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Abstract

Complementary to Part 1 of this work, the bi-continuous microstructure of porous synthetic cordierite ceramics
for filtration applications was investigated using 3D x-ray computed tomography at different resolutions. Applying
both Fast Fourier Transform and a newly developed image analysis algorithm, we quantitatively evaluated porosity
and pore orientation. The statistical approach allows extraction of spatially resolved or average values. Porosity values
based on x-ray absorption agree with mercury intrusion measurements, while pore orientation factors agree with x-
ray refraction data (Part 1 of this work), and with published crystallographic texture data.
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I. Introduction

Porous synthetic cordierite has been successfully used as
filtration material for over 20 years. Its major applications
are discussed in several works 1 2. Besides depending on
the filter cell geometry, both the filtration performance
and the mechanical properties of these materials strongly
depend on their microstructure 3. Particularly important
are four factors: i) microcracking % 5; 77) porosity 3 6; i)
crystallographic and 7v) morphological texture (i.e. grain
size and orientation) ”.

Asmentioned inPart 1 of this work 8, and in 59, although
texture factors of extruded monoliths are weak compared
with metals, the preferential grain orientation is suffi-
cient to bring about very low axial thermal expansion, and
consequently high thermal shock resistance 10 11. Microc-
racking strongly influences the thermo-mechanical prop-
erties (thermal expansion and conductivity, Young’s mod-
ulus, strength, fracture toughness) 4 12,13,14 analogous-
ly to other similar ceramics (aluminum titanate 15, 16, -
eucryptite 7). As described in pioneering papers 18,19, 20,
the grain (or domain) size determines the onset of microc-
racking.

In general, porosity and pore morphology directly deter-
mine the effective mechanical properties of porous ceram-
ics 21, 22 These bi-continuous materials are no exception.
Furthermore, their filtration performance is also strongly
affected by the pore morphology. This fact has motivat-
ed us to quantitatively characterize the pore orientation
in a bi-continuous medium such as a DPF. In fact, it has
been shown that porosity alone, while easily experimen-
tally measureable by means of mercury intrusion or x-ray
absorption 8, is not sufficient for a thorough description
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of the material’s microstructure. Moreover, other infor-
mation is needed, e.g., on the pore shape and/or orienta-
tion, in order to evaluate the influence of the pore struc-
trure on the material’s properties. On top of this consid-
eration, intrusion techniques (mercury 23 24, gas and wa-
ter 25) assume cylindrical pore shapes. They can therefore
be used in relatively simple cases (see 26), but the assump-
tion of cylindrical pore shape is unacceptable in bi-con-
tinuous media with almost exclusively open porosity, and
even in simpler cases such as that of hollow spheres 27.
Therefore, imaging methods have been used. Several au-
thors have used SEM image analysis to determine poros-
ity in similar materials: Gordon ez 4l. ¢, Sandoval et al. 28,
Zivcova-Vickové er al. 29 have used binarization of 2D im-
ages and compared them with mercury intrusion to deter-
mine porosity. SEM images suffer from the classic limita-
tion of being two-dimensional: stereological corrections
(see e.g.27) cannot apply in the case of complex and ir-
regular pore morphologies. Furthermore, SEM Images of-
fer a limited field of view (FoV), whose statistical signifi-
cance can always be questioned. Neutron tomography 30
was applied to investigate entire DPFs 31,32, but with very
limited spatial resolution 33. This prevented detailed in-
vestigation of the pore structure. The use of 3D tomo-
grams 25,34 is obviously a modern way to tackle the prob-
lem. However, the decisive factor for success in the deter-
mination of pore orientation is the algorithmic approach
to guantitative microstructural determination. Both SEM
and tomography images are typically evaluated by fitting
known shapes (ellipsoids and spheres 3°) to the measured
microstructure, in order to extract morphological texture
(seefor example 36). A statistical analysis of CT data would
be much more powerful, as it would be free from unneces-
sary hypotheses. Indeed, this approach has been proposed
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by Zhao et al. 37 to calculate filter permeability. These au-
thors used skeletonization to calculate the permeability,
instead of solving the Navier-Stokes equation based on
FEM. In our context, more directed at the calculation of
thermal and mechanical properties, we focus on the eval-
uation of the pore orientation, which is an overall micro-
scopic property that directly influences thermal expansion
and Young’s modulus (see 4 38,39). We present simple sta-
tistical methods to analyze 3D CT data, and show that the
results of statistical calculations fully agree with data avail-
able in the public literature.

