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Grain-boundary plane distributions (GBPDs), grain size distri-

bution (GSDs), and upper tail departure from log-normal
GSDs were quantified in dense and porous La0.8Sr0.2MnO3

samples to understand expected microstructures in solid oxide

fuel cells. Samples were sintered at 1450°C for 4 h and then
annealed between 800°C and 1450°C. The GBPDs and normal-

ized GSDs reached steady state during sintering and little vari-

ation occurred during annealing. The GBPDs were nearly

isotropic, with the relative areas of {001} planes being slightly
higher than random (and the relative areas of {111} planes

being less than random). The porous sample had an almost

identical GBPD, whereas the almost isotropic pore boundary

plane distribution was essentially opposite to the GBPD. The
upper tails of the experimental GSDs, and several theoretical

distributions, were characterized using peaks-over-threshold

analysis. Dense samples, and all normal grain growth models,
exhibit lower frequencies of large grains in the upper tail than

would a log-normal distribution, and the experimental distribu-

tions are similar to the Mullins distribution. Porous samples,

however, have an anomalous increased frequency of large
grains in the upper tail, as compared to all the model distribu-

tions, even though other metrics of the microstructure indicate

the dense and porous systems are similar.

I. Introduction

HIGH-TEMPERATURE solid oxide fuel cells (SOFCs) offer
highly efficient, clean, direct conversion of chemical to

electrical energy.1 SOFC performance is dictated by the
activity and useable lifetime of the cell components. Bench-
mark cathodes are three-phase systems composed of an elec-
tron-conductor, an oxide ion conductor, and pores for gas
diffusion.1 The correlation between long-term SOFC perfor-
mance and cathode microstructure evolution has already
been demonstrated, primarily implicating grain coarsening,
redistribution of phases, and formation of resistive secondary
phases at the triple phase boundaries (TPBs).2–14 These
changes are also manifest in the quantitative features of the
microstructure,4,5,8,11–15 many of which we are only begin-
ning to quantify experimentally14,16–23 or model computa-
tionally.24 Using three-dimensional (3D) reconstructions of
model systems, the total length of active TPBs were isolated
as the key parameter that controls cathode activity.14,16–21

Complete 3D descriptions of the crystallographic nature of

microstructural features have been also obtained on small
regions of SOFCs,22 as well as on dense yttria-stabilized zir-
conia (YSZ).23 Such observations provide critical founda-
tional information on the driving forces of long-term
microstructural evolution in cathode systems, but are not
available for most SOFC component materials. Toward this
end, we report here on the crystallographic nature of grain
and pore boundaries in dense and porous ceramics of
La0.8Sr0.2MnO3�d (LSM-8020 or LSM herein), as well as
detailed analyses of grain size distributions (GSDs).

The grain-boundary character distribution (GBCD) is the
five parameter description of the relative areas of grain
boundaries, based on three lattice misorientation parameters
and two grain-boundary plane orientation parameters.25–27

GBCDs of polycrystalline ceramic materials,26,28–34 including
YSZ,23 have been measured using electron backscatter dif-
fraction (EBSD), in which tens of thousands of grain-bound-
ary segments were characterized. The GBCD is inversely
related to the grain-boundary energy distribution (GBED),
which drives microstructural evolution of a system.35–39 Con-
sidering baseline degradation mode in SOFCs to be grain
coarsening by normal grain growth (for which mechanisms
and kinetics can be well-described40–45), little is known
quantitatively about the expected evolution based on grain-
boundary characteristics. In porous systems, the effects of
the pore-boundary plane distributions (PBPDs), which
describe the pore surface crystallography, must also be con-
sidered. A few studies have uncovered effects of surface crys-
tallographic features on cathode surface properties,46,47 and
others have quantified such crystallographic features in
actual cathodes,22,33 but there are not enough observations
to build strong correlations between crystallographic features
and the evolution of cathode performance. This work serves
as further initial investigations into the quantitative micro-
structural features of cathode systems in their initial states,
quantifying the GBCDs and PBPDs for LSM-8020 ceramics.

The GSD is another important metric that captures infor-
mation about microstructural evolution. Most ceramics exhi-
bit GSDs that compare favorably to the log-normal
distribution,44,48,49 but such comparisons are typically based
on limited data or histograms that focus on the data in the
vicinity of the mean.50,51 However, it is not clear whether
cathode degradation is correlated to average microstructural
features or deviations from the average. Other important
material properties, such as creep and fatigue, are signifi-
cantly influenced by a few large grains, considered outliers
from the average and existing only in the upper-tail of the
GSD.52–54 Here, we investigate the deviations from log-nor-
mality in dense and porous LSM, highlighting the effects of
pores on increasing the deviation of the GSD from log-nor-
mal behavior, resulting in a statistical overpopulation of very
large grains as compared to the log-normal behavior.

