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Characterization of Complex Thermal
Barrier Deposits Pore Microstructures
by a Combination of Imaging, Scattering,
and Intrusion Techniques
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Complexity, wide size ranges, and anisotropy are attributes that can describe porous microstructures of
thermally sprayed deposits, which present especially difficult challenges for characterization techniques.
A number of different methods have been utilized and found to be useful while having significant
limitations. Therefore, scientists and engineers need to understand the advantages, limitations, and
disadvantages of each technique. This very short review attempts to present a wide range of charac-
terization tools—from frequently employed optical and scanning electron imaging techniques, through
intrusion porosimetry, to lesser-used x-ray and neutron imaging and scattering techniques. It will be
shown that no technique in itself is sufficient and that a properly selected combination of techniques is
necessary to get a sufficiently complex characterization method. A really powerful and capable char-
acterization protocol may need to combine fast and accessible (‘‘in-house”) tools with sparingly applied
advanced scattering and imaging techniques. Such a combination of techniques can then be utilized to
research the processing-microstructure-properties relationships as well as to provide sufficient data for

development of successful models.

Keywords imaging techniques, intrusion porosimetry,
microstructure characterization, porosity, small-
angle scattering

1. Introduction

Thermal barrier deposits (TBCs) for high-heat-load
engines such as aircraft or land-based turbines (Ref 1) are
usually either thermally sprayed (TS) or electron-beam
physically vapor deposited (EBPVD) (Ref 2, 3). They
commonly contain porosity-a term for voids in the mate-
rial-either unwanted, as a result of an imperfect manu-
facturing process, or desired, i.e., functional, possibly
painstakingly designed (Ref 4). The void system design
has a potential to be the path to improve engineering
properties of current and future materials, e.g., reduced
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weight, increased life, and improved efficiency and safety.
Multiple functions of the voids need to be balanced,
e.g., reduction of the thermal conductivity of the material
and increased compliance of the material to stresses
caused by in-service thermal expansion and contraction
during thermal cycles and other stress-generating pro-
cesses (Ref 5). As the operating temperatures of the tur-
bines are increasing to improve the efficiency, combustion
chamber temperatures increase, and improved materials
are needed (Ref 6). By mid-1990s, the limits of metallic
materials had been reached (Fig. 1), but application of
TBCs (Fig. 2) allowed operating temperatures to increase
to today’s nearly 1300 °C. Commonly used ceramic yttria-
stabilized zirconia (Zr,O5+about 8% Y,O; by mass)
TBCs protect the underlying metal against the high com-
bustion temperatures. Furthermore, they can provide
some improved level of corrosion protection.

Ceramic TBCs are complicated engineering material
systems manufactured by a number of competing tech-
nologies (Ref 6-9). Each method produces very different
coating microstructures (Ref 10). And since they all are
versatile processes (Ref 11, 12), materials engineers do
have a lot of flexibility in designing the microstructure that
best fit a particular application.

2. Porosity Characterization

The optimization of a material for any specific appli-
cation includes a number of steps, such as understanding
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Fig. 2 Structure of typical EBPVD TBC system in gas turbine
engines (Ref 3). Blue curve indicates in-service temperature

the operational environment, the materials requirements,
and materials availability and performance. In the design
of a porous microstructure for a specific application, the
underlying assumption is that we can

1. characterize the microstructure/porosity,
control and modify the porous microstructure, and

3. understand the relationship between the microstruc-
ture and engineering properties.

The first item on this list is the target of this review; the
second item is a subject that, with varying levels of com-
plexity, has been studied and is discussed in references
listed here. Several examples of reviews of porosity rela-
tionships with engineering properties, such as elastic
properties (Ref 13, 14) or thermal conductivity (Ref 15,
16), can be found.

The pore characterization may be challenging (Ref 17)
and, for many techniques, problematic to address as the
pores may exhibit some or all of the following specific
characteristics:

1. wide size range—generally in the range of 1 nm to
over 10 um
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pore system anisotropy
complex or limited pore connectivity
complicated pore shapes

RANE SIS

opaque to visible light

2.1 Porosity Descriptors

One of the important questions is: What description of
the pore microstructure is appropriate and sufficient for
the needs of engineers and scientists? Following are
some potential candidates that are or usually should be
considered.

® Porosity (pore volume) as a fraction of the overall
sample volume is the most commonly used descriptor
of the pore microstructure.