II. Materials and Experimental Methods

(1) Materials

Two commercial cordierite DPF ceramic honeycomb fil-
ter materials were used in this work. Small samples for x-
ray tomography experiments were extracted from larger
pieces (see Part 1 of this work). The honeycomb materials
were cordierite-based, produced by means of extrusion of
amixture of talc, kaolin, alumina, silica, and pore formers,
and firing at a temperature in excess of 1400 °C. For the
details of the sample characterization the reader is referred
to Part 1 of this work 8 and to previous works 4 40,41,42,
For convenience, some sample properties are given again:
sample S1 has a porosity of 62 % and median pore size of
10 um, while S2 exhibits 50 % porosity and 18 pm medi-
an pore size, as determined by means of mercury intru-
sion.

The high spatial resolution of modern computed tomog-
raphy in the range of (optical) microscopic imaging pro-
vides the opportunity of both: detailed 3D imaging and
nondestructive handling of the highly porous fragile ce-
ramics, free from preparation artifacts (e.g., by polishing
in the case of microscopy). Computed tomography was
therefore used at two different levels of resolution: pCT
on laboratory equipment, revealing details on the 10 um
scale, and synchrotron CT, in order to achieve higher spa-
tial resolution (about 0.4 um).

(2) u-Computed tomography

Laboratory p-CT experiments were performed on a
v|tome|x L 300/180 (GE Inc.) x-ray tomography system,
operated at U = 60 kV, 7 = 150 mA. The nanofocus tube
contains a tungsten transmission target with an actual focal
spot size below 2 pm (determined with JIMA test pattern
RTCO02). The sample was placed 17.5 mm downstream of
the source. With afocus-detector distance of 1000 mm, the
effective magnification on the 2000 x 2000 pixe]l DXR-250
detector (GE Inc.) amounts to 57.1, corresponding to an
effective pixel size of 7 pm. The sample projections were
taken at 1440 angular position, with increments of 0.25°,
and an exposure time of 3 seconds. In order to ensure the
projection of the entire sample, pieces of 2 x 2 cells were
cut out of the honeycomb assemblies (Fig. 1).

(3) Synchrotron radiation computed tomography
Synchrotron-CT measurements were performed at the
beamline BAM/ine 43, 44 at the synchrotron source BESSY

IT of the Helmholtz-Zentrum Berlin fir Materialien und
Energie (HZB), Berlin, Germany.
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Fig. 1: 3D rendered image of the laboratory uCT reconstruction of
sample S2.

An Optique Peter microscope was used in combination
witha CdWO scintillator, a 10-fold magnifying objective
and a pco.4000 CCD camera (4008 x 2672 pixels). The
resulting pixel size was 0.434 pm.

The beam energy was adjusted to 15 keV, in order
to achieve optimum contrast for the investigated pore
structures. The entrance slits were narrowed to the FoV
(1.7 x1.1 mm2) in order to avoid detector backlight-
ing 45 46,3200 single projections were collected in an an-
gular sector of 180° at 4 s exposure.

The small sample-detector distance of 15 mm ensured
a limited scattering range of refractive edge artifacts.
The resulting modulation of the attenuated intensity
was subjected to a “phase-retrieval” filter, applying the
ANKAphase algorithm 47, with a ¢/g ratio of 20 (¢ and 8
being the real and imaginary part of the x-ray refraction
index 7 =1- - 1f).

In order to avoid the sample size exceeding the FoV, small
splinters of less than 1.5 mm size were prepared from each
sample, containing just one crossing region and one pro-
truding wall (see Fig. 2).

III. Procedures for Pore Orientation Analysis

Two alternative approaches to pore orientation analy-
sis were used. They both aimed at avoiding unnecessary
hypotheses on the pore shape (typical of conventional
porosity analysis tools). This was particularly important
in our case, where closed porosity plays a negligible role.
The applied techniques yield (from 2D images) integral
information on the homogeneity and on the degree of
anisotropy of these materials: The new technique of DIVA
(directional interface variance analysis) represents a statis-
tical approach to the extraction of quantitative informa-
tion from 2D images, while the Fourier technique of peri-
odograms 48 is sensitive to pore size and orientation distri-
bution. Both were applied to thin slices of 3D CT recon-
structions parallel to the extrusion direction.
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Fig. 3: The principle of FFT periodogram analysis; left: anisotropic model structure, center: Fourier magnitude image with indicated radial range

of the polar angle sampling; right: resulting polar angle plot.

