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The atomic structures of two symmetric [001] tilt grain
boundaries in yttria-stabilized cubic-zirconia, %5 (310) and
near-%13 (510), are studied byZ-contrast scanning transmis-
sion electron microscopy. Both boundaries are composed of
periodic arrays of highly symmetric structural units, with a
distinct unit for each boundary. Oxygen K-edge electron
energy-loss spectra show that the oxygen coordination is
similar between the bulk and grain boundary, indicating that
oxygen ions within the grain boundary reside in distorted
tetrahedral sites. Atomic models of the grain boundaries are
proposed that are consistent with the experimental data. The
core structures are different from previously studied metal or
oxide grain boundaries and are unique to the fluorite struc-
ture. Yttrium segregation to the grain boundaries is also
investigated by electron energy-loss spectroscopy. Yttrium is
found to segregate preferentially to theX5 grain boundary,
and the spatial distribution of the segregation layer is confined
to within 1 nm of the boundary plane.

I. Introduction

RE tilt grain boundaries have been the subject of much

whereas niobium maintains mirror symmetry across the grain-
boundary plané. A general understanding of grain-boundary
relaxation mechanisms remains to be realized and awaits more
systematic experimental and theoretical investigations.

In this article, we investigate two [001] symmetric tilt grain
boundaries in yttria-stabilized cubic-zirconia (YSZ). The grain
boundaries in YSZ have important ramifications for the macro-
scopic mechanical and electrical properties of the mat&iaf:

For example, it is observed that the grain-boundary resistivity is at
least 1 order of magnitude larger than the bulk resisiti¥itfrhe
blocking effects of grain boundaries in calcia-doped zirconia have
been observed even in relatively pure samples in which glassy or
other grain-boundary phases are not presémithough several
studies have been conducted to understand the atomic structure
and chemistry of YSZ grain boundari&s®*"none have reported

the grain-boundary core structures (i.e., atomic positions). Here,
we provide a detailed experimental analysis of two high-symmetry
YSZ grain boundaries, th&5 (310)/[001] and the ne&i3
(510)/[001] symmetric tilt boundaries. The grain boundaries are
studied byZ-contrast scanning transmission electron microscopy
(STEM), which reveals the projected cation sublattices parallel to
the tilt axis. Electron energy-loss spectroscopy (EELS) is utilized
to assess oxygen coordination in the grain-boundary core and to

I research over the past 20 years, because they provide themeasure solute (%) segregation or depletion in the near-

opportunity for lattice imaging by transmission electron micros-
copy (TEM), and they have relatively small unit cells, which are
conducive to atomic-scale modeling. Although general geomet-
rict? and bicrystallographitmodels apply to all crystal classes,

boundary region. Based on the experimental data, atomic models
of the grain boundaries are developed. Although the tilt angles
between the two boundaries (36.8° and 24°) vary by only 12.8°,
two distinct grain-boundary core structures are observed. Further-

the specific core structures of the grain boundaries are dependeninore, the solute segregation behaviors of the grain boundaries are

on the particular crystal structure and nature of bonding in the
crystal. For example, th&5 (310) symmetric tilt boundary has
been investigated in a number of metallic materials (e.g., cdbper,
niobium?> molybdenunf, and NiAI”®) and, to a lesser extent, in
oxide systems (e.g., Nftand SrTiQ'%*). Whereas the macro-
scopic degrees of freedom are identical for all ¥ (310) grain

very different, with preferential segregation to the 36.89,

boundary. The two YSZ grain-boundary core structures are dis-
cussed in relation to each other and to other oxide grain-boundary
structures derived in previous studies. The YSZ grain-boundary
structures are the first developed for ionic crystals having the
fluorite structure and contribute to our understanding of relaxation

boundaries, significant differences are observed in the microscopic mechanisms in oxide grain boundaries. Moreover, they provide us

geometric degrees of freedom (i.e., rigid body translations) and the
local atomic relaxations within the grain-boundary cores. Even
between seemingly very similar materials, such as niobium and
molybdenum (both body-centered cubic (bcc) metals), molybde-
num has a rigid body translation ef2 [001] along the tilt axis$,
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with experimentally based atomic-scale models for future theoret-
ical investigations.

