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Three-dimensional electron backscatter di!raction was used to
measure the crystallographic distribution of the electrochemi-
cally relevant triple phase boundary lines and surfaces near
them in SOFC cathodes made up of a porous mixture of
yttria-stabilized zirconia and lanthanum strontium manganese
oxide, both before and after mild electrochemical loading. All
distributions were observed to be nearly isotropic, but non-
random textures above the detection threshold were observed.
The distributions di!er between the two cells, as do the phase
fractions and the electrochemical history. The di!erent distri-
butions are interpreted as evidence that steady-state distribu-
tions vary locally with phase fractions or that they evolve
during the initial operation of the fuel cell. The rates at which
triple lines, pore surfaces, and interface boundaries in the porous
mixture approach a steady-state value appear to decrease with
the average amount of mass transport required to reorient that
specific feature. This work provides initial insights into the
crystallography of interfaces in a multiphase ceramic material.

I. Introduction

THE active cathode regions of many solid oxide fuel cells
(SOFCs) considered for electrical power sources consist

of three-phase mixtures of La0.8Sr0.2MnO3 (LSM), Y2O3-
stabilized ZrO2 (YSZ), and pore space.1–4 For oxygen reduc-
tion to occur, electrons from the LSM must reduce oxygen
from the pore to form oxide ions within the YSZ.5,6 The geo-
metric feature that brings these three species together is known
as the triple phase boundary (TPB): the line of the intersection
between the YSZ, LSM, and vapor phases. Cathode perfor-
mance relates to the distribution and activity of TPBs.7–11 As
oxygen reduction involves adsorption, surface di!usion, and
bulk di!usion,1,5,6 which are generally anisotropic, it is likely
that oxygen reduction rates at TPBs also vary with crystallo-
graphic character.12,13

The complex features of electrodes, such as TPB length,
have recently been correlated with their electrochemical

activity.5,9–11,14–18 Little is known about whether the micro-
structure of SOFCs has reached a steady-state distribution
after processing or operation. SOFCs often exhibit an initial
variation in performance, frequently an improvement called
the burn-in e!ect,19–21 as well as longer term degradation
e!ects.21 Portions of these performance variations may be
related to small-scale microstructural changes.21–23 While it is
possible to estimate the TPB content from a stereological
analysis of plane sections, such estimates are accurate only if
the structure is isotropic.7,24,25 To make direct measurements
of the TPB content and their connectivity, Wilson
et al.9,10,14,15 made three-dimensional reconstructions of
active anode regions from images of parallel serial sections
collected using focused ion beam (FIB) milling in concert
with scanning electron microscopy (SEM) imaging. They
found that the TPB tortuosity was roughly isotropic in
optimal electrodes. However, a fraction of the TPBs were
not interconnected and could not contribute to the cell’s elec-
trochemical processes.9,10,14,15 Using similar techniques, the
microstructural characteristics in the cathode, including the
porosity, TPB length, surface area, and tortuosity of each
phase, were correlated with cell performance.11,16–18,26,27

There are two reasons why the crystallography of SOFC
microstructures has not yet been explored. The first reason is
application related: there is no clear path to establishing the
importance of observed crystallographic features to SOFC
performance, even though it is well known that surface prop-
erties are strongly coupled to crystallographic features,
including oxygen surface exchange for YSZ12 and LSM.13

Modeling e!orts that incorporate such data have been devel-
oped for other applications, such as modeling the mechanical
response of microstructures.28–30 The generation of appropri-
ate data on surface properties and microstructures of cath-
odes will a!ord a complete model of activity that includes
crystallography. The second reason is experimental: only
recently have routine experimental and analytical techniques
been developed to quantify these features,31–35 and they have
not been applied to any SOFC-related system.

