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AbstractÐThe three-dimensional atomic structure of low-energy NiO±ZrO2(cubic) interfaces is determined
through a combination of electron imaging and spectroscopy techniques. High resolution electron mi-
croscopy, and Z-contrast STEM imaging with simultaneous electron energy loss spectroscopy are employed
as complementary techniques for elucidating the structural and chemical aspects of the interface and associ-
ated interfacial relaxation mechaubic) interface. The planar interfaces show an atomically abrupt transition
between the two phases which share a common oxygen plane at the boundary. Structural relaxations
accommodating the lattice mismatch indicate that the boundary has relaxed to a low-energy con®guration.
The resulting interface structure is found to facilitate strong bonding across the boundary as is re¯ected in
the fracture behavior of the composite system. # 1998 Acta Metallurgica Inc.

1. INTRODUCTION

Internal heterophase interfaces are pervasive in

composite materials and often in¯uence or even

control bulk material properties. Establishing fun-

damental interface structure±property relationships

is therefore essential for designing and tailoring

interfaces in such multi-component material sys-

tems. By elucidating the interrelated constituents of

interface structure (geometry, chemistry and elec-

tronic structure), one can begin to understand the

in¯uence of the interface on relevant bulk material

properties, deducing atomic structure/property re-

lationships. While interface science has been par-

ticularly successful in advancing our understanding

of grain boundary atomic structure and its in¯uence

on material properties, our understanding of hetero-

phase interfaces is relatively immature. Recent high

resolution electron microscopy (HREM) studies

have successfully revealed the atomic structure of

various heterophase interfaces including metal±me-

tal, metal±ceramic and metal±semiconductor types

(see, for example, Refs [1±5]). Ionic heterophase

interfaces, an important class of ceramic interfaces,

have not, however, been as widely investigated on

an atomic scale. Some notable exceptions include

the investigations of MgO±Al2O3 interfaces by Li et

al. [6] and spinel±Al2O3 interfaces by Carter and

Schmalzried [7], as well as others [8±10].

This paper is part of an ongoing research e�ort

to explore the atomic structure of a number of

oxide±oxide boundaries with the aim of establishing

predictive structure±property relationships for such

ionic heterophase interfaces. For this research we

investigate pseudo-binary eutectics which have been

directionally solidi®ed. Directionally solidi®ed

eutectics (DSEs) are advantageous for interface stu-

dies for numerous reasons [11], but are particularly

attractive because they are amenable to the three-

dimensional characterization necessary to under-

stand the complete structure of the boundary and

its intimate connection to bonding, electrical trans-

port, etc. Many DSE systems ful®ll the require-

ments for three-dimensional analysis: they have

planar interfaces and orientation relationships in

which low-index zone axes are aligned in at least

two directions. This paper explores the detailed

atomic structure of low-energy NiO±ZrO2(cubic)

interfaces and the associated interfacial relaxation

mechanisms. Some speci®c questions driving this

research and related to interface atomic structure

are:

(1) How does the interface accommodate a tran-

sition in chemistry, projected point symmetry (3 m

in NiO and 4 mm in ZrO2), and oxygen coordi-

nation (tetrahedral in NiO and octahedral in ZrO2)?

(2) What interfacial relaxation mechanisms pre-

vail in these highly ionic systems?
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(3) What implications does the interface structure

have for bonding across the interface?
To answer these questions, we have employed a

variety of electron imaging and spectroscopy tech-
niques including HREM, Z-contrast scanning tran-

sition electron microscopy (STEM) imaging and
electron energy loss spectroscopy (EELS).

Traditionally, HREM has been the primary analyti-

cal technique in interfacial studies because of its
ability to elucidate interface structure on an atomic

scale [2, 12]. Another powerful approach, however,
which has been developed in more recent years, is

to combine Z-contrast STEM imaging with
spatially-resolved electron energy loss spectroscopy

(EELS) to obtain atomic-resolution chemical and
structural information simultaneously [13, 14]. Both

approaches have distinct advantages and disadvan-
tages for determining interface structure, so we use

them synergistically to gain maximum information
about the NiO±ZrO2 interface. From the exper-

imental information we draw conclusions about the
nature of the interface structure and its implications

for bonding in ionic heterophase systems.