Il.  Experimental Procedure

The YSZ bicrystals were stabilized in the cubic form wit10
mol% Y,O; (Shinkosha Co., Ltd., Yokohama, Japan). The first
was a 36.8° symmetric tilt, [001] Q5 (310), bicrystal, and the
second was a 24° symmetric tilt, [001], bicrystal only 1.4° from a
perfect313 (510) orientation. The tilt angles were confirmed by
electron diffraction (see Fig. 1) as discussed below.

TEM samples were prepared from the bulk bicrystals along the
[001] tilt axes by standard preparation techniqueé®2 mm X 1
mm rectangular plate containing the grain boundary was cut by a
diamond wheel from the bulk specimen. The plates were mechan-
ically polished to~30 pm in thickness and then dimpled tel5
wm. Finally, the specimens were thinned to electron transparency
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Fig. 1. Selected-area electron diffraction patterns of the (a) 36.8° and (b) 24° symmetric tilt [001] YSZ grain boundaries taken near the [001] zone axis.

by ion milling with 3 kV argon ions while cooled with liquid encountered in the high energy-loss range. With the cold emission
nitrogen. source, an energy resolution better than 0.6 eV could be achieved
The Z-contrast imaging was conducted at Oak Ridge National with this system. For the zirconium and yttrium ; edge spectra,

Laboratory using a dedicated STEM (Model HB603U, VG Micro- to achieve maximum signal level at high energy loss as well as the
scopes, West Sussex, U.K.) operating at 300 kV and equipped withappropriate total energy range, a large collector aperture and a
a high-resolution objective lens capable of forming a probe small energy dispersion were used, reducing the energy resolution
0.13 nm in diameter. Incoherent images were formed with a to ~3 eV. A higher energy dispersion was used to record the
high-angle annular dark-field detector having an inner detector oxygenK edge, which led to an energy resolution of 0.9 eV.

angle of 50 mrad 2.8°). With this large scattering angle, the For segregation analysis, EELS spectra were collected from
intensities directly correspond to the projected potential distribu- bulk and grain-boundary areas for th6 and nea 13 specimens.
tion convoluted with the electron probe functitfi.2° Further The initial energy-loss level was set to 2000 eV with an energy