In one of the earliest analyses of grain growth by Hillert,55

an equation was derived to predict the grain growth rate and
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GSD in single phase materials based on a classical LSW
coarsening theory.56,57 Later, Mullins58 analyzed the kinetics
of grain growth based on a uniform boundary model (grain
growth driven by self-similar curvature in two dimensions),
which led to a GSD closer to those commonly observed
(which deviate slightly from log-normal). Until recently,50,51

deviations of the GSD from log-normality have not been
investigated in almost any polycrystalline material. An upper
tail skewed toward few (more) large grains in the true GSD
results in an over-sampling (under-sampling) of large grains
if models using log-normal GSD are assumed. Thus, the mis-
representation of GSD tails could lead to inaccurate predic-
tion of materials properties.50 Tucker et al.51 investigated tail
departure from a log-normal GSD from 3D microstructural
reconstructions of nickel-based superalloys. They showed
that the log-normal distribution did not fit either the upper
or lower tails. Donegan et al.50 used a peaks-over-threshold
(POT) analysis to quantify the differences in the upper tails.
This study reports the first analysis on the upper tail depar-
ture in the GSD of LSM-8020, using the POT analysis, and
compares these to the Hillert,55 Mullins,58 and two-dimen-
sional (2D) Potts59 computational models.

LSM is an important cathode material owing to its high
electronic conductivity, high electrochemical activity for oxy-
gen reduction reaction, high thermal stability (both micro-
structural and long-term performance), and compatibility
with common SOFC electrolytes (YSZ).1,60 LSM-8020 is a
commonly investigated ceramic model of SOFC cathodes,
though real cathode systems are typically A-site deficient,
and may contain other cations to further modify baseline
properties.1,60 Herein, dense and porous LSM-8020 samples
(exposed to different processing conditions) were investigated
to determine the GBCDs, the PBPDs, and GSDs.

II. Experimental Procedure

(1) Sample Preparation
Dense and porous LSM-8020 samples were prepared via
tape casting61 using commercial SOFC cathode powders
(LSM20-P, having particle sizes ranging from 300 to
700 nm) obtained from NexTech Materials (Lewis Center,
OH). The slurry formulation [adapted from Ref. (61)] used
for dense samples was modified with the addition of rice
starch for the fabrication of porous samples, with a tar-
geted porosity of 20%–30% by volume. Slurries were cast
into 127 mm high tapes, dried, and punched to form cylin-
drical coupons. To form as-sintered (AS) samples, 12–16
coupons were uniaxially pressed together and sintered at
1450°C for 4 h (typical SOFC annealing conditions62,63).
Various AS samples were individually annealed for longer
times and at different temperatures: 672 h at 800°C, 100 h
at 1250°C, and 100 h at 1450°C. Hereafter the samples will
be referred to as the AS, 800, 1250, and 1450 samples.
Specimens for EBSD analysis were prepared by polishing
with 0.02 lm colloidal slurry to obtain flat and scratch free
surfaces and further annealed at 1000°C for 1 h to remove
any defects and organic residues. Further details on sample
preparation are given elsewhere.64

(2) EBSD Data Collection and Processing
Orientation mapping was performed as described in detail
elsewhere [see Refs. (23,64)]. Briefly, an environmental SEM
(Quanta 200, FEI, Hillsboro, OR) operated at 25 keV was
used to register EBSD patterns at a grid spacing of 0.25 lm.
The local orientation at each point was assigned through
automated analysis of EBSD patterns by TSL OIMTM soft-
ware (version 7.0.1 9 64, EDAX, Mahweh, NJ), assuming
that LSM adopted a cubic perovskite structure. Multiple ori-
entation maps for both dense and porous LSM specimens
were collected and merged to generate sufficient observations
for statistical analysis. The EBSD data were further

processed using the OIMTM software to reassign poorly
indexed points near grain boundaries to grains, to average
the orientation within any grain, to remove all points not
associated with grains or whose orientation assignments had
high uncertainties, and to reconstruct the grain boundaries
[as described in Refs. (23,64)]. This procedure removed the
erroneously indexed points inside pores and accurately cap-
tured the grain microstructure.