2. EXPERIMENTAL PROCEDURES

2.1. Sample preparation

NiO±ZrO2(cubic) eutectics were directionally soli-
di®ed at the Laboratoire de Chemie at the

UniversiteÂ de Paris-Sud. Eutectic proportions of
NiO and ZrO2 powders along with a stabilizer addi-
tive (CaO or Y2O3) were isostatically pressed into
cylindrical rods and sintered. The rods were then

directionally solidi®ed by the ¯oating zone tech-
nique associated with a double ellipsoid image
furnace [15]. The bulk samples contain several large

grains having a lamellar microstructure (see Fig. 1).
Each grain is essentially two interpenetrating single
crystals which have well-de®ned crystallographic

orientation relationships. The bulk samples are
strongly textured with ��110�NiOk�010�ZrO2

kgrowth
direction; this texture aids in preparing specimens

along particular crystallographic directions.
For transmission electron microscopy (TEM)

sample preparation, sections were cut from the bulk
specimens using a precision diamond saw and were

thinned to approximately 10 mm using a tripod pol-

Fig. 1. Optical micrograph of the NiO±ZrO2(cubic) DSE lamellar microstructure which gives rise to
planar interfaces between the two phases.
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isher and diamond lapping ®lm. The samples were
subsequently polished with colloidal silica and

mounted onto slotted copper grids. Because of the
di�erential thinning rates of the two phases, it was
crucial that the samples be R10 mm before ion

milling. The samples were milled to electron trans-
parency in a Gatan Duo-Mill at liquid nitrogen
temperatures using 1 mA of 5 keV Argon ions. To

remove any amorphous surface layers, the foils
were ®nally milled with 3 keV Ar ions and annealed
for 1 hr at 5008C in oxygen.

2.2. HREM

HREM was employed to reveal the geometric

aspects of the interface structure including the
translation state of the two lattices, local atomic
relaxations and the terminating planes constituting

the interface. A through-focus-series of images of
��110�NiOk�010�ZrO2

was taken using a Hitachi
H9000, a 300 kV TEM with a point resolution of
0.18 nm. The relevant lattice spacings (ZrO2 (200)

at 0.256 nm and NiO (111) at 0.241 nm) were there-
fore easily resolved in the ®rst pass band. The
microscope parameters used in image simulations

were: Cs (spherical aberration coe�cient) = 1 mm,
a (illumination convergence angle) = 1.5 mrad and
DE (focal spread) = 10 nm.

Imaging the �11�2�NiOk�001�ZrO2
specimens posed a

greater challenge because of the small 0.148 nm
NiO (220) fringes running perpendicular to the
boundary. Although the NiO (220) spacing could

be imaged under large defocus conditions in the
H9000, it was di�cult to ®nd conditions favorable
for the transfer of NiO (220) at 0.148 nm, NiO

(111) at 0.241 nm and ZrO2 (200) at 0.256 nm.
Even when such conditions were achieved, the gra-
dient of the transfer function about these spacings

was quite large, leading to delocalization of the
image. To circumvent the problems associated with
conventional HREM, the specimens were imaged in

the JEOL JEM-ARM1250 at the Max-Planck
Institut fuÈ r Metallforschung in Stuttgart. Using the
side entry pole piece at 1250 kV, this instrument
has a Cs=2.8 mm and a 0.12 nm theoretical point

resolution which is su�cient to image the 0.148 nm
NiO (220) fringes within the ®rst pass band [16].
Negatives from both the JEOL ARM and the

H9000 were digitized to eight bits using an
Optronics P1000 microdensitometer, and the images
were corrected for scan distortions.

2.3. Multislice simulations

In order to interpret the detailed interface atomic

structure from HREM images, multislice simu-
lations were carried out on a HP workstation using
NUMIS1 software developed at Northwestern

University. The supercell models used in the image
simulations were necessarily large, 1.023 nm
(�11�2�NiOk�001�ZrO2

)�2.068 nm (��110�NiOk�010�ZrO2
)�

7.215 nm (perpendicular to the interface), in order

to prevent aliasing and to account for lattice mis-
match while including integral numbers of unit

cells. For phase grating calculations, the supercells
were sliced into less than 0.2 nm increments along
the beam direction and the sampling was greater

that 40 nmÿ1.