more, because the scattering cross section of electrons used to forndispersion of 1 eV/channel, resulting in a spectrum ranging from
Z-contrast images scales with approximately the square of the ~2000 to 2380 eV. This energy range included the yttrium and
atomic number, the projected cation column positions were re- zirconiumL, andL; edges, which resulted from transitions from
vealed although almost no information regarding the oxygen the 2,,, and 25, core levels into the unoccupiedd &tates.
positions was observed. Using a Lorentzian profile for the probe Another possible range for segregation analysis containing the
function, the object function, corresponding to cation column yttrium and zirconiumM, s and M, ; edges was~200 eV,
positions, was reconstructed by maximum-entropy image analy- however, the broad yttrium and zirconium edges overlapped,
sis?*724The resulting object function, which represented the best making quantitative analysis difficult. Because the oxygeedge
fit to the experimental data, was used for quantitative analysis. All fine structure is very sensitive to local coordination charfges$,
object functions presented below were convoluted with a Gaussianwe also collected oxygeK-edge spectra from the grain interiors
for better visibility. To assess the positional accuracy of the and grain boundaries. Spectra were collected while scanning an
columns, images of the perfect crystal, far from any defect, were area 1 nmx 1.5 nm. To collect grain-boundary spectra, the scan
analyzed. The object function positions were compared with the area was precisely centered over the grain boundary, which could
known atomic column positions based on the crystal structure and be simultaneously viewed in the dark-field image. Because of the
a standard deviation of 0.2 nm calculated. long collection time 30 s) required for each spectra, the image
McGibbon et al?* give a thorough review of the factors that mode was essential for monitoring and correcting the specimen
affect the accuracy of reconstructgetontrast images. Of partic-  drift. EELS profiles were obtained by stepping the same scan area
ular interest to the present study is the effect of image visibility, perpendicularly across the grain boundary. To remove multiple
defined as the image contrast divided by the square root of the scattering effects, a low-loss spectrum was collected for each
background intensity, on positional deviations. The simulations core-loss spectrum.
performed by McGibboret al. show that, even over a broad range All spectra analyses were performed using EL/P™ software
of visibility, the positional deviations are not strongly affected, (Gatan, Pleasanton, CA). Spectra were corrected for channel-to-
indicating that maximum entropy is a robust technique for noisy channel gain variations. Then, for each core-loss spectrum, the
data®* Consequently, even though the total signal is typically pre-edge background was subtracted and multiple scattering re-
reduced at grain boundaries because of strain-induced dechannelmoved by a Fourier ratio deconvolution of its corresponding
ing, the positional accuracies in the maximum entropy-defined low-loss spectrund? A further pre-edge background subtraction
object function are similar to that in the bulk. The final step of the was needed for the zirconiul, ; edges, which was performed by
image analysis involves identifying similar structural units along assuming a constant yttriuhy edge continuum and subtracting its
the grain boundaries by computing cross correlation coefficients contribution to the zirconiumL, ; edge. Finally, the partial
between various grain-boundary regions (similar to Ref. 25). energy-loss intensities for the yttrium and zirconibmedges|,
Boundary units with high correlation are used to compute average andl,, were obtained by integrating from the respectiyeedge
grain-boundary structures with higher statistical accuracy. onset over a 50 eV energy window. The Y:Zr concentration ratio
EELS was conducted using a dedicated STEM (Model (r) was then obtained by normalizing the intensities by the
HB501UX, VG Microscopes) operating at 100 kV with an optimal theoretical partial cross sections)(r = (I /1,)(02/oy).
probe diameter of 0.22 nm. The energy-loss spectrometer/detector
system was originally supplied by the manufacturer and modified
by McMullan?® Two quadrupoles were added at the exit slit of the 1
spectrometer to magnify and project the energy-dispersive plane -
onto a yttrium aluminum garnet (YAG) scintillator. The image (1) =5 (310) Grain-Boundary Structure
formed on the scintillator was optically coupled to an efficient The selected-area electron diffraction pattern of the 36.8°
air-cooled multiphase pinned charge-coupled device (CCD). The bicrystal is shown in Fig. 1(a), and it illustrates the crystallo-
final spectrum was integrated into a maximum of 385 channels. graphic orientation relationship between the two halves of the YSZ
This system provided high efficiency for the low signal levels bicrystal. This orientation relationship leads t&% coincident site

Results and Analysis
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lattice that has a periodicity of 0.8 nm along [130] and 0.51 nm
along the [001] tilt axis. A small misorientation of 0.6° between O ‘ o O o . o O

the two bicrystal halves was measured by convergent-beam elec- ©
tron diffraction. ® O e O o°o
A high-resolutionZ-contrast STEM image taken from the grain e 1o o o
boundary along the [001] projection is presented in Fig. 2, where O ‘ O . O
O O O

the fast scan direction runs from left to right. The peaks of intensity

in the image correspond to zirconium columns, or the cation O Zr (z=0)
sublattice. Because the image corresponds only to the projected. O . O . . 7 —0.5
structure, it is important to appreciate the cubic-Zr€rystal r (z=0.5)

o) O 0 O
structure (fluorite structure) in three dimensions. Figure 3 shows a o —
ZrO, unit cell in which the zirconium atoms are distinguished by ©C ® O @O0 0 (z=0.25, 0.75)
their position along [001], the beam direction. The zirconium

atoms denoted by the filled circles are one-half unit cell below the Fi9: 3. Cubic-ZrG, crystal structure projected along the [001] tilt axis
showing that adjacent zirconium columns are displaced by one-half of a

unit cell along the direction of projection.

zirconium atoms shown as open circles. Adjacent columns in the
Z-contrast images, therefore, contain zirconium atoms displaced
with respect to each other by 0.25 nm along the beam direction.
The actual closest cation—cation distance is 0.36 nm. The oxygen
columns, located between the zirconium columns, although within