There are very few quantitative investigations of the crys-
tallography of microstructural features in two-phase com-
plexes,36,37 and none for three phase. Recently, we reported
the quantitative characterization of the grain boundary popu-
lation and energies for dense YSZ and demonstrated that
small but statistically significant deviations from purely ran-
dom distributions occur and are correlated with the experi-
mentally observed energy anisotropies.35 We have also
carried out similar investigations on dense LSM, porous
YSZ and LSM, and dense and porous YSZ/LSM mixtures,
which provide information to analyze the SOFC microstruc-
tures with steady-state polycrystalline microstructures.38 We
observe that after typical SOFC sintering protocols, the
microstructures reach steady-state distributions that are not
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strongly perturbed by annealing at low-temperatures.35,38 No
work has explored how electrochemical loading a!ects
steady-state distributions.

The development of steady-state crystallographic aniso-
tropy at solid–vapor interfaces has long been understood via
the Wul! construction.39 Investigations into the evolution of
the crystallographic character of solid–solid interfaces in
single-phase materials (grain boundaries) reveal a number of
interesting general phenomena relating to energy aniso-
tropy.35,40,41 Other microstructural features with anisotropic
energies, such as interphase boundaries and triple lines, should
also exhibit comparable behavior in more complex systems.
However, investigations of these features in multiphase materi-
als are absent in the literature.

In this article, we describe the crystallography of relevant
microstructural features at the active triple phase boundaries,
such as the orientations of surfaces, interfaces, and TPBs, in
the active region of porous LSM/YSZ cathodes. To do so,
electron backscatter di!raction (EBSD) mapping was com-
bined with FIB–SEM to image serial sections of the active
cathodes of SOFCs.42 The distributions of orientations of
solid–solid and solid–vapor interfaces are measured, as well
as the orientations of the triple lines, in an as-reduced (AR)
state and after mild electrochemical loading (EL) simulating
burn-in conditions. The distributions of interface planes in
the three-phase region are compared with distributions in sin-
gle-phase and two-phase regions of the SOFC. In all cases,
there are mild anisotropies observed in the distributions of
TPBs and interfaces.

II. Experimental Procedure

Two anode (Ni/YSZ) supported single cells were purchased
from InDEC (H. C. Stark, Selb, Germany) and operated in
buttoncell configurations with Au current collectors. The cells
consisted of a 600 lm porous NiO-8YSZ (8% Y2O3–ZrO2)
anode, a 5–10 lm dense 8YSZ electrolyte, and a two-layer
LSM cathode: an ! 15 lm thick porous LSM/8YSZ as the
“active” layer contacting the electrolyte and an ! 15 lm
thick porous LSM layer as a current collector. One cell (the
AR or as-reduced cell) was heated to 800°C and kept at open
circuit using air on the cathode while the anode was exposed
first to 5% H2 in N2 for 2 h and then pure H2 for 2 h.
Another cell (the EL or electrochemically loaded cell) was
treated in the same fashion and then galvanostatically oper-
ated at 0.7 V with hydrogen as a fuel gas at 800°C for 24 h,
after which the current density was stable versus time (as
observed for this cell and other cells treated similarly but for
longer times).

The SOFCs were cut in cross section so that regions con-
taining a dense layer of YSZ (electrolyte), a three-phase layer
containing pores, YSZ, and LSM (active cathode), and a layer
of porous LSM (current collector) could be imaged simulta-
neously. The sample was mounted on a 45° pre-tilt stub using
conductive carbon tape, such that the layers of the fuel cell
were parallel to the stub surface.34 A thin platinum film was
sputtered onto the specimen surface to prevent charging. The
dual beam FIB–SEM (Nova 600; FEI company, Hillsboro,
OR) has an ion gun that is situated at an angle 52° away from
the electron gun, which is directly above the sample mount.
To mill the sample, it is rotated around the electron beam axis
and then tilted 7° towards the ion gun, so that its surface nor-
mal (on the 45° mount) is normal to the ion beam. The sam-
ple is then rotated 180° and tilted 25° towards the electron
backscatter detector (Hakari, EDAX, Mahwah, NJ), which
forms a 70° angle between the sample surface and the electron
gun, which is ideal for EBSD mapping.