® Pore size distribution. Large pores or small pores?
Which are better? That depends on the applications
and material. Most manufacturing processes result in
a wide range of void sizes rather than a single size.
Establishing the extent of sizes and distribution of
pores can be of major importance in understanding a
material’s properties.

® Pore shapes. Often the pores in the material are
modeled as spherical voids, nicely separated from
each other. Unfortunately, this simple model, for
the majority of engineering materials, is simply
wrong. For more complicated pore microstructures,
one can imagine pores that are better approximated
by other geometrical shapes, such as ellipsoids or
platelets.

® Pore connectivity. Are the pores connected or iso-
lated? What fraction of pores can be accessed from
the surface?

® Pore surface area. Surface area of pores—expressed as
specific surface area per volume of weight or volume
of sample.

® Pore anisotropy. The anisotropy of the void system
can be of major importance especially for highly
anisotropic microstructures.

3. Techniques

The following is a simplified grouping of the techniques
reviewed here:

e 2D imaging techniques using visible light or other
probes (e.g., electron beams) combined with stereol-
ogy methods.

e 2D imaging-based tomography using a series of 2D
images of opaque samples to reconstruct the 3D
structure of materials.

e Intrusion techniques by filling the voids within the
sample with filler material.
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e 3D imaging techniques and tomography methods
using a probe that penetrates the sample volume—
like x-rays or neutrons—to create an image based on
absorption or phase contrast.

e Small-angle scattering (SAS) techniques using scat-
tering of x-rays or neutrons while passing through the
sample.

In general, there is no ideal single technique that one
could choose to get the necessary descriptors of the pore
system. Each of these techniques has advantages and
disadvantages (Ref 18, 19). Selection of an optimal tech-
nique, or set of techniques, is contingent upon an under-
standing of the limitations and capabilities of each.

3.1 2D Imaging Techniques and Stereology

Two-dimensional imaging techniques are the most
common methods used to study the structure of materials.
They share the same strategy—selected representative
surface of an opaque sample is imaged by a suitable
method. This image is then processed (manually or with
the help of computers) to extract information about the
internal structure. An informal review of selected publi-
cations in the thermal spray field (using proceedings of the
International Thermal Spray Conference) shows that
about 90% of publications that deal with the microstruc-
ture of the materials include optical or some other type of
microscopy.

In these methods, the preparation of the representative
sample surfaces is probably the critical factor influencing
results of the study. The two major types of surfaces
studied are fracture surfaces and polished cross sections,
and accepted practice methods were developed for sample
preparation (Ref 20-22).

Many types of 2D imaging instruments are available—
from optical microscopes (OM), scanning electron micro-
scopes (SEM), and transmission electron microscopes
(TEM) to atomic force microscopy (AFM) and other tools.
All of these techniques result in a 2D representation of the
surface of the sample with some contrast mechanism,
which can be color, surface profile, chemical composition,
etc. These images are then processed and microstructure
descriptors are obtained by stereology methods (Ref 23-26).
Even with an ideally prepared sample surface, stereology is
limited by the resolution limit of the techniques used for
imaging and the fact that only 2D information is available
(Ref 27, 28). An understanding of meaningful resolution
limit is very important for the study of microstructures with
wide ranges of void sizes. Limited improvement can be
obtained, for example, by increasing the number of images
collected on a sample (Ref 29).

Measurement of pore anisotropy in the most general
case is challenging. Fortunately, many of the coating
microstructures exhibit one isotropic direction (Ref 30). If
this isotropic direction is known, even anisotropic micro-
structures can be characterized reasonably well by study-
ing the cross sections in the plane parallel to the isotropic
direction (Ref 31, 32).
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3.2 2D Imaging-Based 3D Tomography

Recently, real 3D reconstructions using multiple 2D
images became common. These 3D reconstructions can be
achieved through various methods—mechanical layer
removal combined with optical microscopy (Fig. 3)
(Ref 29, 33) or focus-ion-beam milling combined with
SEM (Fig. 4) (Ref 34). These methods can be time con-
suming but yield the real 3D microstructure of the mate-
rial using commonly available tools.

