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Abstract
Bi-continuous porous ceramics for filtration applications possess a particularly complicated microstructure, with
porosity and solid matter being intermingled. Mechanical, thermal, and filtration properties can only be precisely estimated if the morphology of both solid matter and porosity can be quantitatively determined. Using x-ray absorption
and refraction, we quantitatively evaluate porosity and pore orientation in cordierite diesel particulate filter ceramics.
Porosity values turn out to agree with mercury intrusion measurements, while pore orientation factors agree with
published crystallographic texture data.
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I. Introduction
Porous synthetic cordierite is an attractive ceramic material commonly used for Diesel Particulate Filters (DPFs) 1
and refractories 2, 3. Among its properties, the anisotropy
of the thermal expansion (see for example Bruno et al. 4)
is widely used to tailor the thermal and mechanical properties 5. In fact, monoliths for DPF applications are commonly extruded, and the grains (or to be more precise, the
domains 6, 7) tend to align with their negative expansion
crystallographic axis along the filter extrusion direction.
The degree of crystallographic grain alignment is not particularly high 7, 8 (texture factors of typically 1.2 – 1.3), yet
it is sufficient to bring about very low axial thermal expansion, and consequently high thermal shock resistance 9.
These attractive axial properties are accompanied by relatively poor transverse properties 10, which can cause complex stress states. In general, it is not clear whether the mechanical properties (above all Young’s modulus) are influenced by the crystal texture: while from one side it has
been demonstrated that microcracking preferentially occurs along the highest thermal expansion axis (this has been
observed for aluminum titanate 11 and b-eucryptite 12),
very little data is available on the transverse mechanical
properties. Shyam et al. 13 report anisotropy of the thermal
expansion, but do not mention similar effects for fracture
toughness and Young’s modulus; Gulati 10 shows that the
axial-to-transverse ratio of Young’s modulus measured by
sonic resonance 14 simply satisfies a geometrical law (i.e.
owing to the cellular geometry).
Besides the properties of the solid phase, one of the most
important features to take into account when evaluating the performance of these materials is the pore mor*
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phology, and consequently, the pore orientation. Firstly,
from a micromechanical standpoint, the pore morphology factor 15, 16 is a decisive quantity to determine the effective mechanical properties. Furthermore, Kachanov 17 has
clearly shown that the relevant microstructural parameters
to determine elastic and conductive properties in porous
microcracked materials are the porosity tensor (second
rank), and the crack density tensor (fourth rank). Secondly, in Kachanov’s works (see also 18) it is also mentioned
that permeability depends on the pore structure, although
the permeability tensor does not have the same symmetry of the elastic and conductive tensors. Indeed, the filtration efficiency of a DPF represents its most important
functional attribute 19, 20.
It is therefore clear that proper characterization of the
pore orientation in a bi-continuous medium such as a
DPF is of paramount importance. Yet, the most common
method of characterization (if not the only one in the industrial community) is still mercury intrusion. Now, mercury intrusion (as well as similar techniques, such water intrusion 21) rests on the Washburn’s relation 22, 23, thereby
assuming cylindrical pores. This assumption is unacceptable in bi-continuous media with almost exclusively open
porosity, and alternatives need to be sought. Image analyses of 2D scanning electron microscope (SEM) pictures or
3D tomograms 21 are a practical way to tackle the problem
of the determination of pore orientation, which, however,
may suffer from limited field of view (especially for SEM).
X-ray refraction 24 is a structural characterization
method based on the geometrical optical refraction of
x-rays, which has already been demonstrated for the quantification of porosity 25, thanks to its sensitivity to specific
(internal) surface. This technique has been utilized successfully for the microstructural evaluation of both solid
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matter and porosity in two-phase composites 26. In 26
both 3D and 2D methods were used to identify the microstructural components. In this work we shall show
how this technique, combined with simple image analysis, can yield significant insight into the quantitative
measurement of pore orientation in DPFs, without any
assumption with regards to the pore morphology.
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These materials can be considered prototypical of all
DPF cordierite-based materials, and therefore all properties available in the open literature 13, 4, 28 approximately
apply. In particular, the results shown in 13, 29, 30 as well as
in 31, 32 exemplify the mechanical and thermal properties,
as well as the microstructure of these materials. For reference, an SEM image of sample S2 is shown in Fig. 2.