(1) FFT analysis

In a first approach, FFT analysis of 2D slices was per-
formed with periodograms 4. The 2D Fourier amplitude
contour plots of the tomographic sections were evaluat-
ed plotting the amplitude vs. the polar angle, integrating
over a selected radial range (see Fig.3). This is illustrat-
ed in Fig.3 for a model case of aligned elliptical objects.
The Fourier transform and the respective polar plot are
also shown. The latter plot guantitatively indicates the
preferred direction as well as the degree of anisotropy by
means of the peak positions and heights. It should be noted
thatthe FFT isalso sensitive to the object size: large objects
(small spatial frequencies) are concentrated at the center,
small objects are spread to larger radii in the FFT image.
This implies that we perform an unknown weighted aver-
aging over the different pore sizes present in the sample.
Thus, the amplitudes of the resulting polar plot strong-
ly depend on the radial range of integration. In order to
minimize this uncertainty, a radial range that is as large
as possible should be chosen, thereby averaging over the

largest possible population distribution section. An alter-
native method, not subject to this pitfall, was developed.

(2) DIVA: Directional interface variance analysis

The principles of directional interface variance analysis
(DIVA) apply to every anisotropic microstructure, with-
out any assumption regarding the lateral separability of
close ‘defects’ (pores or particles).

From a given slice of a 3D CT image, a square area is
selected (Fig. 4a). Within this (2D) selection, we compute
the absolute values of the specific mass (or attenuation
coefficient) gradients |Vu(r)| atall points r. These gradients
are then binarized with an appropriate threshold. While
keeping the selection fixed, the area is projected under
several angles ¢ (i.e., integrated along 7 and sampled along
& see Fig.4b). Thus we obtain the 1D projection P (&)
expressed as

Py(8)= / [Vu(r)ldn 1)

\%
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Fig. 4: The principle of DIVA (directional interface variance analy-
sis); (a) random pixel pattern elongated along the vertical z-direction
by a factor of 3. Bottom and right: projections along the z- and x-
direction and the respective variances ¢, equal to 5.1 and 1.7, re-
spectively, (b) same pattern but the projection direction is rotated
by an angle ¢ with respect to the x-axis.

The relation between coordinates r = (x, z) in the original
and in the rotated coordinate system r’ = (3, &) (Fig. 4b)
is defined by a conventional rotation matrix. From each
projection we determine the variance

n

2
G3(¢)= Z(Pnp(ai)-w@) /n @
&

by integrating over all coordinates &(discretized as 7 points
&in Eq.(2)). Here (P ) is the mean value of P (&) and 7 is
the number of sampling points (i.e., the numﬁer of pixels
in the 1D projection).

The reason for choosing the absolute value of gradients
instead of the attenuation coefficient (or mass distribu-
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tion) is to gain relevant information about the pore/par-
ticle interface orientation. It can be observed that within
highly porous materials, 1D projections of the attenuation
coefficient would cause a considerable overlap of pore ar-
eas. This overlap would reduce the variance of projections
and therefore their sensitivity to anisotropy.

The minimum ratio between two variances in perpendic-
ular projections defines an orientation parameter Opy. This
is equal to unity in case of isotropic patterns, otherwise, it
isa quantitative measure of the preferred orientation of the
investigated objects (in our case, the pores).

The procedure described above is sketched in Fig. 4a for
the ideal case of elongated objects, represented by pixels
with finite size. A random pixel pattern is elongated by a
factor of k (=3) along a unique direction (here: the vertical
z-direction). The projection (line integral) along this di-
rection reveals a variance that is exactly k times larger than
the variance in the perpendicular direction. Rotating the
projection directions of the pattern as a function of the an-
gle ¢ (Fig. 4b) results in decreasing variance ratios, until the
minimum (inverse) ratio is reached for a 90° rotation. For
further rotations, the ratios of variances is simply reversed:
a maximum is reached at ¢ = 180°, and a minimum at ¢ =
270°. Thus, identifying the maximum value of the variance
ratioasa function of the polarangle provides both the pref-
erential direction (the angular position of the maximum),
and a quantitative measure of the anisotropy (the ampli-
tude of the maximum and/or minimum). We will call this
diagram the variance ratio polar plot in the rest of the text.

IV. Results and Discussion

(1) CTresults

The (laboratory) p-CT 3D reconstruction of the spatial
mass distribution of the DPF samples was performed us-
ing a standard Feldkamp-David-Kress algorithm (Figs. 5
represent cross-sections perpendicular to the extrusion
axis, Fig. 6 represents a cut within the wall plane) 4.

The synchrotron CT data were reconstructed with the
BAM implementation of the standard filtered back-pro-
jection algorithm (Fig. 7), using a ramp-filter.