3.3 Intrusion Porosimetry

Intrusion porosimetry techniques fill the voids in the
material with selected probe material: either gas (typically
helium or nitrogen) or a liquid (mercury or water). The
volume of probe material is measured, potentially as a

Fig. 3 3D reconstruction of thermally sprayed steel coating.
Metal is white, oxides are gray, and pores are black (Ref 33)

3 4 5 6
X (um)
Fig. 4 3D reconstruction of YSZ anode of solid-oxide fuel cell
system. This 3D map of materials now can be processed to obtain

3D distribution of important features (like triple phase bound-
aries) (Ref 34)
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function of filling pressure. Characteristics of the void
system are deduced from the pressure dependence based
on the model (Ref 35). For complex TBC microstructures,
intrusion porosimetry can be a very useful technique for
measuring total porosity volume in samples, which can be
obtained in sufficient amounts and are not reactive with
mercury or the intruding medium. The pore size and
specific surface area distributions from intrusion porosi-
metry are due to model assumptions not reality, and there
is, basically, no way to address the voids’ anisotropy. Also,
different populations of voids present in a sample can be
distinguished only if they differ significantly in size.

3.4 X-Ray and Neutron Techniques

An increasing availability of high-flux (synchrotron)
x-ray sources, high-performance desktop x-ray instru-
ments, and reactors and spallation sources for neutrons
has enabled development of techniques for microstruc-
ture characterization of materials using these probes.
These techniques can be broadly divided in two basic
categories—imaging and scattering techniques. In both of
these categories, the beam of x-ray or neutron radiation
is passed through the sample while being subjected to
both absorption (or phase shift) and scattering.

Absorption—or sometimes phase contrast—is utilized
by imaging techniques. The beam is passed through the
sample, and the beam modified by absorption and/or
phase contrast is captured on a point (0D), line (1D), or
area (2D) detector with or without x-ray magnification. In
tomography, a series of images (usually using absorption
contrast) is reconstructed using computer programs to
create a 3D volumetric map of density inside the sample
(Ref 36).

In scattering techniques, the beam passes through the
sample and scatters on the interfaces within the sample.
The scattered intensity is measured as a function of scat-
tering angle and is used to provide information about the
microstructure. Since the scattering provides information
in the Fourier space, reconstruction of the microstructure
from scattering data usually requires a model approach.
Some information, however, can be obtained without
models.

X-ray and neutron techniques share common features
of importance for porosity measurements of complex
materials:

e Voids do not have to be accessible from the outside of
the sample (i.e., opened) to be measured.

e Materials and radiation selection is important, as
absorption and scattering properties vary for different
materials and radiation types.

3.4.1 Small-Angle Scattering Techniques. A wide
range of techniques was developed for materials charac-
terization using small-angle scattering (SAS), varying in
instrumentation and/or methods used. Most common
small-angle x-ray scattering (SAXS) and small-angle
neutron scattering (SANS) techniques probe microstructural
features in sizes from about 1 nm up to approximately
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100 nm (Ref 37). Ultra small-angle x-ray scattering
(USAXS) and neutron scattering (USANS) techniques
and instrumentations were developed, which extend this
range up to 10 pm (Ref 38).

Small-angle scattering is caused by differences in x-ray
or neutron contrasts within the sample—in the case of
voids, between the solid phases and air. The x-ray contrast
is proportional to the density of the electrons in the
material, which, with reasonable precision, is related to
the material density (Ref 39).

3.4.2 Anisotropic Small-Angle Scattering (Dilute
Limit). For material systems that can be approximated
as a population of spheroidal shape scatterers, an analytic
formula has been developed (Ref 40). A microstructural
model, based on this formula, composed of up to six
populations was used (Ref 41). Here, the microstructure
of the plasma-sprayed thermal barrier deposits was
considered to contain three populations of voids—
interlamellar pores of aspect ratio 0.2, intralamellar cracks
of aspect ratio 0.1, and spherical voids, based on SEM
images (Fig. 5). By using this model and data from a
USAXS instrument, quantitative volumes for the different
populations of voids were obtained.

The complex microstructure of EBPVD coatings was
quantitatively characterized by Flores-Renteria et al.
(Ref 1, 42, 43) and Dobbins et al. (Ref 44). In both of
these cases, the USAXS instrument was used to collect
data in specially prepared samples in cross section. Using a
model described in Ref 41, these authors were able to take
advantage of the different anisotropies, shapes, and sizes
of the void populations (Fig. 6) and obtain full charac-
terization of this complex void system, i.e., they were
able to assign (model based) opening dimensions, shapes,
anisotropies, and volumes to each of the populations of
voids. The coatings were studied both as-deposited and
annealed, simulating in-service conditions. The thermal
conductivity of these microstructures, as predicted by

WD= 8mm Zpm
Mag= 1000KX F—]