large tail on the zirconium scattering profile.
Although the lattice on either side of the boundary in Fig. 2 is
easily resolved, the signal in the boundary region is lower because
of strain-induced dechanneling, and individual columns are diffi-
cult to discern. To improve the signal-to-noise ratio in the
boundary region, the image has been reconstructed by maximum
entropy analysis as described above. The resulting object function,
rotated so that the boundary runs horizontally, is presented in Fig. 4.
With improved signal-to-noise ratio, columns in the boundary Fig. 4. Image ofX5 YSZ grain boundary from Fig. 2 after maximum
region are easily identifiable. The boundary region is composed of entropy processing. White circles identify the origin of each structural unit.
an array of similar structural units; the origin of each is identified
by a white circle. Each structural unit has a similar shape;
however, they are not identical because of the inherent resolution
limit of the imaging technique and statistical structural differences.
The average of the four grain-boundary units having the highest
correlation is shown in Fig. 5. The signal-to-noise ratio is greatly
enhanced in the averaged image, and, therefore, it is used for the
model development. The correlation of the various units along the
grain boundary in Fig. 4 with the average structure are, from left
to right, 0.64, 0.79, 0.71, 0.86, 0.85, 0.82, and 0.85. To the right of
the seventh unitin Fig. 4 is a portion of the grain boundary that has
poor correlation with the average structural unit, indicating a
defect structure. The statistical variations in the structure of each
grain-boundary unit (average cross correlatiorD.79) are larger

0.25 nm

but on the order of that observed in the bulk structure (average  F9- 5. AverageX5 (310) YSZ grain-boundary structural unit.
cross correlation= 0.84).

Intensity fluctuations within the average core structure are
observed in Fig. 5, but these cannot be interpreted as actual
structural changes, because the fluctuations are as large as that
measured in the bulk lattice. The smearing of intensities between
zirconium columns in the lower bicrystal originates from the
measured slight mistilt (0.6°) of the crystal.

(2) NearX13 (510) Grain-Boundary Structure

The tilt angle of the neak13 (510) bicrystal has been con-
firmed to be 24° about [001] by electron diffraction, as shown in
Fig. 1(b). The perfeck13 (510) orientation corresponds to 22.6°
tilt; therefore, the two boundaries should have similar local
structures, but defects should be present in the 24° tilt to accom-
modate the mistilt. The repeat period of th&3 (510) is 0.25 nm
along the [001] tilt axis and 1.23 nm along [510]; therefore, it has
less translational symmetry than tf¥5 boundary. Therefore,
fewer structural units in images taken at the same magnification
are observed.

: . A Z-contrast image of the neat3 YSZ grain boundary
iR T & b projected along the [001] zone axis is shown in Fig. 6, with the
£ Bhas, i Ao e maximum entropy reconstruction in Fig. 6(b). Within the field of
OV 7 at ™ WE‘?’:&‘ il Brale % view, the boundary is composed of a periodic array of a basic
Fig. 2. Z-contrast STEM image oE5 YSZ grain boundary projected ~ Structural unit, one of which is indicated by the open circles on
along the [001] tilt axis. White dots correspond to zirconium columns. Fig. 6(b). The average grain-boundary structure, averaged over
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in bulk). Because the decreased intensity in these two columns is
much greater than the fluctuations in the bulk, we can interpret

them as real structural changes. A decrease in the projected
potential at these sites relative to the other cation columns would
lead to such an intensity decrease.

(3) Electron Energy-Loss Spectroscopy

Both grain boundaries have been analyzed by energy-dispersive
X-ray spectroscopy and low-dispersion EELS to inspect for the
presence of impurity elements at the boundaries. Particular atten-
tion has been paid to the silicdhedge, because cosegregation of
solute atoms with silicon has been demonstrated in CaO-stabilized
ZrO,, even when a discreet glassy phase is not formed at the grain
boundaried? No impurity elements, however, have been detected
by either spectroscopy technique within their sensitivity limits.

Figure 8 shows the yttrium and zirconiu ; edges from the
bulk and grain boundary of the5 (Fig. 8(a)) and nea¥-13 (Fig.