The samples were milled with a 30 kV, 500 pA Ga ion
beam. The ion beam was used to remove 75 nm between
each of 80 serial sections. EBSD data were obtained using a
20 kV, 9.5 nA electron beam. The data were collected on a
hexagonal grid with 75 nm step size. EBSD patterns were

collected relatively slowly (30 s"1) to ensure that the two
phases were well indexed and di!erentiated from each other.
As it is important to distinguish pores, the analysis settings
were optimized so that the solid phases were properly
indexed and pores remained un-indexed. Over 5.3 and
6.6 million data points were recorded for the AR and EL
samples, respectively. The data collection rate and desired
point-to-point resolution ultimately limit the analyzed sample
volume. The cells are indexed in cubic reference frames, with
LSM in a cubic perovskite structure having a ! 3.88 Å43,44

and with YSZ as a cubic fluorite structure with a = 5.15 Å.45

The OIM software46 was set so that if a minimum of four
bands could not be identified in the EBSD patterns, the point
is un-indexed and assumed to be part of the pore structure.
All of the un-indexed points in the pores were assigned
unique Euler angles (u1 = 0, ! = 0, u2 = 0) and a single
grain ID so that groups of un-indexed points larger than a
minimum grain size (10 pixels) would not be influenced by
the clean-up procedure.46 The clean-up procedure included
assigning individual grains a single average orientation and
using dilation to remove grains smaller than 10 pixels in area
(<1% of the area of an average grain). By assigning indexed
values to the pores, they did not preferentially shrink during
dilation. The orientation values could then be subsequently
removed from the pore pixels using the unique grain ID. The
OIM software was used to extract line segments representing
the grain boundary traces from each two-dimensional EBSD
map.46 The segments deviate by, at most, two pixels from
the true boundary position.

To extract the three-dimensional crystallographic informa-
tion, the planar sections were aligned as described in detail
for a recent analysis of yttria.34 Using these data, we deter-
mine three quantities. The first is the TPB distribution, which
is the relative length of TPBs in a specific crystallographic
direction. The directions may be indexed in the reference
frame of either the LSM or the YSZ grain. The second is the
distribution of pore surface orientations. Separate distribu-
tions are calculated for the YSZ and LSM grains. The third
distribution is the solid–solid interphase boundary distribu-
tion. This is the distribution of interface orientations between
LSM and YSZ and this distribution can be calculated in
either the LSM or YSZ reference frames. These distributions
were calculated only for features adjacent to TPBs. The fea-
tures adjacent to the TPBs are the ones relevant to electro-
chemical activity7–11; by considering this single set of
features, comparisons can be made between volumes with
su"cient TPB populations, but with local variations in phase
fractions and distributions.

The domain of possible orientations for the interfaces and
triple lines was discretized according to the procedures
described in reference [47]. The resolution is approximately
5° and this means that there are roughly 841 discrete orienta-
tions. The numbers of TPBs characterized in the as reduced
(1500) and loaded (4000) cells were su"cient to populate
these bins. The distributions are normalized to multiples of a
random distribution unit, where a value of one corresponds
to the number of observations expected in a random distri-
bution. As the discretization and binning of the space can
lead to small deviations from unity, sets of randomly gener-
ated TPBs were also considered. These ideally random distri-
butions had peaks as high as 1.05 MRD and minima as low
0.95 MRD. Therefore, values of the distributions within
these bounds will be interpreted as random. Surface dihedral
angles at TPBs were calculated using the scalar product of
the surface normal vectors. These data were binned with
respect to the interface normal of the solid–solid boundaries
in both the LSM and YSZ reference frames.