Inverse pole figure (IPF) maps, which show the surface
orientation at each point with respect to the normal of the
specimen surface, were also generated using the OIMTM soft-
ware. The average grain diameter (determined from the grain
area reported as the diameter of a circle of equivalent area)
and GSDs were determined from at least 6800 grains. The
reconstructed grain-boundary segments and the crystal orien-
tations associated with them were used to compute subsets of
the overall GBCDs, that is, the misorientation averaged
grain-boundary plane distributions (GBPDs)20,26 and misori-
entation angle distributions (MADs).65 The GBPD was
determined using an in-house program.66 The relative areas
of all orientations were normalized to yield values based on
multiples of a random distribution (MRD); in these units,
values that differ from unity indicate orientations that have
areas greater than or less than that expected in a uniform,
isotropic distribution.20,26,32 Each stereological distribution
was determined using at least 20 000 boundary segments to
provide statistical significance to the GBPDs.23

(3) Statistical Data Analysis
Dream.3D67 was used to convert the processed EBSD data
from a hexagonal (as measured) to a square grid, to obtain
lists of grains, and to calculate their equivalent diameters.
Grain size data were visualized using histograms and log-
normal probability plots. To perform statistical analysis on
the upper tails of GSDs, the POT method based on extreme
value theory was used.50 Three important parameters, the
threshold, scale, and shape parameters, were calculated using
the POT analysis to quantify the differences of upper tail
departure.

To compare the experimental data to accepted models of
grain growth, simulated GSDs were generated from several
theoretical models. The Potts model (a Monte–Carlo grain
growth method) is a standard isotropic grain growth model
based on the probability of changes in grain-boundary orien-
tation.59,68,69 A 2D Potts model69 was used in the current
investigation: the dataset was generated from a 10002 2D
grid. Distributions of random grain sizes that correspond to
the Hillert55 distribution and the Mullins58 C distribution
[Eq. 29 in Ref. (58)] were generated using inverse transform
sampling. Inverse transform sampling involves inserting a
random number along the interval [0,1] into the cumulative
distribution function (cdf) of a probability distribution. The
solution is a random sample from the underlying probability
distribution function (pdf). If no closed form cdf exists for a
given pdf, as is the case for the Mullins distribution, a dis-
cretized cdf can be generated by numerical integration of the
pdf. This method allows for any number of random grain
sizes to be generated numerically from any given pdf. The
range of possible values of grain size is mediated by the
interval chosen to discretize the cdf. The POT analysis was
applied to these generated datasets and results were
compared with the experimental datasets.

III. Results and Discussion

(1) IPF Maps and GSDs
IPF maps (with reconstructed grain-boundary segments)
from representative regions are shown in Fig. 1 for (a) the
dense 800 sample and (b) the porous AS sample. These IPF
maps are representative of all the dense LSM samples. They
illustrate that the EBSD data are well indexed, have clear
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representations of grain-boundary line segments and grain
sizes, and the porous network is captured throughout the
data processing procedures. In all IPF maps, the grains were
equiaxed. The porous LSM has a network of interconnected
pores that is similar to that in an SOFC cathode.22

The average grain size was 3 (�1.5) lm for AS sample,
which increased slightly to 4 (�3) lm for the 1450 sample.
The average grain size of the 800 and 1250 samples were
3 (�2) and 4 (�2) lm, respectively. The average grain size
for the porous AS sample is 3 (�2) lm, similar to the dense
AS sample. The uncertainty in the average grain size (all cal-
culations were performed using information from at least
12 000 grains) is large enough that this metric alone cannot
distinguish samples.

The GSDs for all samples are shown in Fig. 2. All GSDs
exhibit unimodal profiles. All curves have similar shapes and
differ slightly in the locations of the individual GSDs along
the x-axis. These similarities indicate that the postsintering
thermal anneals have no qualitative effect on the GSD in
dense LSM. The GSD for the porous AS sample is similar to
the profile of the dense AS sample. The AS sample had the
smallest (whereas the 1450 had the largest) average grain size
and its GSD is to the leftmost of the others (whereas the
1450 is the rightmost), indicating the grain sizes are indeed
slightly smaller for the AS sample than the other samples
(and slightly larger for the 1450 sample). The GSDs of the
800 and 1250 samples are located between the GSDs of the
AS and 1450 samples, and the GSD of the 1250 sample has

a slightly increased population of larger grains. According to
the GSD plots, the most prevalent grain sizes for porous AS,
dense AS, 800, 1250, and 1450 samples are 4, 5, 6, 6, and
8 lm, respectively. (The average pore size measured is
3 (�3) lm, with many larger pores existing in the network.)
The variations in the GSDs and grain sizes indicate the fol-
lowing: (1) thermal coarsening is active in the dense samples,
although not extensive over the time scales investigated here,
in all the annealing conditions, including the thermal condi-
tions of SOFC operation; and (2) the types and quantities of
pores introduced here had no obvious effect on the GSD of
the AS sample.