8(b)) tilt boundaries. The partial scattering cross sections for
yttrium and zirconiumL; edges used to convert the integrated
intensities to concentrations have been computed using the Har-
tree—Slater approximation. Assuming that yttrium substitutes for
zirconium, the actual yttrium density in units of atoms/(unit
volume) can be computed knowing that the cation density is 32
atom/nn¥; these values are shown in Table |

More thorough distribution profiles were obtained acrosthe
Fig. 6. (a) Z-contrast image of nea13 symmetric tilt YSZ grain grain boundary with spatially resolved EELS. Spectra were col-
boundary and (b) after maximum entropy processing. White circles outline lected across the grain boundary in steps of 1 nm. The yttrium
one of the periodic units. concentrations were obtained for each position and plotted as a
function of the distance from the grain boundary (see Fig. 9).
Yttrium segregation was highly localized at the grain boundary. In
fact, there was no increase until as close as 2 nm, and the most
significant increase occurred at the final 1 nm layer. This was the
spatial limit of our measurement. Because there were only two unit
cells within the scanned area, it was evident that most segregation
occurred within the grain boundary core. To quantify the degree of
solute segregation, we computed the Gibbsian interfacial excess
(G),%° as listed in Table I:

w2
r= f (C9(x) — C™)N dx

Fig. 7. Average nea13 YSZ grain-boundary structural unit. w2

whereC9"(x) is the measured solute concentration as a function of
distance from the interfac&®"'* the average bulk concentration,
four units with the highest correlation, is shown in Fig. 7. The and N the cation site density. The total interfacial excess is
cross correlations between the various structural units in Fig. 6 obtained by integrating over the boundary widthin which the
(left to right) and the average structure have been calculated, concentration is not equal to the bulk concentration. Table | shows
yielding values of 0.93, 0.86, 0.90, and 0.70. Again, at the far right that Y3* segregation at a level of 4.9 atoms/asdetectable at the
of the image, the last unit has poor correlation with the average, 35 boundary, whereas no significant segregation is detected at the
indicating a defect structure. nearX13 boundary.

In the averaged ne&13, image fluctuations in the column Figure 10 shows the oxygédfredge spectra taken from the bulk
intensities are also observed. These fluctuations, in particular theZrO, and theX5 grain boundary. The main fine structure features
decreased intensity in two of the columns, are much greater thanare the same in both spectra although the fine-structure intensities
that measured in the bulk (50% in the grain boundary versus 15% are suppressed in the grain-boundary spectrum. For comparison,

| (a) 3| Zr L (b)
~ L . Zr L2,3 5 L .
E S L
Al : |
2 g —
E bulk 5}
B Y L2,3 P E ....
| e interface

2080 2120 2160 2200 2240 2280 2320 2360 2080 2120 2160 2200 2240 2280 2320 2360

Energy Loss(eV) Energy Loss(eV)

Fig. 8. Bulk and interface zirconium and yttriuln, ; EELS spectra from the (&5 and (b) nea&13 YSZ tilt grain boundaries.
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Table I. Yttrium:Zirconium Concentration and Gibbsian Interfacial Excess
Fyzr Y (at.%) Y (atom/nnf) I" (X10™ atom/cn?)
YSZ nearx,13° (bulk) 0.179+ 0.002 15.2+ 2.0 4.8+ 0.6 0.2+ 1.4
YSZ nearx13 (interface) 0.182- 0.003 15.4+ 2.8 49+ 0.8
YSZ 35 (bulk) 0.161+ 0.002 13.9+-1.9 4.4+ 0.6 49+ 1.2
YSZ 35 (interface) 0.291 0.002 22.6+- 1.8 7.2+ 0.6
25 5 r
................ near_213
20 — 25 20 F
b~ 15 >g 15 -
L IS
ol T ol
5 5 F
0 ] 1 1 1 0 1 1 | 1 1 1 ] . 1 1 1 1 1 n 1 1 | n 1 i 1
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Fig. 9.
is within 1 nm of the grain-boundary plane.

Distance from interface (nm)

(b)

Distance from interface (nm)

(a) Yttrium concentration profile for thB5 and nea13 grain boundaries. (b) Enlargement of (a) showing that the segregation36 thmundary

(a) n . (b)
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Fig. 10. (a) OxygenK-edge EELS spectra from bulk and grain-boundary regions o §n¥SZ bicrystal showing similar fine structures. (b) Spectra from
ZrO, and NiO showing the pronounced effect that local coordination has on the o¥{sgelge fine structure.