III. Results

A representative uncleaned EBSD map from a single serial
section of the AR cell is shown in Fig. 1(a). The cells are
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indexed in cubic reference frames and the colors represent
di!erently oriented grains. The large grains at the top of the
image are from the dense YSZ electrolyte and the grains on
the bottom are from the active cathode/porous LSM current
collector interface. There are relatively few un-indexed pixels
in the raw data outside of pores, indicating that the software
indexes all solid regions well. A representative EBSD map
from the cleaned data of the same serial section is shown in
Fig. 1(b). Comparisons between Fig. 1(a) and (b) show that
the clean up procedure does not distort the microstructural
features. A phase map of the cleaned data is shown in
Fig. 1(c). Green regions represent YSZ grains (the electrolyte
is almost uniformly green), while yellow regions represent
LSM grains (the current collector is almost uniformly yel-
low). Our observations indicated that the phase assignment is

90%–95% accurate. Oblique projections of the three-dimen-
sional dataset for the AR cell are shown in Fig. 2; the sam-
pled volume includes 80 slices. Similar results were obtained
for the EL cell, where the volume of characterized region
was 25.8 lm 9 14.9 lm 9 4.725 lm = 1816 lm3.

The active cathode regions of the two cells were between
10 and 15 lm thick. The total volume of active cathode con-
sidered (after cropping the data) was 607 lm3 in the AR cell
and 1077 lm3 in the EL cell. In the AR cell, the YSZ, LSM,
and pore volumes were 63%, 28%, 9%, respectively. In the
EL cell, the YSZ, LSM, and pore volumes were 71%, 11%,
and 18%, respectively. The variation in the volumes of each
phase was believed to be related to the small sampling
volumes and the natural variation in the phase distributions
in local regions of the cells,16 which we observed here in
larger 2-D areas as well. The numbers of TPBs characterized
in the AR and EL cells were 1500 and 4000, respectively. These
numbers were deemed su"cient to generate an accurate statis-
tical description of the triple phase boundary distributions.

In Fig. 3, the TPB distributions of the active cathode
regions are shown for the AR (a and b) and EL (b and c)
cells. The TPBs show a preference for alignment along the
<111> directions, whether they are indexed in the reference
frame of YSZ (a and c) or LSM (b and d). The TPBs also
have a significantly decreased preference for <001> directions.

(a) (b) (c)

Fig. 1. Representative orientation, as inverse pole figures in (a) and (b), and phase (c) maps of the active cathode region in cross-section of the
AR cell. The overall dimensions are 20.5 lm in the horizontal direction and 19.6 lm in the vertical direction. The raw orientation data are given
in (a) and the cleaned data in (b). Colors represent di!erent absolute orientations. In the phase map, green indicates YSZ, yellow indicates LSM,
and black indicates pores.

(a)

(b)

Fig. 2. Oblique projections of the reconstructed three-dimensional
volume from the AR cell. The overall dimensions are
20.5 lm 9 19.6 lm 9 5.925 lm = 2381 lm3. In the orientation map
in (a), di!erent colors are used to indicate di!erent grains. In the
phase map (b), green indicates YSZ, yellow indicates LSM, and
black indicates pores.

Fig. 3. Orientation distributions of the TPBs indexed in the YSZ
reference frame (a and c) and in the LSM reference frame (b and d)
in the AR cell (a and b) and the EL cell (c and d). Each distribution
is given in a standard cubic stereographic triangle, where the colors
indicate the multiples of random distribution with the legend given
above (as is true in all figures herein).
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Slight maxima are observed along the <110> and near the
<531> directions in the AR states. These distributions are
slightly a!ected by electrochemical loading. A small reduc-
tion in anisotropy of TPBs in the YSZ reference frame is
observed after electrochemical loading. Generally, a more
pronounced <111> preference and a reduction in the slight
maxima at other locations are observed after electrochemical
loading.