As a pre-check, the relative mass occupancy was deter-
mined as a function of depth position within the walls.
No significant variation was observed in both samples and
in both orientations. The integral values of porosity de-
termined by image analysis of reconstructed slices from
synchrotron results were 65 % (£1 %) for sample S1 and
52 % (2 %) for sample S2. This is in very good agree-
ment with the porosity determined with mercury intru-
sion (62 % and 50 %, respectively).

As can be seen from Figs. 5 to 7, the majority of pores is
open at all lengthscales. The application of any standard
pore/particle analysis software tool (based on the identifi-
cation of individual closed pores) would fail to yield reli-
able results. The quantitative evaluation of CT reconstruc-
tions therefore requires an approach that is preferably in-
dependent of shape, size and connectivity.
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Fig. 5: Reconstructed slices of the 4-cell sample (S2) measured by
u-CT: (a) transverse cross-section; (b) overlap of wall cross sections
(not containing crossings).

Flg 6: Laboratory pCT reconstruction details of wall structures
(200 x 200 pixel or 1.4 x 1.4 mm?2) of samples S1 (a) and S2 (b),
cut in the X-Z plane.

Fig. 7: Arbltrarlly chosen X-Z shces of synchrotron CT images
(coordinates see Fig.2) of samples S1 (a) and S2 (b), with the Z
direction (extrusion) vertical.
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(2) FFT analysis

For direct visualization of the preferred pore orientation
Fig. 8 shows a binarized slice of sample S2 reconstruction
obtained from uCT (Fig. 8a) and the corresponding FFT
magnitude (Fig. 8b). The difference between the Fourier
transforms of the slice in Fig. 8a and of its 90° rotated copy
amplifies the perceptibility of the pore preferred orienta-
tion along the extrusion direction (Fig. 8c).

Fi. 8: Direct visualization of preferred pore orientation by the
difference of Fourier transforms; (a) binarized inverted pore image;
(b) its FFT (logarithmic power spectrum); (c) difference image (see
text).

In addition, using reconstruction slices of synchrotron
data such as those illustrated in Fig.7, we can gain infor-
mation about the depth dependence of these orientations
within the cordierite wall. The FFT analysis of a statistical-
ly representative fraction of sample S2 (Fig. 9, left) yields
polar profiles, as described in section IT1(2): The FFT mag-
nitude is integrated over different radii (Fig. 9, center), and
yields a function of orientation angle (Fig.9, right). The
procedure can be applied toslices at different depths across
the wall thickness. If we plot every integrated FFT magni-
tude graph as a function of orientation angle as gray values
on asingle (vertical) line, and then we stack (horizontally)
lines corresponding to different depths, we obtain the im-
age in Fig. 10. This figure shows that the preferential ori-
entation maximum at 0° (i.e. the extrusion direction), indi-
cated by the dashed line, is virtually the same throughout
the whole wall thickness.

"
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Fig. 9: Principle of FFT analysis. A representative fraction of a reconstructed slice (left) is Fourier transformed. Polar FFT profiles are integrated
over several radii (center), and then plotted as a function of orientation angle (right).
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Fig. 10: FFT analysis applied to 2D slices taken at different depth
positions across the wall thickness. The radially integrated polar
plots are represented in the interval [-90°, 90°] (relative to the
extrusion direction) on single vertical lines as gray levels, and
then stacked horizontally. The result is a gray value image of the
orientation distribution as a function of depth in the cell wall. The
maximum position is indicated by a dashed line (guide for the eye).

As mentioned before, the result of this polar analysis is
dependent on the selection of the radial range (indicated in
Fig. 9, center). Each radius in the reciprocal space (Fouri-
er transformed) corresponds to a different pore size. Con-
sequently, the method above integrates over several pore
sizes. This implies that results are, strictly speaking, on-
ly qualitative. They help visualizing orientation effects,
and can well approximate the average orientation with the
proper choice of the radial integration range.

(3) DIVA

In order to quantitatively measure the preferred orien-
tation of pore/particle interfaces, and the degree of their
orientation, the directional interface variance analysis (DI-
VA) was applied to selected slices of the pCT reconstruc-
tions. Fig. 11a shows such an area (within sample S2) and
the square region selected for the analysis. Fig. 11b dis-
plays DIVA variance ratio polar plots (limited between
-90° and 90°) for samples S1 and S2. We notice an approx-
imately 10 % higher degree of orientation for the coars-
er structure of sample S2. Table 1 lists the minimum vari-
ance ratios of the two filter materials averaged over 26 sin-
gle slices within each wall.