Fig. 10(b) shows the dramatic changes in fine structure when the maintain similar environments to that of the bulk. There are several
oxygen coordination changes from tetrahedral, as in,Zno other salient features of the model. The grain-boundary structural
octahedral, as in NiO. The fact that the predominant features in the unit has near mirror symmetry, which leads to a continuity of the
oxygenK-edge fine structure are maintained at the grain boundary (200) planes across the grain-boundary plane. We conclude only
indicates that, on average, the oxygen ions are in a similar that the boundary hasear mirror symmetry, because rigid body
environment as the bulk oxygen. Major changes in local coordi- translations (RBTs) are inherently difficult to quantify accurately
nation would have led to a dramatic change in the fine structure. from any type of high-resolution image. In phase-contrast imaging,
image aberrations, such as twofold or threefold astigmatism or
crystal tilt can provide substantial errors in RBT measurements
unless taken specifically into account in image simulatfn&In
serially acquired high-resolution images, such as Zheontrast
The intensities in Fig. 5 provide coordinates for the projected images, errors can be introduced by mechanical or scan instabili-
cation columns in the core of tH¥5 (310)/[001] grain boundary. ties or drift. Within the experimental error, however, no in-plane
Consistent with this experimental data, a model of the predominant rigid-body translations are observed, and the correlation coeffi-
35 structural unit is presented in Fig. 11(b) next to an unrelaxed cient between the structural unit and its mirror image is 0.86.
coincident site lattice (CSL) model in Fig. 11(a). Because EELS Although the orthogonal component of the in-plane RBT along the
indicates that the oxygen ions are in tetrahedral-like environments, [001] would not be apparent in the projected images, the model
their positions have been chosen such that the oxygen ionsgives no overwhelming reason to suggest that such an offset would

IV. Discussion
(1) =5 (310) Grain Boundary
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) Oo O zr z=0)

o
O .o @ Zr (z=05)
o O

(b)

Fig. 11. (a) CSL model of35 (310) YSZ grain boundary and (b) experimentally based model. See text for significance of asterisked columns.

be electrostatically favorable. The model, therefore, maintains the with the Kingery model; rather, they find the two core structures
holosymmetric bicrystal symmetry ofn#m Out-of-plane rigid- shown in Figs. 12(b) and (c). One of the boundary structures
body translations, normal to the grain-boundary plane, also are not(Fig. 12(b)) has zero in-plane RBT, as predicted by Kingery, while
observed within experimental accuracy. A theoretical study of the second structure (Fig. 12(c)) does not. The multiple structures
RBTs, which can determine these parameters well beyond theresult from step defects at the interface that introduce local
accuracy of the experimental data, are certainly warranted, becausen-plane rigid-body translations. Presumably, multiple boundary
RBTs are known to be a common relaxation mechanism for grain structures can exist in Zr{as well; however, no stepped regions
boundaries>34 are encountered in thE5 (310) ZrQ, specimens. The primary
The most prominent feature of the5 (310) grain-boundary difference between the Kingery model and the Merkle “b” model
structure is the local atomic relaxations within the grain-boundary of NiO is the combination of closely spaced adjacent columns in
core. We find that the two zirconium columns identified with the boundary. Kingery has replaced the two columns with one
asterisks in the unrelaxed CSL model of Fig. 11(a) are replaced located midway between the two, as is observed in our,Zr@in
with one single zirconium column located at the boundary plane boundary. Merkle’'s data, however, suggests that the columns
(this column is identified with an asterisk in Fig. 11(b)). In the remain intact and separated in NiO and that perhaps Shottkey
unrelaxed CSL model, adjacent zirconium atoms in the noted defects are present in the boundary to reduce the crowding.
columns have a separation of only 0.16 nm, whereas the closest If we compare our Zr@Qgrain-boundary model to the two NiO
zirconium—zirconium spacing in the bulk is 0.36 nm. This cation models that maintain mirror symmetry (i.e., the Kingery model and
crowding is apparently avoided by removing one zirconium Merkle “b” model), the differences between the structures can be
column and moving the remaining column to an intermediate understood in crystal-chemistry terms. In one sense, we might
position. To maintain stoichiometry, a corresponding oxygen expect the NaCl-type and fluorite-type structures to have similar
column must be removed, which also reduces the anion crowding. grain-boundary structures, because both are relatively simple
We have maintained stoichiometry in the model for simplicity. binary oxide crystals. But, the anion sublattices are significantly
However, YSZ grain boundaries are believed to be positively different between the two crystal structures, simple cubic in,ZrO
charged, which indicates the presence of nonstoichiometric and face-centered cubic (fcc) in NaCl. From a purely electrostatic
defects'?3° point of view, cation crowding in the grain-boundary core would
This 35 (310) YSZ structural unit is remarkably similar to that be relatively unstable for ZrQ If we assume fully occupied
of the model proposed by Kingei¥ for NaCl-type ceramics, columns in the unrelaxed CSL models, the nickel atoms in
which is shown in Fig. 12(a). In NaCl-type crystals, the projected question are undercoordinated by one oxygen atom, whereas the
columns along the [001] direction contain cations and anions, and zirconium atoms would be undercoordinated by two oxygen
adjacent columns are displaced by one-half of a unit cell along the atoms. Moreover, the ionic repulsion betweert"Zions is much
beam direction. Experimentally derived structures for Ni© greater than between fi ions. Therefore, the electrostatic energy
(310) grain boundaries by Merkle and Sriitare not consistent is higher in the unrelaxed fluorite boundary. In both cases,