Fie Hame = 01102004-066.5f  STEQINY Signal A= RESD Date :10 Jan 2004
BR&WIK exT=1500Ky Teme 170806

Fig. 5 Microstructure with selected examples of model shapes
next to voids. The ellipses represent cross-section profiles of the
model spherical voids or oblate ellipsoidal voids with aspect ratio
1/10 (Ref 41)
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Fig. 6 SEM micrograph (a) of as-deposited EB-PVD manufactured YSZ TBC coatings. Schematics of model assumptions (b) for
USAXS data analysis. The microstructure model in this case contained four populations: intercolumnar gaps coarse and fine and feather-

like pores coarse and fine (Ref 1)

semi-empirical approximation (Ref 45), was calculated
and found to be in good agreement with the results of
measurements.

3.4.3 Anisotropic Porod Scattering. Anisotropic Porod
scattering has proven to be a particularly useful tool for
discerning changes of the smallest void systems, which
usually cannot be characterized by other techniques. The
characterization is based on both the absolute value of
specific surface area as well as changes in the measured
anisotropy, as deduced from the anisotropy of the appar-
ent Porod surface distribution (Fig. 7). The first studies
using this technique concentrated on microstructure vari-
ations, due to feedstock characteristics (Ref 32, 46) (e.g.,
chemistry, manufacturing method, feedstock size), and
simulated in-service conditions of thermal barrier coatings
(see Fig. 8) (Ref 47). For example, a detailed analysis of
spray angle effects on the coating microstructure has
been studied by Ilavsky et al. (Ref 48). The two main

182—Volume 19(1-2) January 2010

anisotropic void systems—interlamellar pores and
intralamellar cracks—were found to behave differently
with deviation of spray angle from the normal direction.
The interlamellar pores stayed preferentially parallel with
the substrate, whereas the intralamellar crack system til-
ted partially as the spray angle changed (Fig. 9). Using
mercury intrusion porosimetry, authors observed a near
tripling of the porosity with a decrease of the spray angle
to 30°. The effect of the spray angle on mechanical
properties was later studied (Ref 49).

In later experiments, the open pores in the plasma-
sprayed alumina deposits were filled (using vacuum
impregnation) with a mixture of H,O and D,O (Ref 50)
with composition tailored to contrast match the alumina
for neutrons. Then the measured data were only from
voids that were closed under these conditions. In combi-
nation with mercury and water intrusion techniques, this
work concluded that while most of the pore volume is in
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large and open voids, more than 60% of the total specific
surface area of voids is actually in the closed pores, which
could not be intruded.

Using this method, it is possible to independently
characterize the major anisotropic void systems in the
coatings and study their changes with spray conditions or
postprocessing (Ref 46, 51). An in situ SANS experiment
(Ref 52) with YSZ TBC materials quantified the micro-
structural changes as the temperature was increasing at a
rate of 50 °C per hour from 600 to 1400 °C. The two main
anisotropic void systems were quantified (Fig. 10). By the
time the sample reached about 1000 °C, the total pore-
specific surface area was reduced by about 1/3 due to

N
l\l\\\\\\i

r i s rd
Substrate

Fig. 7 Measured 3D anisotropy of the apparent Porod-specific
surface for plasma-sprayed YSZ. Drawing indicates orientation
of the deposits with respect to the orientation of the axis (Ref 30)

_<

sintering, and virtually all of these losses occurred in the
fine crack system, which basically disappeared. Above
1000 °C, the sintering continued, resulting in reduction of
the interlamellar pores.

3.4.4 Multiple Small-Angle Scattering (MSAS). In
many engineering materials (e.g., ceramics, coatings), SAS
is frequently dominated by a “multiple scattering” situa-
tion when the probability of the scattering of each photon
or neutron is higher than one as it passes through the
sample. For anisotropic engineering materials, the theory
of multiple scattering was developed (Ref 53) and applied
to study TBC systems (Ref 54, 55). Typically, the micro-
structure was modeled as a three-component system with
a population of interlamellar pores, intralamellar cracks,
and spherical pores (Ref 40).

This technique was extensively applied to studies of the
influence of feedstock, spray conditions, and postprocess-
ing (annealing) on ceramic coatings (Ref 52) or metal-
lic coatings (Ref 56-58). The results were combined
with other porosity characterization methods to provide
a broader picture of the microstructure (Ref 59-61).
Figure 11 shows an example of the unique results one can
obtain by applying the MSAS technique to an appropriate
problem. In this case, microstructural changes related to
annealing at various temperatures were studied, and the
application of MSAS combined with other techniques
enabled independent characterization of the components
in the microstructure (Ref 40).