II. Materials
Two commercial cordierite DPF ceramic honeycomb
filter materials were used in this work (see Fig. 1). Small
samples for x-ray refraction experiments were extracted
from larger pieces. We used single wall slabs of about
1 cm 2 in area, and small cubes of about 1 cm 3 in volume (thus containing several honeycomb cells). The honeycomb materials were cordierite-based, produced by
means of extrusion of a mixture of talc, kaolin, alumina, silica, and pore formers, and firing at a temperature
in excess of 1400 °C. Similar materials have been characterized in other works 13, 27. Samples (indicated with S1
and S2) have about 62 % and 50 % porosity, with 10 lm
and 18 lm median pore diameter, respectively, as determined by an Autopore 9200 (Micromeritics, Norcross,
GA, USA). The coefficients of thermal expansion (CTE,
between room temperature and 1000 °C) are about 1.1
and 0.6 × 10 -6 °C -1, respectively for S1 and S2 (as determined with a Netzsch DIL 402C dilatometer). Note
that the “median pore diameter” may differ considerably
from the “average pore diameter”, if the distribution is
asymmetric. The sample properties are summarized in
Table 1.
Table 1: Selected properties of the cordierite samples.
Sample

Porosity (%) Median Pore CTE
Diameter/lm (RT-1000 °C)
10 -6 °C -1

S1

62

10

1.15

S2

50

18

0.57

Fig. 1: Photograph of samples S1 (white) and S2 (light brown). Scale
bar in mm.

Fig. 2: SEM image of sample S2. A whole wall thickness of the
honeycomb is shown.

III. Experimental Techniques
(1) X-ray refraction
In analogy to the well-known refraction of visible light
with optical lenses and prisms, the physics of x-ray refraction follows Snell’s law. The major difference to visible light is that the refractive index n of x-rays in matter is slightly smaller than 1. This causes ray deflections
of very small angles (up to a few minutes of arc). While
higher porosity (p) causes an increased transmission signal (conventional radiometric porosity measurements are
based on attenuation), the refractive scattering signal is
larger with increasing internal specific surface.
The experimental equipment consists of a standard fine
structure x-ray generator providing monochromatic radiation. The refraction effect is measured using a commercial
small-angle scattering x-ray camera of the Kratky type 33
in combination with two scintillation detectors. This allows simultaneous detection of the x-ray refraction intensity I R, and of the sample absorption I A (see Fig. 3 for the
schematics of the experiment).

Fig. 3: Instrumental laboratory set-up for simultaneous 2-dimensional detection of porosity p and internal specific surface R . The
detected x-ray refraction scattering angles are fixed to a lower limit
of 2.5 minutes of arc and include all larger ones. Sample scanning
can be done in a plane perpendicular to the primary beam. The scattering plane corresponds to the plane of the drawing.
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If the linear attenuation coefficient l and the sample
thickness d are known, the transmitted intensity I A (with
sample) and I A0 (without sample) permit the determination of the porosity p:
l ⋅ d = ln(I A0 / I A)/(1 - p)

(1)