O O O Oz:O
.O. ‘O.Q. .O.O. @® 05

0
e
o

O
OO O e YO ®
Oa @ Qe O
®- ®- ®-
(a) (b) (c)

Fig. 12.  Models of the NiO35 (310) grain boundary: (a) proposed by King&?yb) model “b” found by MerkeP, and (c) another asymmetric unit found
by Merkle?® Kingery model is very similar to the unit found for ZsO
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Shottkey defects can reduce the free volume at the boundary to
avoid ion crowding, but it appears that the boundary core shown in
Fig. 11(b) is energetically favorable for the fluorite-type crystals.

(2) NearX13 (510) Grain Boundary

The unrelaxed CSL model of th&13 (510) YSZ grain
boundary is shown in Fig. 13(a) and compared with the model
derived from theZ-contrast images in Fig. 13(b). As in ti¥5
boundary, within experimental accuracy, no rigid-body transla-
tions are evident, leading to a continuity of the (200) planes across
the boundary. Therefore, the grain-boundary structural unit main-
tains 2nmsymmetry.

The 213 grain-boundary core is completely different from and
extended in comparison to thE5 grain-boundary core. The
relaxation mechanisms also are different from in¥&eboundary.

In the 313 CSL model (Fig. 13(a)), two pairs of columns are
unrealistically close in the boundary core40% closer than the
bulk zirconium—zirconium spacing). One has a spacing of 0.11 nm

and the other 0.20 nm. As discussed above, this arrangement

would be electrostatically unfavorable because of the large ionic
repulsion. The pair of columns with the more severe, 0.11 nm,
crowding is observed in the experimental data to be replaced by a
shared column, similar to that found in tB& boundary core. The
columns separated by 0.20 nm, however, remain intact as two
separate columns. In the bulk, the nearest zirconium—zirconium
spacing is 0.36 nm; therefore, the close proximity of the zirconium
ions in the grain boundary does not seem plausible. Wabderve,
however, that the intensities of these two columns in Fig. 7 are
~50% lower than that of the other zirconium columns. One cause
of the decreased intensity could be a lowering of the projected
potential resulting from cation vacancies in those columns. Partial
occupancy would allow the zirconium atoms in the two adjacent

columns to stagger along the beam direction and, thus, avoid close

cation—cation positions. Similar observations have been made in
other grain-boundary studies, including those of SEHG’ and
YBa,Cu;0,_.%® Again, the oxygen positions in the grain-
boundary model have been chosen such that they are most similal
to the positions in bulk Zr@

(3) Comparison of thex5 and NearX13 Symmetric Tilt YSZ
Grain Boundaries

The 35 and nea13 boundaries are observed to have highly
symmetrical core structures that maintain near mirror symmetry
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replaced by a single intermediate column, but no definite conclu-
sions can be made at this time.