(2) Interface Plane Distributions
To determine the relative anisotropy in these LSM-8020
ceramics, GBPDs of all dense LSM samples were calculated.
The GBPDs are shown in Fig. 3 and exhibit a range in the
relative areas between 0.87 and 1.16 MRD. This narrow
range is indicative of extremely weak anisotropy, similar to
YSZ,23 especially by comparison to fcc metals38 or other
ceramics.26,32,34,39 Although the distributions are nearly iso-
tropic, which would exhibit all orientations at an MRD value
of 1, there is a weak increased (decreased) frequency of
{001} ({111}) planes in all samples. When the maxima and
minima of the distributions from different samples differ by
less than 10%, they are considered to be indistinguishable. In
other words, all samples could be considered identical to one
another, indicating the GBPD had already reached steady
state during the 4-h sintering period. The small increases in
grain sizes do not result in a significant change in the
GBPDs, as expected. These results indicate that LSM has
almost isotropic GBPDs, which likely reflects nearly isotropic
GBEDs, and that microstructural evolution in the dense
compacts is driven largely by grain-boundary curvature and
reduction in total area, as used in the recent SOFC evolution
model.24

The GBPD of the porous AS sample is shown in Fig. 4(a).
The sample also exhibits weak anisotropy, with a range of
only 0.94–1.12 MRD, where {100} ({111}) planes occur most
(least) frequently. Overall, the GBPD is slightly more isotro-
pic as compared to the dense LSM sample. Because the aver-
age grain sizes and GSDs are similar between the porous and
dense AS samples, the GBPDs could be considered to have
reached steady state, so the slight narrowing likely indicates
the pores render the GBPDs to be slightly more isotropic.
What is interesting to notice is the PBPD [Fig. 4(b)] is oppo-
site in shape to the GBPD, with the slightly increased popu-
lation in one being the slightly decreased population in the

(a) (b)

Fig. 1. Inverse pole figure map of a representative region of the (a) dense 800 sample and (b) porous AS sample. The data are cleaned and
partitioned data with reconstructed boundaries. Note the different scales.

Fig. 2. Grain size distributions of all LSM samples: dense AS, 800,
1250, 1450, and porous AS.
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other distribution. Whether this relation reflects independent
energetic preferences or topological constraints on one distri-
bution from the other, it is difficult to ascertain from this
data because both distributions are nearly isotropic. How-
ever, these data clearly indicate that the crystallography of
LSM surfaces span all orientations with nearly equal fre-
quencies, even though the surface energy is anisotropic for
LSM.70,71

The observations given above indicate that LSM-8020: (1)
arrives at steady-state GBPDs during the initial sintering, (2)

experiences a slight increase in grain size during further ther-
mal treatments with little change in the shape of the GSDs,
and (3) the GBPDs are amongst the most isotropic observed
for polycrystalline systems.23,26,27,29,31–33,39,72,73 Interestingly,
the microporous network introduced here had a minimal
impact on those observations, and the PBPDs are also essen-
tially isotropic. These observations seem to imply that isotro-
pic coarsening models should work well for this system and
that the distributions should approach ideal behavior, and
do not imply that pores have a significant influence. That the
pores have an influence on the tails of the distribution was
evinced by analyzing the tails of the distributions, focusing
on how they deviate from log-normal behavior and how they
compare to conventional models of coarsening.

(3) Probability Plots and POT Analysis of Upper Tails
(A) Probability Plots: The probability plots (plotted

with R74 statistical package) obtained from the model distri-
butions are shown in Fig. 5. In probability plots, the x axis
represents sample quantiles and the y axis scales percentiles

(a) (b)

Fig. 4. Two-Dimensional grain-boundary plane distribution (a) and
pore boundary plane distribution (b) for the porous AS sample.
MRD: multiples of a random distribution.

(a) (b)

(c) (d)

Fig. 3. Two-Dimensional grain-boundary plane distributions of
dense LSM samples: (a) AS (b) 1450, (c) 800, and (d) 1250. MRD:
multiples of a random distribution.