2.4. Z-contrast imaging and maximum entropy
re®nement

The NiO±ZrO2 interfaces were also imaged in
the 300 kV VG Microscopes HB603U STEM

(Cs=1 mm) at Oak Ridge National Laboratory. A
large-angle annular detector was used to produce a
transversely incoherent image. Because relatively

high-angle scattering is collected (inner radius of
annular detector = 30 mrad), the Z-contrast image
intensity scales with atomic number, yielding peaks

of intensity at the cation sites [17, 18]. Under inco-
herent imaging conditions, the spatial resolution is
limited by the probe size, in this case 0.13 nm.
Consequently, the HB603 could successfully resolve

all of the necessary spacings along
��110�NiOk�010�ZrO2

and �11�2�NiOk�001�ZrO2
.

To quantify atomic positions from the Z-contrast

images, maximum entropy reconstruction was per-
formed. Since the image is simply a convolution of
the object function and the probe function, we can

extract the probe function from the bulk lattice
where the object function is known precisely. (The
method for probe reconstruction is outlined in
detail by Nellist and Pennycook [19].) Using the

reconstructed probe function, we then reconstruct
the object function in the defect area (in this case
the NiO±ZrO2 interface) by the maximum entropy

image reconstruction technique developed by Gull
and Skilling [20]. The resulting object function is
used for quantitative analysis. We ®nd that object

functions derived from images recorded at a magni-
®cation of 107 times yield positional accuracies of
0.01 nm.

2.5. Electron energy loss spectroscopy (EELS)

To characterize the chemistry of the interfaces,

EELS spectra were collected on a 100 kV
HB501UX STEM. Under channeling conditions,
individual atomic columns are excited, providing a
near atomic-resolution spectrum for most core loss

edges [13, 14].
Pro®les of the Ni L2,3, Zr M4,5 and O K-edges

were collected parallel to the boundary plane. The

Z-contrast image was used to position the probe
accurately, and line pro®les parallel to the bound-
ary were acquired in steps of interplanar spacing

(e.g. NiO(111) and ZrO2 (200)). At each position
four spectra were collected for 2.5 s each. Spectra
at the beginning and end of a series were compared

to ensure that no electron beam damage had
occurred during the acquisition. Between each set
of spectra, the probe was repositioned using the Z-
contrast image to check or compensate for drift
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during the collection. Only those spectra in which
no detectable drift or beam damage occurred were

used for analysis. The energy resolution of the par-
allel energy-loss spectrometer, as determined by the
full-width half-maximum of the zero-loss peak, was

1.1 eV and the dispersion was 0.303 eV/channel
over 385 channels. Each spectrum was corrected for
the response function of the detector, and the back-

ground was ®t to a power-law over a 50 eV window
preceding the edge onset and subtracted from the
spectrum.

EELS was also used to explore the changes in
local oxygen coordination near the interface
through changes in the oxygen K near-edge ®ne
structure. The near-edge ®ne structure results from

perturbations to the unoccupied electron states
lying just above the Fermi level introduced by the
surrounding atoms and re¯ects the local coordi-

nation, bonding and valence state of the atom
undergoing excitation [21, 22]. Therefore, by collect-
ing energy-loss spectra from individual planes paral-

lel to the interface, the spatial extent of local
changes in coordination and atomic structure can
be determined.

3. RESULTS AND DISCUSSION

In this section we reveal the NiO±ZrO2 interface

structure as determined by HREM, Z-contrast and
EELS experiments. The interface structure is a com-
plex, multifaceted issue which can be described

from a macroscopic level down to an atomic level.
We address most of the characteristics of the inter-
face structure which collectively lead to an atomic
model of the boundary. First we de®ne the interface

on a macroscopic scale, describing its morphology
and the relative crystallographic orientation re-
lationships between the two phases. We then

explore the chemistry of the interface to reveal the

possible presence of interdi�usion. By using a com-
bination of techniques we determine the chemistry

at an atomic scale, identifying the terminating
planes of the two crystals at the interface. Finally
we discuss the mechanisms by which the interface

relaxes to a low-energy con®guration; these include
local atomic relaxations as well as rigid body trans-
lations of the two crystals. All of these aspects of

the interface structure ®nally lead us to an atomic
model of the boundary which is consistent with ex-
perimental results from all of the electron imaging

and spectroscopy techniques.