It should be pointed out that the values I R and I A, together with the sample thickness d, are sufficient to determine
all essential microstructural parameters, particularly with
regard to the evaluation of the internal specific surface R
(surface per unit volume) 34. In particular, we can calculate
the quantity
I /I
Cm · d = R R0 -1
(2)
IA /IA0
C m is referred to as the refraction value of a material. It
represents a relative measure for the internal specific surface R. In our case, this internal surface will be dominated
by pore surfaces, but it will also contain microcrack surfaces (oriented perpendicular to the scattering plane), and
interphase grain boundaries (whereby the x-ray refractive
index n has a substantial jump). Therefore in the following
the specific surface R will be referred to as the defect specific surface.
(2) Refraction two-dimensional scanning
The refraction signal is always integrated over the sample thickness. However, it is possible to obtain positiondependent information on the two quantities determined
above (porosity and defect specific surface). Two-dimensional (2D) sample scanning (also referred to as topography
in the literature 34) was performed in steps of Dx = 250 lm
and Dy = 125 lm. The I A value was used to determine the
local porosity p at sampling position (x,y), and the combination of I A and I R (Eq.(2)) yielded the specific defect surface at the same position. As mentioned above, each pixel in the two-dimensional images of porosity and specific
surface, p(x,y) and R(x,y), represents a through-thickness
mean value. A personal computer stored and processed the
scattered intensity data and controlled the sample scanning system. A scheme of the experimental set-up is shown
in Fig. 3. We used CuKa radiation (8 keV), with a beam
cross-section of 400 lm x 400 lm and a measurement time
of 1 sec per sampling point. The overlap of the sampling
points allowed us to increase statistics.
(3) Refraction 2D tomography
Beyond 2D refraction position scanning, an extended experimental set-up was employed, allowing 2D computed tomography (CT) 35, 36. This set-up was designed to
gain in-depth information on the specific surface of these
porous materials 36. Various techniques of synchrotron CT
have been developed, exploiting advanced imaging techniques such as Diffraction Enhanced Imaging (DEI) 37,
Talbot-Lau grating interferometry 38 or Refraction Enhanced Imaging (REI) 39. Moreover, the refraction contrast has been applied to neutron imaging 40, 41 and tomography 42. Nevertheless, even laboratory equipment can
provide direct access to internal interfaces by means of 2D
refraction CT.
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The experimental set-up for 2D refraction shown in
Fig. 3 was modified with an additional rotation device
with a horizontal axis x (perpendicular to the incident
beam direction, see Fig. 3). This provided the required
sample rotation to perform CT measurements. Vertical
line scans (50 lm steps) were performed for each angle
of sample orientation (angular increments of 1 deg about
360 deg). In order to increase transmitted intensity for
this sample geometry, a hard radiation (MoKa of 17.5
keV) was used. The primary beam cross-section measured
about 1.5 mm (horizontal) by 50 lm (vertical). This implies that the 2D images were actually pseudo-3D, being
integrated over 1.5 mm length along the extrusion axis.
The typical measurement time for one slice was a few
hours. We measured five single slices, without detecting
any considerable signal variation among them; therefore,
only one example slice will be shown in the following.
(4) Synchrotron refraction radiography
In addition to the lab refraction 2D scanning measurements, the technique of synchrotron refraction radiography 35 was used.
The experimental set-up is illustrated in Fig. 4, and the
set-up parameters used in this work are shown in Table 2.
A (virtually) monochromatic spectral line was selected
from the white synchrotron light by means of a doublecrystal monochromator. In order to avoid detector backlight effects 43, 44, the beam cross-section was narrowed
with three slit systems, to fit the actually used field of view.
After interacting with the sample, the transmitted beam
was diffracted by an analyzer crystal. This enabled: a) separation of the incident (and forward transmitted) beam
from the scattered one, according to the DEI principle,
see 37: scattering at very small angles (about a few seconds
of arc) was entirely suppressed, within the width of the
Darwin-Prins rocking curve of the analyzer crystal; and b)
separation of the contributions from different spatial locations within the sample. Contrary to the laboratory set-up,
sample scanning was not required owing to direct imaging
on the 2D CCD detector (obviously, after conversion to
visible light by a fluorescent screen).
Table 2: Parameters of the synchrotron set-up used in this
work.
Energy (keV)

15.0 ± 0.15

Monochromator

Si (111), double crystal

Filters

1 mm Al, 50 lm Cu

Sample-analyzer distance
(mm)

100

Analyzer crystal

Si (111), symmetric

Fluorescent screen (scintil- 20 lm CdWO 4 on quartz
lator)
glass (Ø 22 mm)
Objective

Rodenstock, f = 100 mm,
eff. pixel size 7 lm

Camera

Princeton Instruments
2048×2048
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Fig. 4: Set-up of synchrotron refraction radiography (monochromatic mode). In the sketch, the dark-shaded (attenuated) primary
beam portions are diffracted by the analyzer crystal. The blackarrowed rays (scattered by the sample) do not fulfill the Bragg condition, and thus are not reflected by the crystal and not detected by
the camera system. The scattering plane corresponds to the plane
of the drawing.