Analogous to Fig. 10, Fig. 12 shows a typical orientation
parameter profile (again in gray levels) across a wall thick-
ness, generated by stacking (horizontally) the variance ra-
tio polar plots, and using the high resolution synchrotron
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CT data. Contrary to Fig. 10, we observe in this case con-
siderable changes in the preferred orientation direction of
the pore edges as a function of thickness. These variations
are of about £10°.

T T T T

-90 -45 0 45 90

o/ deg
Fig. 11: Application of the DIVA technique to cordierite samples;
(a) the full square inside the inspection area (dashed square) indi-
cates the region used for calculation of the variance; (b) polar plots
of the ratios of variances (averaged across the wall) in orthogonal
directions. The results can immediately be read from the minimum
values.

Table 1: Results of DIVA applied to u-CT and synchrotron CT reconstructions and comparison with the x-ray refraction

results reported in Part 1 of this work.

X-ray Refraction

u-CT: minimum vari-

Synchrotron CT:
walls

Synchrotron CT:

Synchrotron CT:

ance ratio (||/L) crossings crossings/walls ratio
S110.92 0.92 0.85 0.77 0.91
S2  |0.86 0.84 0.74 0.61 0.83
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Fig. 13 : Selected volumes for the application of DIVA at different depths, separating partial volumes in the walls (shaded boxes) and crossings
(open boxes) of samples S1 (a) and S2 (b). The traces of X-Z planes are indicated as dashed lines.
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Fig.12: DIVA profile generated by stacking (horizontally) the
variance ratio polar plots at different depth positions across the
wall. The polar plots are collapsed on single vertical lines and
represented by means of gray levels. Comparing to the FFT analysis
of Fig. 10 much larger deviations from 0 degree can be observed. The
maximum position is indicated by a dashed line (guide for the eye).

The discrepancy with the u-CT results (Fig. 10) can be
explained by the different resolutions and investigated
volumes (larger volume and coarser resolution for the lab-
oratory pCT data). The two datasets are therefore comple-
mentary, and, indeed, the higher spatial resolution of the
synchrotron CT data turns out to be of great advantage if
we want to investigate the orientation differences between
walls and crossings. The segmentation of the two differ-
ent spatial regions is sketched in Fig. 13. Also in those re-
gions the DIVA amplitudes and maxima positions vary as
a function of depth. A separate analysis of the walls and
the crossings shows significant differences (Table 1). The
ratios of the DIVA minima within walls and crossings (av-
eraged over the entire wall thickness) are 0.91 £ 0.02 for
S1and 0.83 +0.02 for S2. This proves that a higher degree
of pore orientation is present in the crossing volumes for
both materials.

The variance ratio for both the walls and the crossings
slightly deviate from those determined with p-CT on the
whole structure. This can be explained by the differentres-

olution: the higher resolution (16 x) of synchrotron data
allows imaging smaller (oriented) pores, which otherwise
look isotropic in a coarser dataset.

Table 1 summarizes all quantitative results: the minimum
variance ratios determined by DIVA on p-CT and syn-
chrotron data agree very well with each other. Moreover,
CT results are in accordance with our findings from x-ray
refraction analysis (Part 1 of this paper).

V. Summary and Conclusions

Complementary to the x-ray refraction approach used
in Part 1 of this work, we have used laboratory and syn-
chrotron CT data to gain quantitative microstructural in-
formation about the porous structure of two synthetic
cordierite materials. Statistical evaluation tools have been
used to analyze porosity and pore orientation. The well-
established FFT technique (in the form of the so-called pe-
riodograms) revealed that the preferred pore direction is
parallel to the extrusion direction. With the use of high-
resolution (synchrotron) CT data we found that the pore
orientation varies considerably as a function of depth, and
when moving from walls to crossings. In addition, we de-
veloped an alternative technique that allowed us to cast
light on the angular orientation distribution of pore inter-
faces. This statistical procedure (DIVA, directional inter-
face variance analysis) does not require any assumption re-
garding shape and size of pores or particles. By means of
the calculation of variance ratios of orthogonal projections
of gradient images, we could obtain 1D polar plots anal-
ogous to texture pole figures. These variance polar plots
give a quantitative measure of the deviations (angular po-
sitions and intensity) from random orientation, and agree
very well with results from previous experimental work
(including our own). Orientation factors agree well with
the crystallographic texture data reported in the literature.
This underlines the intimate link between the crystallo-
graphic and the morphological texture of these materials.
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