In Fig. 4, the distribution of YSZ (a and c) and LSM (b
and d) surfaces adjacent to the TPBs are shown in the AR (a
and b) and EL (c and d) samples. In the AR sample, the
YSZ surfaces are distributed between {330} and {331}, and
the {001} orientation is not favored. The distribution of YSZ
surfaces is significantly altered by electrochemical loading.
First, the distribution has less anisotropy than the surfaces in
the AR sample. The YSZ surfaces adjacent to TPBs in the
EL sample have a preference for {100} planes, in direct con-
trast to the AR cell. For the LSM surfaces, orientations near
{100} and {110} are the most prevalent in the AR sample.
The surface character of LSM next to the TPBs in the EL

sample has a decreased anisotropy to that in the AR cell, but
a similar distribution.

The solid–solid interface plane distributions of the AR (a
and b) and EL cells (c and d) are shown in Fig. 5. Note that
the orientations of the same interfaces are indexed in both
the YSZ (a and c) and LSM reference frames (b and d). The
YSZ distribution shows maxima at the low-index orienta-
tions, with a maximum at {100}. The distribution for LSM
shows a number of peaks at higher index orientations. Note
that these interface plane orientations are constrained to lie
in the zones of the TPBs. For example, the peaks at {100},
{110}, and {111} in YSZ are consistent with the {111} and
{110} zones in the TPB distribution. The distributions for
the EL cells are similar, but more isotropic.

The distribution of surface dihedral angles around the
TPBs is shown in Fig. 6; these too exhibit anisotropy. The
average dihedral angles in the AR (a and b) and EL (c and
d) cells are 114° and 120°, respectively. Overall, the dihedral
angles are more isotropic in the EL cell. While there are
peaks in the distributions, these peaks do not correlate well
with the observed relative populations of the solid–solid
interfaces relative to which they were binned. The absence of
a correlation between the peaks in this distribution and the
preference for certain interface planes (presumed to be low
energy) is not unexpected considering the fact that the dihe-
dral angle is determined by the interface energy, which is
influenced independently by the terminating planes in both
phases.

IV. Discussion

Weak texture is observed in the crystallographic distributions
of TPB directions and surface normals of interfaces adjacent
to the TPBs in the LSM/YSZ active cathode of SOFCs. We
interpret the small anisotropies in the populations as indica-
tions that the di!erent interfacial and TPB energies are also
anisotropic. We have used similar techniques to address the
distributions in a variety of related model systems35,38 and
will use those observations to inform the discussion below.
While TPBs do not exhibit any relative change between the
two cells, the distributions of two-phase interfaces di!er in
the investigated regions of the two cells. The di!erence
between the two cells can be interpreted in two fashions:
either as a change in the relative interfacial energies with
electrochemical loading or from local variations in the phase
distributions between the two di!erent volumes. Both inter-
pretations will be considered in the discussion below. Despite

Fig. 4. Orientation distributions of the pore interfaces adjacent to
TPBs indexed in the YSZ reference frame (a and c) and in the LSM
reference frame (b and d) in the AR cell (a and b) and the EL cell (c
and d).

Fig. 5. Orientation distributions of the YSZ/LSM interfaces
adjacent to TPBs indexed in the YSZ reference frame (a and c) and
in the LSM reference frame (b and d) in the AR cell (a and b) and
the EL cell (c and d).

Fig. 6. Distribution of dihedral angles between pore surfaces
adjacent to TPBs indexed in the YSZ reference frame (a and c) and
in the LSM reference frame (b and d) in the AR cell (a and b) and
the EL cell (c and d).
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the di!erence in the phase distributions, the number of TPB
boundaries observed was su"cient to generate a statistically
appropriate representation of the misorientation averaged
distributions of the microstructural features around the TPBs
in both cells. These observations demonstrate that it is possi-
ble to accurately describe the electrochemically active compo-
nents of SOFC cathodes.