IV. Results and Discussion
Two-dimensional (2D) refraction images (also called topographs in the existing literature) of single wall slabs
of both cordierite samples in two different sample orientations are shown in Fig. 5. Those images were built
taking the measured transmitted and refracted x-ray intensities, and using Eqs. 1 and 2. The large slab was prepared from sample S1, the small slab from S2. Images
5a to c were taken with the scattering vector q nearly parallel to the extrusion axis, images d to f were acquired with the extrusion direction normal to the scattering plane (see also Fig. 3 for help). Images 5a and d
show a 2D map of the absorbing mass in the samples
(absorption coefficient × thickness), or in other words
the density distribution, calculated from the transmit-
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ted intensity; images b and e show an analogous map
of the refraction value C m, calculated from the refracted intensity (Eq. 2), and therefore yield information
on the defect specific surface; images c and f display
the ratio of the quantities in Figs. 5a to b and d to e,
i.e., the ratio between the scattered and the transmitted signal. This ratio yields information on the specific surface normalized to the local porosity, and is
therefore independent of the sample thickness. Footprints of perpendicular walls (cut away during sample preparation) can be easily seen as brighter horizontal lines. Note that the defect specific surface normalized by the porosity is more homogeneously distributed
than the absorption coefficient l and the refraction value
C m.
The samples’ gray levels in Figs. 5a and d clearly show
that the absorption in sample S2 is stronger owing to
higher density and larger wall thickness. Sample S2 also
shows a higher degree of specific surface inhomogeneity
(Figs. 5b and e), both within the walls and in the regions
corresponding to the ground protruding walls (perpendicular to the image plane). This would imply a larger pore
size distribution, if we talk in classic mercury porosimetry terms. Indeed, the mercury intrusion plots (Fig. 6)
show that Sample S1 possesses a smaller full width at
half maximum of the pore distribution. Although this result is purely qualitative, it shows that x-ray refraction
data are fully compatible with classic methods (see also 25). Mercury intrusion cannot give a correct pore size
since for these materials it is virtually impossible to define a pore shape. In our case mercury intrusion is used
as a ‘sanity check’. Figs. 5c and f show a higher defect
specific surface (normalized by porosity) for S1. This
again implies that S1 possesses smaller defects (mostly
pores).

Fig. 5: Two-dimensional mapping of single wall slabs of cordierite samples. Large slab from sample S1, small slab from sample S2, respectively.
The horizontal footprints indicate the extrusion direction. Top row: scattering vector q (nearly) parallel to extrusion, bottom row: scattering
vector q perpendicular to extrusion. The incident beam direction s 0 is also indicated. The gray values correspond to: absorbing mass (a and d),
volume-related specific surface (b and e), and mass-related specific surface (c and f).
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absorption, but by tilting the analyser crystal off the specular reflection condition, it is possible to select only scattered (i.e. refracted) x-rays (this is analogous to moving the
detector in the laboratory set-up).

Fig. 6: Mercury intrusion pore size distribution plots for the two
cordierite samples.