3.5 3D Imaging Techniques (Tomography)

3.5.1 X-Ray Microtomography. X-ray microtomogra-
phy in materials science is well documented in its ‘“‘non-
magnified”” variation, when no magnification of x-rays is
performed (Ref 36). Due to the limitations of x-ray
detectors, the resolution limit is about 1 pum. Unless a
major breakthrough in detection is achieved, it will not
significantly improve. During measurement, the x-ray
beam passes through the sample and multiple images are

Fig. 8 Change in apparent Porod anisotropy during simulated in-service conditions. As deposited (left) and after 1200 °C for 1 h
annealing (right) (Ref 47). Change in anisotropy indicates preferential sintering of crack void system
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Fig. 9 Apparent Porod surface-area distribution for samples sprayed at a spray angle 90° (left) and 50° (right). The 50° results can be
decomposed into interlamellar pore system, which does not change with spray angle (is parallel with substrate), and crack system, which

orientation follows the spray angle (Ref 48)
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Fig. 10 Quantitative changes of specific Porod surface areas in
thermally sprayed YSZ during annealing. Open triangles: total
pore specific surface area; closed squares: interlamellar pores’
specific surface area; and open circles: cracks’ specific surface
area (Ref 81)

recorded as the sample is rotated. These are processed
using various algorithms to obtain a 3D density map dis-
tribution (Ref 62). Neutrons can be also used for tomog-
raphy (Ref 63), though with limited resolution. Advances
in neutron sources (e.g., Spallation Neutron Source
(Ref 64)) and detection techniques may make this tech-
nique feasible in the future.

3.5.2 Magnified Tomography. Magnified tomography
techniques use magnification of the x-ray beam after it
passes through the sample and before conversion to visible
light. The resolution is then given by a combination of the
detector resolution and overall magnification of the x-ray
image, resulting in potentially 30 nm or better resolution.
Magnification by asymmetric Bragg reflection (Ref 65-67)
improves the resolution to about 100 nm but with a large
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Fig. 11 Multiple small-angle scattering-derived total and com-
ponent void porosities vs. 1 h annealing temperature for plasma-
sprayed YSZ thermal barrier coatings (Ref 40)

and well-illuminated field of view. Further improvements
in spatial resolution of x-ray tomography were lately
enabled by developments in optical elements for hard
x-rays that perform similar to lenses for visible light and
make x-ray microscopes possible. These instruments are
just becoming available for application on complex engi-
neering materials.

3.6 Combination of Techniques

Kulkarni et al. published a number of studies on ther-
mally sprayed and EBPVD TBC materials in which they
combined many techniques, including SAS techniques and
nonmagnified tomography (Ref 61, 68-73). The 2006 paper
on EBPVD deposits (Ref 68) combines SANS (Porod
surface anisotropy and multiple SANS (MSANS) tech-
niques), SAXS, and tomography to document how full
quantitative characterization of this complex microstructure,
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including anisotropy and variation through thickness,
can be obtained. Previously (Ref 61, 69), authors
addressed similar plasma-sprayed TBC or high-velocity
oxygen fuel-sprayed (Ref 60) deposits. By combining
SANS and imaging techniques with intrusion and SEM/
OM imaging, they were able to relate the microstructure
parameters to measured engineering properties such as
thermal conductivity or elastic modulus. They have shown
that, in general, very good agreement can be obtained
between measured and calculated properties if the
microstructure description is sufficiently detailed and
complex.

Studies have compared the widely available imaging
techniques with SAS (Ref 30) or SAS and tomography
(Ref 74) to document the limits of applicability of the
imaging techniques. In summary, properly implemented
imaging techniques, when combined with proper sample
preparation, were confirmed (within resolution limits) to
be quite suitable to address specific aspects of the micro-
structure, such as anisotropy. The imaging results may not
be reliably quantitative though, due to resolution limits
and other issues. Where the imaging techniques excel is in
comparison of large numbers of samples and identification
of differences between them.

4. Other Types of Coatings

This review concentrates on thermal barrier coating
microstructures, with additional examples from other
areas of complex engineering materials, such as solid-
oxide fuel cells. A large number of the publications have
been in this area, but there are many more materials with
complex voids microstructures, both thermal sprayed and
manufactured by other methods. All the issues discussed
here are fully applicable to other microstructures, with the
specifics of those microstructures. Two examples of such
microstructures are discussed below, though with fewer
references, as some of these results are based on ongoing
current research that has not been published yet.