3.1. Interface morphology and macroscopic degrees
of freedom

On a macroscopic scale, the NiO±ZrO2 interfaces

are planar and have no porosity, impurities or reac-
tion phases, allowing for intimate contact between
the two phases at the interface (see Fig. 2). The pre-

dominant orientation relationship between the
phases, which de®nes the ®ve macroscopic degrees
of freedom associated with the boundary, is [11]:

�111�NiOk�100�ZrO2

��110�NiOk�010�ZrO2

This orientation relationship provides the opportu-

nity to image the edge-on interface from two or-
thogonal directions, revealing the three-dimensional
structure (see Fig. 3). (The abbreviations OR I, OR

II and OR III as outlined in Fig. 3 will be used to
identify the orientation of the interface throughout
the remainder of the paper.) Macroscopic curvature
of the boundary is accommodated by atomic steps

which have ledges with the above orientation re-
lationship, indicating that this orientation relation-
ship is indeed a low-energy con®guration [11].

Figure 4 is a plan-view projection of the interface.

Fig. 2. HREM image of the planar NiO±ZrO2 interfaces which are free from voids and impurity or
reaction phases.
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Note that there is a one-to-one correspondence

between the ZrO2 and NiO lattice as viewed from

OR I; the lattice mismatch between NiO (111) as

projected onto the interface plane and ZrO2 (200) is

only 0.4%. In the orthogonal direction (OR II),

however, the lattice mismatch between NiO(110)

and ZrO2(020) is very large, over 14%. The relax-

ation mechanisms accommodating the lattice mis-

match and reducing the interfacial energy are

expected to be quite di�erent along these two or-
thogonal directions.

3.2. Interface chemistry

The chemistry of the interface was probed using
EELS. Figure 5 is a pro®le of the Ni L2,3 edge
taken in steps of interplanar spacing across the

NiO±ZrO2 interface. Similar pro®les were taken of
the Zr M4,5 and O K edges. To measure the chemi-

Fig. 3. Schematic of planar NiO±ZrO2(cubic) interfaces. The edge-on interface can be viewed along two
orthogonal directions (OR I and OR II), revealing the three-dimensional structure.

Fig. 4. Plan-view projection of the NiO±ZrO2 interface. While the lattices are nearly perfectly commen-
surate along OR I, the lattices are incommensurate along OR II.
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cal width of the boundary, the integrated intensity
of a pro®le (from edge onset past the near-edge ®ne
structure) was normalized to the integrated intensity

of a bulk spectrum. The resulting chemical pro®les
are presented in Fig. 6 in which each data point

results from the average of several pro®les. The ver-
tical error bars represent the ®rst standard deviation
of the normalized intensities and the horizontal

errors bars are the estimated positioning error of
the probe.

Although the elemental pro®les presented in
Fig. 6 show a chemical width of about two atomic

planes or about 0.3 nm, this pro®le is in fact con-
sistent with an chemically abrupt interface. Two

factors lead to the apparent broadening of the
chemical width. First, the inelastic scattering pro-

cesses giving rise to the core-loss edges have an in-
herent object function size depending on the
electronic transition energy. For K and L edges the

full width half maximum of the object function can
be on the order of an angstrom [23, 24]. Secondly,
some residual intensity in the interface planes may

be attributed to an experimental probe having tails
with ®nite intensities that can excite columns of
atoms adjacent to the probe position. With an

objective aperture size of 10 mrad in the VG
HB501, the resulting probe would serve to smear a
step function to a pro®le having a width (de®ned by
the width between 75% and 25% intensity) of

0.15 nm. The apparent width of the elemental pro-
®le presented in Fig. 6 is therefore attributed to
both the ®nite size of the object function and the

tails of the experimental probe. Consequently, the
chemical pro®le results are consistent with an atom-
ically abrupt interface.

3.3. Common oxygen plane

Because the two crystals have an orientation re-
lationship which results in a layered structure of
anion and cation planes parallel to the interface, it

has been hypothesized that the two phases maintain
this anion±cation sequence across the boundary by
sharing a common oxygen plane at the

interface [25]. Such a model certainly makes sense
from an electrostatic point of view and would facili-
tate a chemically abrupt transition between the two
phases. We aim to con®rm this structure because it

has important implications for bonding at the inter-
face.
Figure 7 is a Z-contrast STEM image of the

NiO±ZrO2 interface taken along OR I. Although
the Z-contrast images are not sensitive to the oxy-

Fig. 5. Example of a Ni L2,3 EELS pro®le taken in steps
of interplanar spacing across the NiO±ZrO2 interface.