Table 3: Compilation of specific surface values of samples
S1 and S2 for two perpendicular scattering directions relative to direction of extrusion.
C m/l

|| extrusion

⊥ extrusion

S1

2.02

2.2

S2

1.10

1.28

S1/S2

1.75

1.75

Quantitatively, the normalized refraction values C m/l
(Figs. 5c and f), integrated over the whole sample area, are
reported in Table 3. These values are relevant because they
are independent of sample preparation (thickness), and
yield two important pieces of information:
• They are higher in the direction perpendicular to extrusion. This implies that defect surfaces are preferentially
aligned along the extrusion direction for both samples.
The ratio of the refraction values parallel and perpendicular to the extrusion axis is also similar for both samples (Table 4), and quantitatively corresponds to the
crystallographic texture values reported in 8.
• The ratios of the normalized refraction values between
samples S1 and S2 are the same, in each scattering direction (Table 3). This implies that the pore microstructure (in particular, the pore morphology factor) of the
two samples is similar, in spite of the size differences
mentioned above.
Interestingly enough, the ratio of the refraction values
(1.75) of the two samples corresponds to the ratio of the
median pore diameters measured by means of mercury
intrusion porosimetry (1.8). In spite of the approximations
done in the mercury porosity analysis, the pore size having
a limited meaning, this result implies that the refraction
signal is indeed dominated by pore surfaces, and other
defects contribute to a much lesser extent.
Fig. 7 shows synchrotron radiographs of the S1 slab at
different angular positions of the analyzer crystal. The extrusion direction is always horizontal (and perpendicular
to the scattering direction, also lying in the image plane).
Fig. 7 also shows the Darwin-Prins rocking curves 37 of
the analyzer crystal with (open squares) and without (solid line) specimen in the beam path (see Fig. 4). The image
acquired at the top of the rocking curve is dominated by

Fig. 7: Synchrotron radiographs of the S1 slab at different angular
positions of the analyzer crystal. The extrusion direction is horizontal (i.e., perpendicular to the scattering direction, upwards within
the sheet). Lower right: Darwin-Prins rocking curves 37 of the analyzer crystal with (open squares) and without (solid line) specimen
in the beam path (see Fig. 4). The image contrast in the centre of the
rocking curve is dominated by absorption (top right); the contrast
is entirely reversed if the analyser crystal is tilted off center, thus
accepting only scattered x-rays (bottom left).

Comparison of the laboratory refraction results with
synchrotron refraction radiography provides additional
evidence of the anisotropic pore morphology (interface
orientation), with the advantage of higher spatial resolution. The ratio of the specific surfaces parallel and perpendicular to the extrusion axis exhibits similar values (it is
even identical for sample S2, see Table 4). The slight differences can be explained with the different set-up: in the DEI
(synchrotron) set-up a larger range of acceptance (scattering) angles is used.
Table 4: Specific surface ratios between the perpendicular
and parallel directions (⊥/ ||) with respect to the extrusion
axis, for both S1 and S2.
C m/l

S1

S2

Laboratory

1.10

1.16

Synchrotron

1.06

1.15

The same kind of analysis can be applied to 2D tomographic images of the sample cross-sections (i.e., slices perpendicular to the extrusion axis, Fig. 8). Two types of images can be obtained separately: conventional density reconstructions (Fig. 8a, representing l), and images of the
specific surface (Fig. 8b, representing C m). Reconstructions (Fig. 8) were performed with our in-house-developed DIRECTT 45, 46, 47 algorithm.
Fig. 8a reveals an almost homogeneous density/porosity
(at the given resolution of 50 lm) over the whole crosssection. Fig. 8b shows enhanced intensity at the surafces.
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This indicates artifacts arising from total reflection effects
of plane surfaces (the walls). However, the reduced specific
surface (i.e., C m) in the wall-crossing areas does not seem
to be an artifact, and can be explained with the presence of
larger pores (assuming equal porosity in the two regions).
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value of the porosity in full agreement with classic mercury intrusion, the mean pore size determined by mercury
porosimetry confirms the interface density ratio between
the two cordierite samples found with x-ray refraction.
Apart from environmentally friendly aspects, the refraction technique has a great advantage over classic mercury
intrusion: it does not make any assumption with regard
to the form of the pores. X-ray refraction is also virtually non-destructive, and can yield position-sensitive information, with a lateral resolution of about 100 lm, or even
smaller if synchrotron radiation is used.
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