The crystallographic preference in the distributions of
TPBs weakly favors {111} and disfavors {100}, in both
reference frames, and it does not vary significantly in either
reference frame between samples. This is in spite of the fact
that the distributions of the adjacent interfaces di!er between
the cells. These results suggest that the distributions of TPBs
have a crystallographic preference and that they attain a sta-
ble state that is not a!ected by the volume fraction of
phases/electrochemical history. The rate at which a particular
distribution reaches some steady-state value may be inter-
preted with regard to thermodynamic and kinetic consider-
ations. We assume that the TPB itself has negligible energy,
of the same relative importance as that of a triple junction
(TJ) line in a in single-phase polycrystal,48 so that this distri-
bution is not the driver for the overall microstructural evolu-
tion. We also assume that anisotropy exists in the TPB
energy and this drives the local direction of the TPB line. To
achieve the steady-state distribution, mass transport is
required to reorient a TPB. At least two interfaces must
change to reorient a TPB. As the amount of mass transfer
required to reorient the TPB line is small in comparison
with that required for other interfaces, the TPB is able to
attain its steady-state distribution regardless of the other
distributions.

The YSZ surface normals adjacent to TPBs weakly disfa-
vor {100} in the AR cell but weakly favor {100} in the EL
cell. The LSM surface normals adjacent to TPBs weakly
favor {100} and {110} in the AR cell and have a similar but
more isotropic preference in the EL cells. This indicates that
the YSZ (LSM) surfaces adjacent to the triple phase bound-
aries are strongly (weakly) influenced by the local phase dis-
tributions and/or the electrochemical loading. Likewise, the
LSM/YSZ interfacial distributions di!er between the two
cells, in both reference frames: the AR cell weakly favors the
three low-index orientations in the YSZ reference frame and
the high-index orientations in the LSM reference frame. The
YSZ/LSM boundary normal distributions are qualitatively
similar between the two cells, but the EL cell has a weaker
anisotropy.

In dense single-phase materials, it has been observed that
low-energy interfaces have larger relative areas than high-
energy interfaces.33,47,49 It has also been shown that the popu-
lations attain a steady-state distribution that is una!ected by
further microstructural evolution. For reasons of the con-
straints discussed below, one should not expect the distribu-
tions of plane normals around the TPBs in three-phase
composite materials to necessarily mimic the average distri-
bution in dense or porous polycrystals of the component
materials. A more complete description of the distributions of
microstructural features around all TJs is required to correlate
the TPB features to specific driving forces. The only available
data on distributions of such features in cathode materials are
from Helmick et al.35 for dense YSZ and Helmick’s recent Ph.
D. Dissertation38 for the remaining systems. For dense YSZ,35

it was found that the grain boundary distributions closely
matched the grain boundary energy distributions, even though
they did not match the predicted distributions using surface
energy or planar charge arguments. Also, steady-state values
were obtained at typical SOFC sintering conditions and little
thermal evolution occurred at SOFC operating conditions.35

Similar results hold true in the other model systems,38 includ-
ing dense LSM, porous YSZ, porous LSM, dense LSM/YSZ,
and porous LSM/YSZ, although the addition of another solid
phase considerably reduces the grain size and consequently,
the attainment of the steady-state condition. For the porous

LSM/YSZ model system, the average grain sizes were under
1 lm, which are comparable to the length scales observed in
the sintered cells described here. As such, we expect sintered
cells to be close to a steady-state distribution from sintering;
di!erences observed between the two cells here arise either
from local variations in that state or from di!erent electro-
chemical histories.