Fig. 6. Pro®les of Ni, Zr and O normalized intensities across the NiO±ZrO2 interface.
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gen positions, they reveal an atomic spacing
between the terminating Ni and Zr planes which is

intermediate to that of the bulk NiO (111) and

ZrO2 (200) and su�ciently large to accommodate a
common oxygen plane. While by itself Z-contrast

does not con®rm the common oxygen plane, EELS

results presented above verify that oxygen is present
between the last Ni and Zr planes (see Fig. 6). We

see, in fact, that the common oxygen plane has a

concentration of oxygen intermediate to those of
bulk NiO and ZrO2. The model of the interface

containing the common oxygen plane projected

along OR I is superimposed on the Z-contrast
image in Fig. 7. Note the excellent agreement

between the Z-contrast image and the cation sites in

the model. The signi®cance of this particular model
will be discussed in more detail in Section 3.5.

The presence of a common oxygen plane between

NiO and ZrO2 is also con®rmed by HREM. Two

images from a through-focus series along OR I
were used for analysis, one taken in the ®rst large

pass band [Fig. 8(a)] and the other in the second
pass band [Fig. 8(b)]. The interface model presented

in Fig. 7 was used for multislice simulations. The

sample thickness was determined to be 3.2 nm and
the defoci ÿ42 and ÿ71 nm. The results of the mul-

tislice calculations are inset in the experimental

images (Fig. 8) and identi®ed by brackets. Note
that the black contrast in Fig. 8(a) corresponds to

the cation sites in both phases, whereas the white

contrast in Fig. 8(b) corresponds to the cation sites.
The excellent agreement between the simulated and

experimental structures corroborates the interface

structure presented in Fig. 7.

It is interesting to note that other oxide hetero-
phase systems maintain similar orientation relation-

ships resulting in homopolar surfaces at the

interface; these include NiO±CaO [26], NiO±
Y2O3 [27], Al2O3±ZrO2(cubic) [28] and Fe2O3±

Al2O3 [29]. From the results of the NiO±ZrO2, we

may infer that these other systems also share a
common oxygen plane at the interface which leads

Fig. 7. Z-contrast image of NiO±ZrO2 interface along OR I with interface model superimposed.
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to electrostatic bonding across the boundary. This
trend suggests that low-energy orientation relation-

ships in ionic materials are governed not only by
lattice mis®ts, but also by the polarity of the planes
constituting the interface.

3.4. Local atomic relaxation

Several mechanisms exist by which bicrystals can

relax to lower their interfacial energy; these include
rigid body translations (RBT) and local atomic relax-
ations. We will ®rst address the issue of local relax-

ation since it o�ers evidence that the interface has
indeed relaxed to a low-energy con®guration and
thus makes the discussion of RBT more relevant.

First consider the interface as projected along
OR I. Since no mis®t dislocations are observed over
a length exceeding 22.5 nm (see Fig. 2), the room

temperature 0.4% lattice mismatch must be comple-
tely accommodated by elastic strain in the two
phases. Since the NiO is the more compliant ma-
terial along that direction, it is presumed to assume

the majority of the strain.

Even though the boundary appears completely

coherent along OR I, one appreciates the true com-
plexity of the interface when it is imaged along the
orthogonal direction (OR II) where the lattice mis-

match is very large, 14.1% between NiO (110) and
ZrO2 (200). Initial studies of this orientation were

performed on the Hitachi H9000 at large values of
defoci which would facilitate transfer of the
0.148 nm NiO (220) fringes (see Fig. 9) Although

the image is delocalized at the interface and thus
di�cult to interpret, the bending of NiO (220)

fringes near the boundary suggests that interface
has relaxed to a low-energy con®guration. To con-
®rm this relaxation, the interface was imaged along

OR II in the Stuttgart JEOL JEM-ARM1250 (see
Fig. 10). In this case the image is much more loca-

lized at the interface, and the NiO (220) lattice
fringes still bend within about 0.5 nm of the inter-
face. Individual atomic columns in NiO become dif-

®cult to distinguish in the last two planes adjacent
to the interface as a consequence of strain from

mis®t dislocations. The positions of the interfacial

Fig. 9. HREM image of NiO±ZrO2 along OR II reveals atomic relaxation in the NiO within 0.5 nm of
the interface.
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dislocations are identi®ed with arrows in Fig. 10.
The HREM results from OR II indicate that the

interface is fully relaxed with localized accommo-
dation of mis®t occurring primarily in NiO. No

long-range periodicity is observed, which is expected

since the two lattices are incommensurate as viewed
from this projection. Although a continuity of lat-

tice planes is not maintained across the interface,
the local atomic relaxations indicate that there is in-

teraction between the phases across the boundary

and, in that sense, the interface cannot be con-
sidered incoherent.