(a)

(b)

(c)

Fig. 5. Probability plots of normalized grain sizes from analytical
grain growth models: (a) Hillert, (b) Potts, and (c) Mullins. The
points above the threshold for POT analysis are differentiated.
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of a theoretical distribution.51 The straight lines represent the
expectation for a log-normal distribution: any distribution
following log-normal behavior would superimpose on a
straight line. The two shades (dark/light) in each probability
plot indicate the values on different sides of the threshold
value (above/below) determined in the POT analysis (dis-
cussed in the next section). Hillert’s model has a cutoff of
approximately two for normalized grain size (i.e., the largest
normalized grain size is approximately twice the average
size). On the probability plot, the Hillert distribution
[Fig. 5(a)] deviates strongly from the log-normal distribution.
For the 2D Potts (Monte-Carlo) model distributions
[Fig. 5(b)], the deviation is less severe than the Hillert distri-
bution, and the Mullins’ distribution [Fig. 5(c)] exhibits the
least severe deviation from the log-normal distribution. Both
the Potts and Mullins distributions have infinite tails, that is,
the largest normalized grain size could be infinite. Neverthe-
less, all have fewer large grains than expected from the
log-normal distribution.

Figure 6 shows the probability plots for the five experi-
mental datasets from LSM. The full distributions (again
using two shades for each distribution) are shown in
Fig. 6(a) for the dense AS, the 1250, and the porous AS sam-
ples. The upper tails (above the threshold) are shown in
Fig. 6(b) for all the dense LSM samples, as well as for the
Potts and Mullins models. Analysis of the upper tails reveals
differences in grain growth at the various conditions of sin-
tering and subsequent annealing, which are not evident from
the histograms in Figs. 2 and 4. A negative tail departure
from log-normal distribution is observed for the four dense
LSM datasets, which are clustered together [Fig. 6(b)],
whereas a positive tail departure is observed for the porous
AS sample [Fig. 6(a)]. The negative tail departures indicate
lower frequencies of large grains in the microstructure, which
follows the trend observed for normal grain growth. In fact,

the experimental distributions are quite similar to the Mullins
distribution [see Fig. 6(b)]. This corresponds well to expecta-
tions of nearly isotropic, dense materials observed in the
equiaxed microstructures, GSDs, and GBPDs.

From this same point of view, the positive tail departure
in the porous AS sample is surprising, as the earlier micro-
structural parameters were similar to those of the dense sys-
tem. The positive tail departure indicates there are more
large grains than expected in the log-normal distribution,
and is consistent with the initial stages of abnormal grain
growth where a small population of large grains grow faster
than the rest of the distribution. Grain growth leading to
abnormally large grains has been explained based on aniso-
tropic natures of surface energies, grain-boundary energies,
and grain-boundary mobilities.41,42 Interestingly, neither the
isotropic nature of the GBPDs or PBPDs, nor the otherwise
equiaxed microstructures implicate energy anisotropies as the
likely cause of the positive tail departure. It is reasonable
that grain-boundary mobilities differ between the two sys-
tems, as pores40 and neck regions [see Ref. (44) and refer-
ences therein] are known to affect boundary mobilities.
Moreover, in ceramics with residual porosity, boundary
depinning from pores is often a hallmark of abnormal grain
growth [see Ref. (44) and references therein]. Brook40

described grain growth in porous microstructures analyti-
cally, demonstrating that normal grain growth regularly
changes to abnormal grain growth with the increase in grain
size due to the pore-grain-boundary separation. The positive
tail departure of the porous AS sample can be explained
based on similar arguments. The larger grains in the tails of
the porous structure indicate that, even in these almost iso-
tropic systems (as indicated by the average GSD and the
boundary distributions), heterogeneities exist that may
impact performance or degradation, as the microstructure
was shown above to slowly evolve even at the operation con-
ditions.

(B) POT Analysis of Upper Tails: To quantify the
differences in the upper tails, the POT analysis was used. The
distribution function used for POT analysis is summarized as
follows. The Generalized Extreme Value distribution75 only
provides information about the maximum variables. How-
ever, analysis of the whole range of values that constitute a
distribution tail is preferred in reality.50 To investigate the
range of extreme values, a threshold (l) was chosen above
which variables can be considered as extreme values. The
Pickands theorem75 showed that the limiting distribution of
normalized excesses of a l is the Generalized Pareto Distri-
bution (GPD). The three-parameter representation of the
GPD is expressed with the following cdf:

GðxÞ ¼ 1� ð1þ n
x� l
r

Þ�1
n (1)

where l, ξ, and r are the location, shape, and scale parame-
ters, respectively.