As the averaged distributions of interface normals from
the 2-D work are similar to the interface normals around
TPBs from this 3-D work, one can posit that similar energy
landscapes control the microstructural evolution of these
similar systems. In Helmick’s work,38 the weight fraction of
the solids was 50 wt% YSZ with 50 wt% LSM; an amount
of pore former was added that led to ! 25% porosity. In
typical 2-D slices, the area fractions were ! 48% YSZ, 27%
LSM, and 25% pores. This is to be compared with the vol-
ume fractions in the region of the AR cell tested here of
63%, 28%, 9%, respectively for YSZ, LSM, and pores. Hel-
mick found that the addition of pores to dense materials did
little to alter the overall solid–solid boundary distributions,
but that the addition of other solid phases did alter the indi-
vidual distributions. In particular, the LSM/LSM interfaces
first attained steady state and seemed to dominate the micro-
structural evolution, strongly perturbing the YSZ interface
distributions in two- and three-phase mixtures. The reason-
able similarity in the LSM content between the interrogated
region of the AR cell and those of Helmick’s work may be
the reason that similar distributions were obtained. In the
interrogated region of the EL sample, the volume fractions
were 71%, 11%, and 18%, respectively for YSZ, LSM, and
pores. The local reduction in LSM content in this region
may account for the di!erence in the distributions observed
around the TPBs. If the TPB distributions are influenced by
other TJ energy distributions, specifically those with LSM/
LSM interfaces, and topological constraints, as proposed by
Helmick,38 then distributions similar to porous YSZ would
be found in regions with low LSM contents. The {001} YSZ
surface preference is in agreement with porous YSZ samples.

A second interpretation concerning the di!erence between
the AR cell and the EL cell is that the crystallography of the
electroactive microstructural features is influenced by the
operational conditions. A variety of reports discuss the cath-
ode conditioning e!ects and have related them to composi-
tional and microstructural changes.5,19–21,50–52 Research has
focused on the fact that the surface Sr concentration is a func-
tion of the electrochemical conditioning. Although the e!ect of
surface composition on surface energy is not known, Gorte
and co-workers53–55 have shown that the wetting charac-
teristics of LSM on YSZ change with temperature and electro-
chemical load, and argued that the conditioning is related to
these wetting characteristics, especially in infiltrated systems.
Changes in wetting characteristics are directly related to
relative changes in surface energies, which could manifest
themselves as changes in the relative distributions. In this inter-
pretation, one should consider if the thermodynamics and
kinetics of redistribution of microstructural features are con-
sistent with the observed distribution changes.

The dihedral angle data in Fig. 6 show that the ratio of
the solid–solid interface energy to the surface energies in the
EL cell is less than in the AR cell. The dihedral angle
between pore surfaces is a nearly isotropic 120° and has a
narrow spread in the EL cell, compared with the dihedral
angle of 114° and the wider spread in the AR cell. That the
dihedral angle distribution in the AR cell does not correlate
well with the populations supports the idea that the energies
of other features in the microstructure control the popula-
tions of surfaces at the TPBs in the AR cell. In the EL cell,
the narrow distributions make it more di"cult to assess the
correlation between angles and populations, but it appears
that in the more isotropic TPBs, a better correlation exists.
These observations could be consistent with both interpreta-
tions of the origin of the observed populations. The change
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in the TPB angle distributions indicates a relative change in
the surface energies around the TPBs. This can arise if the
interfacial energies of the TPBs are influenced by the local
phase composition or the electrochemical loading of the cells.

Assuming that the triple line itself has a negligible
energy,48 relative to the interfacial energies, the distributions
of interfaces surrounding the TJs are determined by a combi-
nation of energetic, crystallographic, topological, and kinetic
constraints. The energetic constraints are represented by the
Herring56 condition, which must be satisfied to balance the
interfacial energies at the TJ. However, because the crystals
share a line of intersection, there is a crystallographic con-
straint that the three interfaces must be in the same crystallo-
graphic zone as the TJ, while still balancing the interfacial
energy. Therefore, the rotation of one interface to a strongly
preferred (low energy) orientation will influence the orienta-
tions of the other interfaces. It is posited that in three-phase
materials, the relative range of the interfacial energies at TJs
will vary much more strongly than in dense polycrystals. For
the surfaces adjacent to the TPBs presented here, the three
interfaces at the TJ are an YSZ surface, an LSM surface,
and an LSM/YSZ interface. One of the di"culties in inter-
preting the current distributions is that the TPBs are only
one of several TJs that exist in the microstructure: there are
also LSM/LSM/LSM, YSZ/YSZ/YSZ, LSM/LSM/Pore, and
YSZ/YSZ/pore TJs. Topologically, all of these TJs must con-
nect and maintain the phase distributions in the sample,
while satisfying the Herring condition for each TJ and main-
taining the crystallographic constraints of the TJ lines.
Clearly, more work is required to identify the factors that
have a dominant influence on the microstructure.

