Based on Figure 2 and Figure S5A, twist and sym-
metric tilt boundaries with misorientations <20° have sys-
tematically lower energies.

The finding that certain classes of grain boundaries
(such as [100] twists) have lower relative energy and that
minima are found in places that are not predictable based
on symmetry considerations (such as 24°/(111)) illustrates
the advantage of using 3D microstructure data to measure
properties in the 5D space of grain boundary parameters.
Because all possibilities are examined, there is no selec-
tion bias in the individual boundaries examined. For exam-
ple, an earlier study evaluated the energies of a set of sym-
metric tilt grain boundaries with low X values using mea-
surements of grain boundary thermal grooves,'*"> but this
set did not include the lowest energy boundaries identi-
fied here. Furthermore, by identifying the classes of low
energy boundary types (for example, [100] twist bound-
aries) rather than particular boundaries with low energy,
it is possible to propose textures that might exhibit lower
grain boundary resistance.

5 | CONCLUSIONS

The relative energies of grain boundaries in a YSZ ceramic
have been determined from the geometry of the triple
junctions. The energies are specified throughout the five-
parameter domain of crystallographic parameters. Grain
boundaries with (100) orientations have low energies com-
pared to boundaries of other orientations. All [100] twist
boundaries have relatively low energies, and [100] sym-
metric tilt boundaries with misorientations less than 40°
and [111] twist boundaries with disorientations greater
than 20° have lower than average energies. Assuming that
low energy grain boundaries have higher transverse ionic
conductivity, then YSZ ceramics with [100] biaxial texture

should have greater oxygen ion conductivities than ran-
dom microstructures.
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