Although the HREM studies reveal the presence

of NiO relaxation, the extent of the relaxation can-
not be quanti®ed directly from the images; quanti-

tative HREM analysis would require an iterative
multislice simulation study using a variety of

relaxed models. Z-contrast imaging coupled with

maximum entropy calculations, on the other hand,
allows us to directly measure cation positions and

interplanar spacings. Figure 11 is a Z-contrast
image along OR II which reveals displacement of

Fig. 10. NiO±ZrO2 interface imaged along OR II imaged on the Stuttgart JEOL JEM-ARM1250 shows
atomic relaxations in the NiO near the interface. Although distinct dislocation cores cannot be resolved

some NiO (220) planes do disappear near the boundary; these are identi®ed by arrows.

Fig. 11. Z-contrast image along OR II reveals displace-
ment of the Ni atoms from their bulk lattice sites near the

interface.
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the Ni atoms from their bulk lattice sites near the

interface, consistent with HREM studies.

Measurements taken from maximum entropy calcu-
lations are presented in Fig. 12. Note that although

the mean NiO (220) spacing does not vary signi®-

cantly, the standard deviation of the spacing
increases by a factor of two at the interface as com-

pared to the bulk. The standard deviation in the

bulk (0.01 nm) is a consequence of the pixel resol-

ution of the image, in this case 64.4 pixels/nm,
which limits the measurement accuracy. The excess

in the standard deviation at the interface arises

from relaxations in the NiO along [110], yielding a
root mean square relaxation of 0.02 nm in the Ni

plane adjacent to the interface.

The strain in the NiO lattice leads to coordi-

nation changes which should be re¯ected in the

EELS oxygen K near-edge ®ne structure. To check
for consistency, pro®les of the O K edge were taken

from the interface towards the bulk NiO in steps of

interplanar spacing. A chi-squared (w2) ®t to a bulk

spectrum was calculated using the noise before the
edge onset as a measure of the standard deviation.

The results of the w2 ®tting reveal perturbations of

the ®ne structure out to the third oxygen plane
from the interface (see Fig. 13). Rez et al. [30],

using XANES multiple scattering calculations,

showed that the O K near-edge ®ne structure in

NiO is dominated by scattering within the ®rst oxy-
gen shell and the ®rst two Ni shells. The spatial

extent of the ®ne structure perturbation in this ex-

periment, therefore, correlates well with the spatial
extent of the distorted NiO lattice.

Several other studies also indicate that ionic
interfaces tend to relax to low-energy con®gurations

through local atomic relaxations. Partially coherent

interfaces containing coherency and anticoherency
dislocations are found at TiO2-sapphire [1], Fe2O3±

Al2O3 [29] Mo3Si5±MoSi2 [10] and MgO±Al2O3 [6].
These results and the evidence for local relaxation

at the NiO±ZrO2 interfaces suggest that ionic het-
erophase systems do tend to relax to con®gurations
which promote localized bonding across the inter-

face. Detailed investigations of dislocation core
structures, however, are lacking.

3.5. In-plane rigid body translation (RBT)

In-plane RBTs constitute two microscopic

degrees of freedom of a crystalline interface and are
important relaxations mechanisms by which the
interface can achieve a low-energy con®guration.

Fig. 12. Measurements taken from maximum entropy calculations show that the average lattice spacing
of the NiO (220) remains constant near the interface, but the standard deviation increases by a factor

of two due to local atomic relaxations.

Fig. 13. Chi-squared ®t of O K-edge spectra to a bulk
NiO spectrum as a function of distance from the interface.
The ®ne structure is perturbed up to about 0.7 nm into the

NiO due to distortions in the lattice.
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For grain boundaries, the traditional de®nition of

an in-plane RBT is any RBT which destroys the co-

incident site lattice (CSL). A more rigorous de®-
nition which holds for both homo- and heterophase

boundaries de®nes an in-plane RBT as a relative

translation of the two crystals parallel to the inter-

face which lowers the bicrystal symmetry below
that of the unrelaxed holosymmetric bicrystal [31].

The unrelaxed holosymmetric bicrystal maintains

the maximum-possible bicrystal symmetry.

For the case of the NiO±ZrO2 bicrystal, the

maximum-possible projected point symmetry and
holosymmetric symmetry are illustrated in Fig. 14.