The fact that two completely different grain-boundary structures
are observed for the two boundaries has implications for the
grain-boundary structural unit mod&:*° This model suggests
that special high-symmetry grain boundaries have specific, delim-
iting grain-boundary structural units. Other grain boundaries,
which fall in misorientation between the delimiting boundaries, are
composed of combinations of the delimiting boundary units. For
example, Wangt al,* have calculated the structure of a range of
[001] tilt grain boundaries in copper. They have found the 22.6°
3,13 boundary to be composed of a combination of structural units
from the delimiting 0° misorientation, or perfect crystal, and the
36.8°25 boundary (i.e.3.5 cores separated by coincident planes).
In the present study, we find two completely different grain-
boundary cores for th&5 and nea13 boundaries. Because
ionically bonded materials are intrinsically more sensitive to small
atomic displacements than metals (i.e., higher bond stiffness),
there should be many delimiting boundaries for ionic materials.
The different core structures also exhibit different interfacial
chemistries, in particular, the solute segregation observed a&the
boundary but not the ne&13 boundary. Excess yttrium at free
surfaces and interfaces has been observed in many studies of
YSZ*"41 although the driving force for the segregation has been
debated. Several studies have indicated that the solute segregation
is space-charge inducé@3® Aoki et al,** however, have shown
that calcium segregation in CaO-stabilized Zr@@ grain-size
dependent and strongly correlated with silicon segregation. Grain-
size-dependent segregation behavior observed in YSZ also sug-
gests cosegregation of yttrium and silictnAoki et al. have
observed in fine-grained specimens, which exhibit virtually no
silicon segregation, that calcium segregates-&)% of the grain
boundaries at an average level of 1.8 atom$/dtis possible that
multiple driving forces for solute segregation in Zr@xist, and
when cosegregation with silicon is not operative, other driving
forces (e.g., electrostatic or elastic) are significant. In the present

r:study, silicon is not detected at either grain boundary; therefore,

cosegregation with silicon does not appear to be a driving force for
solute segregation. Although no measurable solute segregation is
present at the ne&i13 boundary, an excess of (4t91.2) x 10**
atoms/cm is detected at th&5 boundary. The origins of this
anisotropic segregation behavior are not clear at this time.
Grain-boundary segregation of impurities can induce structural
changes at grain boundaries. For example, ¥ (310) grain

across the boundary plane. In the unrelaxed CSL models, severaboundary in MgO, although expected to have the same structure as

cation columns are unrealistically close, leading to increased atom
density and ionic repulsion. Th&-contrast images indicate two
alternative structures that prevent this cation crowding. The first,

NiO (Fig. 12(b)), maintains a unique core structure, attributed to
calcium segregation to the grain-boundary ctrén this study,
however, the Y" solute concentrations are similar in both

as observed in both grain-boundary cores, is that the total atombicrystals. Because the chemistry and local structure are inextri-
density is reduced in the area, and one column, instead of two, iscably coupled in a multidimensional phase space, it is not possible
located symmetrically at the boundary plane. The second possibleto conclude that the solute segregation causes different core
structure is one in which the two closely spaced columns contain structures in th&5 and nea213 boundaries. We can, however,

a high fraction of cation vacancies to avoid close cation positions. conclude that the two grain boundaries do exhibit significantly
The data suggest that there may be a critical separation (betweerdifferent core structures, in terms of chemistry and local atom
0.16 and 0.20 nm) below which adjacent half-filled columns are positions and, therefore, should exhibit distinct physical properties.

(b)
(a) CSL model of%13 (510) YSZ grain boundary and (b) experimentally based model.

Fig. 13.
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V. Conclusions

Atomic models of the5 (310)/[001] and nea¥-13 (510)/[001]
symmetric tilt YSZ grain boundaries have been developed from
Z-contrast STEM images and complementary EELS. Both grain
boundaries have relatively simple, high-symmetry structural units
with no observable symmetry-breaking rigid-body translations

within experimental accuracy. The oxygen positions in the models
are chosen such that they are in distorted tetrahedral sites, a
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significantly different. Although no segregation is present at the
nears13 boundary, an interfacial excess of 91.0** atoms/cr

has been measured at t boundary with no evidence of
cosegregation with silicon. The fact that two distinct cores are
observed in boundaries varying by only a 12.6° mistilt highlights
the need for care when applying the structural unit model to ionic
grain boundaries, especially when solute atoms are involved.

Based on the experimentally derived grain-boundary structures,

we are currently pursuing complementary theoretical density
functional calculations. Through the atomistic calculations, we
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