For the EL cell, one explanation for the distributions is
that the locally reduced concentration of LSM leads to a
change in driving force and interfacial energies during sinter-
ing. Another explanation for the loaded cell is that the initial
burn-in period of electrochemical loading alters the local
populations. The number of so-called critical events (where
features are removed from the system) will be low during
electrochemical loading because the scale of the microstruc-
ture does not change. The number density of surface orienta-
tions can still vary if the pores change shape. The change in
the dihedral angle indicates that the pore shapes are indeed
di!erent, although the correlation with sintering or electro-
chemical loading needs to be verified. As all of the distribu-
tions are close to isotropic, small changes in the relative
distributions could be manifested by relatively small shape
changes in the equilibrium pore shapes, or by deviations
described above for initial sintering variations owing to phase
distributions. As such, it is reasonable that the observed
changes could be manifest at the operational conditions.

It should be pointed out that we did not correlate any of
these distributions with the number of electrochemically
active TPBs (based on microstructural connectivity). Wilson
et al.11,15,27 have already made strong correlations with the
overall performance of SOFC cathodes and the number of
electrochemically active TPBs (as well as the overall tortuos-
ity of the transport paths). Their results imply that the local
performance will vary with phase fractions, tortuosity, and
connectivity, which would also impact the local electrochemi-
cal driving forces for microstructural evolution considered in
this work. Clearly, much more research is required to under-
stand how the local electrochemical properties vary within
cathodes, especially because degradation events, such as Cr-
poisoning, are known to be correlated with local properties,
not average properties.57,58

The last point of interest here is to discuss the impact of
these observations on SOFC activity. While we do observe
weak texture in the cathodes, one could reasonably approxi-
mate the distributions as isotropic. As little is known about
how the interfacial orientations a!ect the electrochemical
activity of LSM and YSZ,12,13 models that describe the micro-
structure as isotropic crystallographically seem reasonable. If

there are significant di!erences in properties with crystallogra-
phy, then the distribution of local electrochemical activity will
be much wider than predicted by the isotropic models. As we
do not observe strong texture, the average surface/interface in
SOFCs should be considered as an average high-index surface,
not a low-index energetically preferred surface. Most compu-
tational e!orts and many experimental e!orts focus on low-
index, low-energy surfaces to simplify the problem. It is
important to demonstrate that such investigations inform our
understanding of average high-index surfaces that are ubiqui-
tous in current SOFC cathodes.

V. Conclusions

Weak texture is observed in the crystallographic distributions
of TPB directions and surface normals of interfaces adjacent
to the TPBs in the LSM/YSZ active cathode of SOFCs. The
crystallographic preference in the distributions of TPBs
weakly favors the {111} and disfavors the {100}, in both ref-
erence frames, and it does not vary significantly in either of
the crystal reference frames. We conclude that the TPB is
able to obtain its steady-state distribution regardless of other
populations. The crystallographic preference in the distribu-
tions of YSZ surface normals adjacent to TPBs weakly dis-
favors the {100} in the AR cell, but weakly favors the {100}
in the EL cell. The crystallographic preference in the distri-
butions of LSM surface normals adjacent to TPBs weakly
favors the {100} and {110} in the AR cell, and this distribu-
tion is simply more isotropic in the EL cells. These observa-
tions are consistent with results from model ceramics samples
of LSM and YSZ reported elsewhere. We conclude that
either the di!erence in LSM phase fraction or the di!erence
in electrochemical history could explain the di!erent distribu-
tions observed between the two cells, but both are important
for understanding SOFC activity and evolution. Finally, we
conclude that crystallography of microstructural features in
complex microstructures can be quantified accurately using
three-dimensional EBSD analysis.
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