Suspension plasma spray (SPS) and solution precursor
plasma spray (SPPS) coatings (Ref 75, 76) are two micro-
structures with promising futures. In preliminary experi-
ments on these materials, we have observed unique
microstructural features that pose specific challenges.
These coatings are formed by submicron-sized particles,
and the voids are similarly small. Therefore, these micro-
structures are really challenging for most imaging tech-
niques. These materials can be manufactured in a wide
range of porosity volumes, specific surface areas, and
thicknesses. Polishing of high-porosity samples can be a
major source of errors and uncertainties for imaging
techniques. Intrusion porosimetry is a very valuable
technique for samples with sufficient overall volume,
but may be of limited value for thin and small-volume
samples.

Preliminary results using various SAS techniques were
obtained on two very different types of coatings—high-
porosity coatings for potential application as thermal
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barrier coatings (Ref 77) and low-porosity thin layers for
solid-oxide fuel cell structures. These materials were
found to exhibit practically isotropic microstructures, as
observed using anisotropic Porod scattering. Using dilute
limit SAS, applicable in at least in some cases, we
observed void structures, which were clearly limited to
sizes less than 1 pm. Future research should provide more
insight into these materials, but these preliminary results
show that these materials will be challenging the resolu-
tion limits of most imaging techniques.

Vacuum plasma-sprayed (VPS) (Ref 78) and high-
velocity oxy fuel (HVOF) (Ref 12)-sprayed coatings are
two other challenging types of microstructures. They are
often low-porosity materials (below 2%) and are often
made from metals or ceramic-metal composites. The
limitations faced by various techniques are, again, related
to the specifics of these microstructures. For example, for
intrusion porosimetry, the level of connectivity among the
low volume of voids should not be anticipated; this can
result in an underestimation of the real porosity. Also,
some metals have potential for reacting with mercury.
Polishing of metallic coatings also can be challenging due
to metallic material smearing (Ref 79), which would also
reduce the amount of porosity observed. Small-angle
scattering and tomography are good techniques, yet there
may be issues with small-angle neutron scattering on
magnetic materials. For x-rays, there are issues with high
absorption of higher density metals, which can result in
the need for very thin samples. Limited research on using
a combination of small-angle techniques, imaging, and
intrusion techniques is available in the literature (Ref 80).

5. Conclusions

A number of methods suitable for pore microstructure
characterization of thermally sprayed deposits and other
complex engineering materials are available, each with
specific limitations, see Table 1. Generally, no single
technique is sufficient alone, and a combination of tech-
niques may need to be applied depending on the
descriptor or descriptors needed, see Table 2. It should be
recognized that the most effective approach is to properly
select one or few methods after careful consideration of
the needs of a given problem. While tomography or SAS
techniques may not be readily accessible or may require a
long lead time before an experiment can be performed,
they should become a part of one’s generally used tech-
nique portfolio. An optimized approach to microstructure
characterization may be to combine various techniques
together, similar to the following:

1. Use imaging and intrusion techniques to identify the
range of microstructures to be studied, finding both
the representative and outlying samples.

2. Perform a combination of experiments (SAS or tomo-
graphy) to characterize a limited number of micro-
structures to obtain a model and understand the
important microstructural features.
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Table 2 Selected descriptors of void structure and appropriate choices of characterization tools

Void system descriptor Most appropriate techniques Other good choices Comment
Porosity (volume) Intrusion porosimetry Many other techniques Limitations of techniques vary
Size distribution Tomography, small-angle scattering 2D imaging, intrusion porosimetry Size range for techniques varies
Shapes Tomography 2D imaging
Connectivity Tomography Intrusion technique Size range for tomography
Specific surface area Small-angle scattering, Tomography Intrusion is model based,

intrusion porosimetry
Anisotropy Tomography

2D imaging, small-angle scattering

limited size range for tomography

3. Perform analyses using various modeling methods to
identify the microstructural features that are influen-
tial in the experiment, and are therefore necessary to
quantify, in order to develop a process or understand
the properties. Specifically, it is important to properly
judge the size range of the pores of interest, their
morphology, and accessibility.

4. Select the most effective characterization method for
characterization of the whole experimental sample set.
The analysis method for these measurements can be
guided by the model available from step 2 above.

By using this approach, reliable and robust micro-
structure data will be used, and the experiment will be
effective.
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