Convergent beam electron di�raction (CBED) stu-

dies of plan-view specimens (OR III), show that the

NiO±ZrO2 bicrystal does indeed display the maxi-
mum possible 2mm projected di�raction symmetry

and m whole pattern symmetry [32]. Since the

bicrystal maintains the maximum possible sym-
metry, it is said to have zero in-plane RBT. The

RBT, however, does not provide a unique solution

for the interface structure. Pond showed that a mul-

tiplicity of boundary structures (neglecting local
atomic relaxations) exist for a given translational

symmetry of a bicrystal [33], and as will become

evident in the following discussion, the maximum

possible boundary structures for the NiO±ZrO2 sys-
tem is six.

The one-dimensional periodicity of the NiO±

ZrO2 bicrystal limits the relevance of in-plane RBT

to only one direction, namely �11�2�NiOk�001�ZrO2
.

Along this direction, the terminating NiO plane at
the interface may reside in six speci®c positions

relative to the ZrO2 lattice while maintaining the

maximum bicrystal symmetry. The six resulting

models, projected along OR I, are presented in
Fig. 15. Each model corresponds to a di�erent

plane in the FCC stacking sequence terminating at

the interface with the Ni sites situated either over

Zr or O sites in the ZrO2 lattice. Although each
model has identical bicrystal symmetry, the atomic

con®gurations for each are distinct with perhaps
di�erent interfacial energies, and it is therefore im-
portant to distinguish the prevailing con®guration.

The boundary plane location is therefore an inde-
pendent degree of freedom; this is true for any
bicrystal that does not have a monoatomic

basis [28].
The most direct method for determining the rela-

tive translations of the NiO and ZrO2 is analyzing

Z-contrast images taken along OR I. The correct
model (model e in Fig. 15) is the one superimposed
on the Z-contrast image in Fig. 7. (The transla-
tional model identi®ed by Z-contrast was also the

model used for HREM multislice simulations as
presented in Section 3.3.) Note that this model is
characterized by a projected common oxygen plane

which is continuous with the projected oxygen
planes in both the NiO and the ZrO2. The continu-
ity of the projected oxygen sublattice across the

interface suggests that the anion sublattice (and not
the cation sublattice) plays a dominant role in
determining the low-energy interface structure.

3.6. Interface model

By using HREM, Z-contrast imaging and EELS

as complementary techniques, we now have a
detailed understanding of the three-dimensional
atomic structure of the NiO±ZrO2 interface. The
NiO±ZrO2 bicrystal has an atomically sharp tran-

sition between the two phases at the interface with
a common oxygen plane facilitating the chemical
transition. Although the structural width of the

boundary also appears atomically sharp along OR
I, the orthogonal projection reveals a width on the
order of 0.5 nm due to local atomic relaxations.

This structural width is asymmetric about the inter-
face since NiO incurs most of the relaxation. The

Fig. 14. Schematic representation of the maximum-possible bicrystal symmetry for a NiO±ZrO2 bicrys-
tal, including (a) projected point symmetry and (b) three-dimensional symmetry.
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interface structure implies that the atoms in the
NiO within about 0.5 nm are relaxing along [110] to

positions away from the NiO lattice to positions
more consistent with the ZrO2 lattice. The tran-
sition in symmetry and oxygen coordination thus

appears to be accommodated by distortions of the
NiO lattice near the interface.
From these experimental ®ndings, an atomic

model for the NiO±ZrO2 interface was derived. To
develop a model for the local atomic relaxations, an

algorithm was written which displaces the NiO lat-
tice geometrically along [110] towards positions cor-
responding to the ZrO2 lattice. Figure 16 is a model

of the interface in plan-view showing the unrelaxed
Ni positions and relaxed Ni positions which have
been displaced along [110] towards the Zr sublat-

tice. The maximum magnitude of the relaxation was
constrained by the experimentally determined strain
(Section 3.4). The algorithm decays the displace-

ments linearly to zero over ®ve planes (3 Ni and
2 O) in the NiO. The resulting three-dimensional
structure viewed along two orthogonal directions

(OR I and OR II) is presented in Fig. 17. Note that
atoms in each NiO (220) plane move collectively
and that the planes bend towards each other, simi-

lar to experimental images. Although the projected
lattice strains are a high as216%, this is a plausible

relaxation mechanism since the interatomic dis-
tances change by a maximum of only24.6%.
The interface structure has several implications

for bonding at the interface. Figure 18 is a SEM
image of a crack (initiated by a Vickers indentation)
which has propagated through the NiO±ZrO2

microstructure. The crack does not de¯ect along the
interface, but rather propagates in the ZrO2. This

fracture behavior in which cracks do not tend to
debond the interface is quite common in most oxide
DSE systems [34]. This study on the structure of