The threshold is equivalent to the location parameter of
the GPD. A reasonable threshold selection is necessary for
values in the tail to be well fit by the GPD. The POT pack-
age permits generation of several plots to choose the thresh-
old value for each dataset. As in recent work, threshold
choice plots and mean residual life plots were used to deter-
mine threshold values (l) above which the modified scale (r)
and shape (ξ) parameters remain constant. The scale parame-
ter reflects the spread of a probability distribution: a larger
scale parameter will spread the entire probability density dis-
tribution. A negative shape parameter represents finite tail
behavior, that is, fewer large grains. A positive shape param-
eter represents polynomial tail behavior, that is, more large
grains. A shape parameter equal to zero corresponds to
exponential tail behavior, which is expected in the log-normal
distribution.50

(a)

(b)

Fig. 6. Probability plots of normalized grain sizes from
experimental LSM samples. (a) Full distributions for the dense AS,
1250, and porous AS, with the points above the threshold for POT
analysis differentiated. (b) Upper tail of distributions (points above
the threshold for POT analysis) for Potts and Mullins models, as
well as all dense LSM samples.
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(C) POT Observations: The POT analysis results are
presented in Table I. For POT analysis, each LSM sample
dataset was divided into eight subsets to estimate the confi-
dence level of the calculated parameters. The AS porous
LSM sample has a positive shape parameter, which indi-
cates that it has a longer tail as compared to log-normal
distribution (as observed in Fig. 6). All dense LSM GSDs
have negative shape parameters. Moreover, it is observed
that the shape parameter values became slightly less nega-
tive with increasing annealing temperatures, from 800°C to
1450°C. The lengths of the upper tails for the dense
LSM samples increased slightly with increasing annealing
temperature.

To put these results in perspective, we can compare the
experimental distributions to the theoretical ones. As men-
tioned above, the Hillert distribution is based on classical
coarsening theory and exhibits the most negative shape
parameter (corresponding to the shortest upper tail) among
all GSDs; this corresponds to the hard cut-off of value of
two for the normalized grain size. It also exhibited the lowest
threshold. The Mullins distribution was designed to be closer
to the experimental data available at the time, which did not
show such a maximum grain size. Accordingly, it is reason-
able that it and the Potts model have similar shape and scale
parameters, and exhibited longer tails than exhibited by the
Hillert distribution, but the Mullins and Potts model differ in
their threshold value. All the LSM GSDs show longer tails
than either the Hillert (theoretical) distribution, or the
(numerical) Potts model, which indicates that none of the
experimental systems are behaving in an ideal fashion. How-
ever, all the dense LSM distributions lie close to the Mullins
distribution, which represents an empirically based choice
from among the range of theoretically possible distributions.
The main advantage of the POT analysis is the ability to
quantify such differences as a complement to the visualiza-
tion in the probability plots. Essentially, the Mullins distribu-
tion accurately captures the mean and upper tails in the
dense samples, whereas the upper tails in the porous sample
exhibit a low threshold value and large positive shape param-
eter, which is similar to what might be expected during the
early stages of abnormal grain growth. The effect of pinning
particles has already been observed to cause a deviation in
the GSD upper tail from highly curved to straight, as
observed on probability plots.50,76 The possible presence of
abnormal grain growth could be explained based on the
effect of pore boundary migration during microstructure evo-
lution. This observation is interesting because it indicates the
microscale pores in the microstructure of SOFCs perturb the
tails of distributions (heterogeneities) that may evolve under
operating conditions and may impact performance of SOFC
electrodes.

IV. Conclusions

The crystallographic features of grain boundaries (GBCDs)
and the grain size distributions were quantitatively character-
ized for LSM using EBSD data. The samples: (1) arrive at
their steady state profiles for GBPDs and MADs during the
initial sintering, (2) experience a slight increase in grain size
during further thermal treatments, but exhibit little change in
the normalized GSDs, (3) are among the most isotropic
GBPDs observed for polycrystalline systems, and (4) exhibit
a slightly increased (decreased) preference for {001} for the
GBPDs (PBPDs). Log-normal probability plots of dense
LSM show similar upper tail departures from log-normality,
which are quite similar to the Mullin’s distribution and
which indicate there is nearly normal grain growth. The posi-
tive shape parameter for as-sintered porous LSM indicates a
maximum frequency of large grains, as compared to all grain
size distributions in this investigation, which could be
explained based on the pore boundary migration being
important during microstructure evolution.
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