NiO±ZrO2 DSE interface, although it does not
rationalize the fracture behavior, sheds light on the
mechanical robustness of such in-situ composite

interfaces. First of all, the integrity of the interface
(no voids, second phases, etc.) allows the two
phases to be in intimate contact at the boundary

and does not provide any macroscopic stress con-
centrators. Because the two phases share a common
oxygen plane at the boundary, the electrostatic

attraction between the anion and cation planes
serves as a bonding mechanism in this ionic system.
Just as single crystals do not tend to cleave along

Fig. 15. Six NiO±ZrO2 interfacial models which maintain the maximum bicrystal symmetry.
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Fig. 16. Plan view of the NiO±ZrO2 interface showing the displacement of Ni sites along [110] towards
the Zr sublattice.

Fig. 17. Three-dimensional model of the relaxed NiO±ZrO2 interface projected along (a) OR I and (b)
OR II.
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directions which will expose two polar surfaces, this
interface also should not cleave easily. In addition,
the evidence for local relaxation of the interfaces in-

dicates that the interface is in a low-energy con-
®guration with a maximum cohesive energy.

4. SUMMARY AND CONCLUSIONS

Summarizing the experimental ®ndings of the
NiO±ZrO2 interface structure:
(1) We ®nd considerable evidence indicating that

the NiO±ZrO2 boundaries are low-energy interfaces:
(a) the interfaces are free to form low-energy con-
®gurations during the solidi®cation process since

the only constraints on the system are gravity and
the temperature gradient [10], (b) macroscopically
curved boundaries are composed of steps and ledges
with the step ledges maintaining the predominant

orientation relationship [10], (c) the lattice bending
in NiO along [110] indicates that the boundary has
relaxed to a low-energy con®guration.

(2) Chemically, the NiO±ZrO2 interface is atomic-
ally abrupt.
(3) The orientation relationship between NiO and

ZrO2 results in a layered structure of anions and
cations across the boundary. The two phases share
a common oxygen plane at the interface giving rise

to electrostatic bonding across the boundary.
(4) Local atomic relaxations are present in the

NiO near the interface indicating that the interface
is in a relaxed, low energy con®guration. The local

atomic relaxations, however, are con®ned to one

dimension, namely NiO[110].

(5) The symmetry of the bicrystal, as determined

by CBED, restricts the in-plane RBT to six con-

®gurations. The prevailing con®guration as deter-

mined by both Z-contrast and HREM maintains a

continuity of the oxygen sublattice across the

boundary as projected along OR I.

Although this study has provided insight into the

structure of ionic heterophase interfaces, it serves

only as a starting point to the ultimate goal of

establishing predictive structure±property relation-

ships for interface-in¯uenced or controlled systems.

Bimaterials are typically studied on several length

scales, from the macroscopic and continuum levels

down to the atomic and electronic levels; each

length scale is distinguished by what is considered

collectively and distinctly in the analysis [35].

Although much progress has been made in under-

standing composite behavior at each of these length

scales (in this study the atomic scale), there is a

de®nite lack of continuity between the di�erent

levels; connections between the length scales are not

thoroughly understood. To study the role of the

interface in bimaterial systems continuously through

all of the length scales, it is prudent to examine

model systems which facilitate analysis from the

atomic to macroscopic level. The NiO±ZrO2 eutec-

tics studied here provide an excellent opportunity to

study fracture behavior in brittle composites,

Fig. 18. SEM backscattered image of an indentation-induced crack propagating through the NiO (dark
phase) and ZrO2 (light phase) microstructure. The arrow indicates the direction of crack propagation.
The crack interacts with the NiO±ZrO2 DSE microstructure, but does not tend to debond the interface.
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because the microstructure facilitates investigation
on all length scales. We intend to build upon the

atomic-level studies presented in this paper, by in-
vestigating the fracture behavior with respect to the
crystallography, microstructure and residual stres-

ses. By working our way up in length-scale magni-
tude in a continuous manner, we will ultimately be
able to understand the fracture behavior of the

NiO±ZrO2 DSE composite and be able to predict
the behavior of similar materials.
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